Langmuir

pubs.acs.org/Langmuir

NaBH,-Induced Assembly of Immobilized Au Nanoparticles into
Chainlike Structures on a Chemically Modified Glass Surface

Zhigiang ZhangJr and Yihui Wu*™*

TSuzhou Institute of Biomedical Engineering and Technology, Chinese Academy of Sciences, Suzhou 215163, PR China

*State Key Laboratory of Applied Optics, Changchun Institute of Optics, Fine Mechanics and Physics, Chinese

Academy of Sciences, Changchun 130033, PR China

e Supporting Information

ABSTRACT: A facile method of obtaining chainlike assemblies of
gold nanoparticles (AuNPs) on a chemically modified glass surface
based on NaBH, treatment is developed. Citrate-stabilized AuNPs
(17 nm) are immobilized on a glutaraldehyde-functionalized glass
surface and assembled into chainlike structures after treatment with
aqueous sodium borohydride (NaBH,) solution. The production
and morphology of the AuNP chainlike assemblies are controlled by
the density of the immobilized NPs, the concentration of NaBH,
solution, and the treatment time. The AuNP assemblies are stable in

Substrate
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water and can undergo drying. X-ray photoelectron spectroscopic data show that the number of citrate ions on the AuNPs decreased
by 43% after treatment with S mg/mL NaBH, solution. The NaBH,-induced partial removal of the citrate ions and the roughness of
the glass surface greatly affect the binding force of AuNPs on the substrate. The immobilized AuNPs begin to move at the
solid—liquid interface without desorbing when the strength of the binding force was decreased. These mobile NPs form chainlike
assemblies under the driving force of van der Waals interaction and diftusion. This interface-based formation of chainlike assemblies
of AuNPs may provide a simple protocol for the 1D assembly of other Au-coated colloidal nanoparticles.

B INTRODUCTION

Nanoparticles (NPs) have been used as building blocks for
constructing 1D, 2D, and 3D nanostructures w1th unique
electrical, optical, magnetic, and chemical properties." The 1D
assembly of gold nanoparticles (AuNPs) has attracted consider-
able attention because of its potential applications in fabricating
nanodevices for electronics, optoelectronics, and sensors. The
organization of smgle NPs into 1D assemblies can be achieved via
two main routes,” namely, the linear template method, which
involves soft and hard templates, and the template-free self-
assembly method. The essential point in the integration of NPs
into multidimensional assemblies or the desired structures is to
create anisotropic properties in the system.3 This anisotropy can
result from specific template morphologies for guided assembly
or from the anisotropic 1nteract10ns between NPs that originate
from the intrinsic dlpole moment* or are induced by anisotropic
ligand chemistry.’

From another point of view, the self-assembly of NPs into
designed nanostructures is, in fact, achieved by constraining the
degrees of freedom of these mobile NPs in certain directions and
confining them to form specific assemblies. For example, 2D
assemblies of NPs have been produced at the hquld liquid,®
liquid— gas, solid— hquld and solid—gas interfaces’ in which
the mobile NPs were constrained to soft or hard interfaces that
act as the templates to delete one degree of freedom. Another
clear example is the linear template that induces the 1D self-
assembly of NPs, where two degrees of freedom are deleted by

v ACS Publications ©2011 American chemical Society

the dimensions of the template. For template-free self-assembly,
however, a solution-based 1D assembly would be difficult
because the confinement of the NPs from 3D to 1D requires
greater effort to constrain their mobility in the other two
dimensions using ligand chemistry. If the degrees of freedom
were first reduced from 3D to 2D, then the low dimensional
assembly of NPs would become easier. This possibility has been
realized by Li et al,"’ who found that a large-scale 1D chainlike
network of AuNPs can be produced at an oil/water interface. In
contrast, Mann et al.'' reported that 1D branched-chain net-
works of AuNPs were formed in solution by modifying the ligand
composition of the NPs. However, the production and dimen-
sions of the network were smaller than those obtained using the
former method. Therefore, the interface-based confinement of
NPs for 2D assembly may be an efficient approach to 1D
assembly.

Previous studies have shown that colloidal AuNPs can be
immobilized on chemically functionalized (SH— or NH,—)
substrates through covalent or electrostatic interactions, and the
resulting AuNP monolayer has been used as a stable substrate in
surface-enhanced Raman scattering (SERS),"* electrochemistry, >
and biosensing.14 However, the degree of freedom of these
immobilized AuNPs is reduced to zero because the binding force

Received: ~ May 25, 2011
Revised:  July S, 2011
Published: July 05, 2011

9834 dx.doi.org/10.1021/1a201943u | Langmuir 2011, 27, 9834-9842


http://pubs.acs.org/action/showImage?doi=10.1021/la201943u&iName=master.img-000.jpg&w=221&h=92

Langmuir

??H? SUSTR:

Si Eh
-

o O
1

(S]IAU Sal

Q\gﬁi'@,{* .

+HNH +NH +NH +NH +NH

Si
HCII D/]\fl\/cl,\clluoH HOl 0

o=

(6) NaBH‘

Top View

OHOH?HOHOHOHOHOH
M o o 0O 0 [}
H4 H4 H< H
HOH OH OH M (l)lAPTES 3 z Eg z
(\ (\ (\ (\ & S
N NH; NH; NH; NH, NH N N

"o’l ‘o’l

Holo’loloIoIOH (4) Ho'l 0’1"

(2)1Au Sol

) [o]
H‘é H‘% H‘% H‘% H
. W W
FiHy NHg FiH FHy FiHy

2337 RERE] ¢ ¢

o|0|0|0|-|
(a]

3)| NaBH,

Bk ESESER

— A8 Si. Sl
|

o Q0 0 Q

F
L
#

OH

) lau Sol

+NH +NH =NH +NH +NH

\/\/
Hoéoloiololon

(9)1NaBH,

Top View

Figure 1. Schematic diagram of the chemical modification of the glass substrate for the chainlike assembly of 17 nm AuNPs. 1 — 2 — 3: AuNP/NH,.

1—4— 35— 6: AuNP/FA/NH,. 1 — 7 — 8 — 9: AuNP/GA/NH,.

is strong enough to overcome the thermal diffusion of the NPs.
There is a possibility that the NPs may begin to move on the solid
surface when the magnitude of the binding force decreases to a
certain value and the degrees of freedom of these loosely bound
NPs become 2D. Liu et al”* used an AuNP monolayer as a pre-
cursor to form an ordered 2D AuNP film based on the evaporation
method in which the electrostatic binding force between the NPs
and the substrates was greatly weakened because of the encapsula-
tion of the NPs by alkanethiol molecules. The adsorbed alka-
nethiol layer fully screened the electrical double layer of the NPs
and rendered the interaction between the NPs isotropic. Thus,
anisotropic interactions between the NPs should be induced to
promote the anisotropic assembly of NPs at this interface. Most
recently, citrate ions adsorbed onto the surfaces of AuNPs were
partially removed after sodium borohydride (NaBH,) treatment,
and non- close -packed aggregates of AuNPs were formed in the
solution.'

In the current study, a facile approach to the controlled
assembly of immobilized 17 nm AuNDPs into chainlike structures
over a large area on a chemically modified glass surface was
developed on the basis of NaBH, treatment. A schematic
illustration is shown in Figure 1. Citrate-stabilized AuNPs are
immobilized on the glutaraldehyde (GA)-functionalized glass
surface that was previously modified with (3-aminopropyl)-
triethoxysilane (APTES) and subsequently form an AuNP
monolayer. The binding force results from the electrostatic
interaction between the negatively charged AuNPs and the
positively charged Schiff base. These immobilized AuNPs as-
semble into chainlike structures after treatment with aqueous
NaBH, solution. The production and morphology of the chain-
like assemblies are controlled by parameters such as the NP

density on the glass surface and the concentration and treatment
time of NaBH,. This interface-based formation of AuNP chain-
like assemblies may provide a simple synthesis method for other
Au-coated colloidal nanoparticles.

B EXPERIMENTAL METHODS

Materials. NaBH, (>98%), APTES (99%), and GA (25% in H,0)
were purchased from Aldrich. Hydrogen tetrachloroaurate (HAuCl,+
4H,0, >99.9%) and trisodium citrate (CsHsO;Naz-2H,0, =99.0%)
were purchased from Beijing Chemical Reagents (Beijing, PR China)
and used without further purification. Milli-Q H,O (182 MQ-cm ™)
was used for all experiments. All other reagents were of analytical grade.

Synthesis of 17 nm AuNPs. Aqueous suspensions of citrate-
stabilized AuNPs were prepared using the Frens method.'® Briefly,
200 mL of a 0.01% (w/v) HAuCl, solution was heated to boiling
under vigorous stirring with refluxing. After 1 min, 8 mL of 1% (w/v)
sodium citrate was rapidly added to the boiling solution, and the
mixture was allowed to boil for 20 min. The prepared gold colloids
were then cooled to room temperature with constant stirring and
stored at 4 °C in a dark bottle. All glassware was rigorously cleaned in
aquaregia (3:1 HCI/HNO;) and rinsed thoroughly with Milli-Q H,O
before use.

Preparation of APTES-Derivatized Substrates. The glass or
silicon (Si) slides were cleaned in piranha solution (7:3 H,SO,/H,0,)
at 120 °C for 20 min, rinsed thoroughly with distilled water, and dried
using a flow of pure N, in accordance with a previous method."”
(Caution! Piranha solution is very corrosive and must be handled with
extreme care.) After being rinsed with methanol for S min, the substrates
were immersed in 5% (v/v) APTES in methanol for 1 h and rinsed five
times in methanol for 10 min, followed by deionized water to hydrolyze
the residual ethoxy functionalities for 30 min. The slides were then dried
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Figure 2. UV/vis extinction spectra of S mg/mL NaBH,-treated substrates within 20 min: (A) AuNP/NH,/glass and (B) AuNP/GA/NH,/glass.

(C, D) SEM images of A and B, respectively, after NaBH, treatment.

using a flow of pure N, at 120 °C for 1 h to promote silane cross-linkage.
The APTES-derivatized glass or Si slides (designated as NH,/SiO,)
were stored in a desiccator for further use.

NaBH, Treatment of the AuNP Submonolayer. The NH,/
SiO, substrates were first treated with a 2.5% GA or 1% aqueous
formaldehyde (FA) solution for 1 h to form CHO-modified substrates
(GA/NH,/SiO, and FA/NH,/SiO,, respectively). These chemically
modified substrates were immersed in AuNP solutions for 12 h to form
AuNP submonolayers and then rinsed with Milli-Q H,O to remove the
unbound AuNPs. The AuNP monolayer was immersed in a S mg/mL
NaBH, (0.23 M) solution for 20 min, followed by rinsing with Milli-Q_
water, and then dried in air to investigate the effects of NaBH,4 on the
citrate ions adsorbed onto the AuNPs. The substrates were immersed in
S mg/mL NaBH, for 0.5, 1, S, 10, and 20 min to investigate the effects of
NaBH, treatment time on AuNP aggregation. The AuNP substrates
were immersed in 0.5, 1, S, and 10 mg/mL NaBH, solution for $ min,
followed by rinsing with deionized water to determine the effects of
NaBH, concentration on AuNP aggregation. The AuNP substrates were
immersed in NaOH solutions at pH 12 and 13.6 for 10 min, followed by
rinsing with deionized water to investigate the effects of pH on AuNP
aggregation. The AuNP substrates before and after NaBH, treatment
were immersed in 1, 5, and 10% NaCl solutions for 10 min, followed by
rinsing with deionized water to determine the effects of ionic strength on
AuNP aggregation.

Characterization Methods. All UV—vis extinction spectra were
measured using a Perkin-Elmer Lambda 850 UV/vis spectrophot-
ometer. The morphologies of the NP assemblies formed were char-
acterized using a Hitachi S-4800 field-emission scanning electron
microscope (FE-SEM). The surface roughness of the glass and Si
substrates was characterized using a Nanoscope IIla.

B RESULTS AND DISCUSSION

Formation of Chainlike Structures by AuNPs Immobilized
on a Glass Surface. Figure 2 shows the different results of
AuNP/NH, and AuNP/GA/NH, substrates after treatment
with 0.13 M NaBH,. As shown in Figure 2B, the extinction band
of AuNP/GA/NH, above 550 nm was significantly increased
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after NaBH, treatment, which indicates that large aggregates
were formed. Moreover, AuNP/GA/NH, showed a larger blue
shift (12.0 nm) of the extinction peak (4,,,,) compared with that
of AuNP/NH, (5.0 nm). The blue shift of 1,,,,, could result from
the increased free electrons by NaBH, treatment'® or the
transverse plasmon band of the longer 1D NP chains.'” However,
the AuNPs immobilized on the GA/NH,-modified glass surface
formed chainlike structures after NaBH, treatment, as shown in
Figure 2D. However, the AuNPs immobilized on the APTES-
modified substrate retained their submonolayer morphology
except for a few AuNP dimers and trimers. Similarly, the AuNPs
immobilized on the FA-functionalized APTES surface (AuNP/
FA/NH,) were also stable after NaBH, treatment, as shown by
the slight change in the extinction spectrum (Figure S1). There-
fore, GA-functionalized glass is suitable for the formation of
AuNP chainlike assemblies under NaBH, treatment.

The AuNP/GA/NH, substrate was used as a model for
studying several parameters affecting the morphology of the
AuNP chainlike structures. The first parameter is the AuNP
density, which is controlled by the immersion time of the GA/
NH, substrate in the AuNP solution (Figure S2). As shown in
Figure 3, the length and the production of the AuNP chainlike
assemblies increased as the immobilized AuNP density increased.
In addition, the number of immobilized AuNPs before NaBH,
treatment was approximately equal to that after treatment,
indicating that no NPs were removed from the substrate during
NaBH, treatment.

The second parameter is the NaBH, concentration. As shown
in Figure 4, only a small fraction of AuNPs formed short linear
aggregates at low concentration (0.5 mg/mL). The production of
chainlike aggregates increased with the increase in NaBH, con-
centration. However, these chainlike assemblies became branched
aggregates under a higher NaBH, concentration (10 mg/mL). All
AuNP/GA/NH, substrates have the same NP density (Figure S3).

The third parameter is the treatment time with NaBH,
solution. Figure 2B shows that the shape of the AuNP optical
spectra changed dramatically after treatment with NaBH, for 1
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Figure 3. Scanning electron micrographs of AuNP/GA/NH, with increased NP density (A—C) before and (D—F) after treatment with S mg/mL

NaBH, for S min.

Figure 4. Scanning electron micrographs of AuNP/GA/NH, after
treatment with different NaBH, concentrations for 5 min: (A) 0.5,
(B) 1, (C) S, and (D) 10 mg/mL.

min; no further significant change was observed within 20 min.
This spectrum change was also indirectly observed with the
naked eye by the change in the color of the substrates. The red
glass substrates (AuNP/GA/NH,/ glass) became gray once they
were immersed in the NaBH, solution (for approximately 2 s)
and exhibited no further change with the increase in treatment
time, which agrees well with the UV—vis data (Figure S4). The
rapid color change of the AuNP substrates can be used as a signal
for AuNP aggregation, but it is unsuitable for estimating the forma-
tion process of the chainlike aggregates. As shown in Figure 5, the
AuNPs treated for 2 s formed large aggregates with branched
structures. In contrast, the AuNPs treated for 1 min showed small
chainlike aggregates. Therefore, longer NaBH, treatment times
favor the formation of stable AuNP assemblies, which may be due
to the greater stability against air drying during sample preparation
after NaBH, treatment.

Stability of the AuNP Chainlike Assemblies. The stability of
the NP assemblies produced directly affects the subsequent

Figure S. Scanning electron micrographs of AuNP/GA/NH, after
treatment with S mg/mL NaBH, for (A) 2 s and (B) 1 min.

applications of these assemblies. Two factors that may affect
the AuNP assemblies, namely, air drying and storage stability,
were considered.

The AuNP substrate treated with NaBH, for 5 min was dried
and wetted three times to study the effects of air drying on the
morphology of the chainlike assemblies. As shown in Figure 6,
the extinction spectra of both the dried and wetted AuNP
substrates coincide well within three circles. The corresponding
micrograph shows that the AuNPs still presented chainlike
aggregates after being dried three times (Figure SS). Therefore,
the air-drying process did not affect the NP structures.

The quickly treated AuNPs formed less-ordered aggregates
(Figure SA) whereas the longer time treated AuNPs formed
stable chainlike structures after drying (Figure 6). In the current
study, the very short treatment time with NaBH, resulted in a

9837 dx.doi.org/10.1021/1a201943u |Langmuir 2011, 27, 9834-9842


http://pubs.acs.org/action/showImage?doi=10.1021/la201943u&iName=master.img-003.jpg&w=392&h=196
http://pubs.acs.org/action/showImage?doi=10.1021/la201943u&iName=master.img-004.jpg&w=240&h=181
http://pubs.acs.org/action/showImage?doi=10.1021/la201943u&iName=master.img-005.jpg&w=147&h=224

Langmuir

0.16- —— AUNPs
- = Air-1
- = = Water-1
J Air - = Air-2
0.12 — - - - Water-3

---= A3

Extinction
o
o
(e~

400 500 600 700 800
Wavelength (nm)

Figure 6. UV/vis extinction spectra of the AuNP/GA/NH, substrate
after treatment with S mg/mL NaBH, for S min, measured in pure water
and air three times.

weak bonding force such that the AuNPs could not withstand
external disruptions and exhibited instability during the air-
drying process. Therefore, the chainlike AuNP structures of
the samples obtained after the longer treatment with NaBH,
were induced by the NaBH, treatment and not by air drying.

The storage stability of the NaBH,-induced chainlike AuNP
assemblies was determined using UV—vis spectroscopy in pure
water. As shown in Figure 7, the extinction spectra after NaBH,
treatment were identical except for the restoration and the blue
shift of A, resulting from the discharge and recharge of the
AuNPs, respectively, which indicates the good storage stability of
the AuNP chainlike structures in water.

Effect of the NaBH, Treatment on AuNP/GA/NH,. The
results show that the colloidal AuNPs were adsorbed onto the
GA-functionalized substrate to form an AuNP submonolayer
(Figure 2), and these immobilized NPs formed chainlike aggre-
gates after NaBH, treatment. The effect of the NaBH, treatment
on AuNP/GA/NH, may be influenced by several factors,
including the ionic strength and pH of the NaBH, solution,
the oxidation of the Schiff base bond (—C=N) into an imide
bond (—C—N)), the oxidation of the aldehyde group (—CHO)
into a hydroxyl group (—COH), and the partial removal of the
citrate ion from the AuNPs.

The stability of the immobilized AuNPs depends on the
electrostatic binding force, which is related to the number of
negatively charged citrate ions and the protonated N atoms in the
contact region. However, both AuNP/GA/NH, and AuNP/NH,
exhibited good stability under high ionic strengths (Figure S6)
and basic solutions with much higher pH values (pH 12) than for
the NaBH, solution (ca. pH 10 at 10 mg/mL) (Figure S7).
Therefore, the first effect alone does not affect the binding force of
the AuNPs. In particular, the high pH does not significantly affect
the protonation of the N atoms in the Schiff base bond, which may
be attributed to the condensed self-assembled monolayers
(SAMs) of the chemical layer (GA/NHS,). Therefore, the second
effect of NaBH, should not influence the immobilized AuNPs
except for a few exposed Schiff base bonds that resulted from the
imperfectly formed SAMs.

In our previous study,15 a small quantity of citrate ions (33%)
were removed from the AuNP surface after NaBH, treatment
(6 mM). However, the concentration of the NaBH, solution
used in the current work was much higher than that used in
the previous study. AuNP/NH,/Si was used as a substrate for
NaBH, treatment, and XPS was utilized to quantify the citrate
molecule removal induced by 0.13 M NaBH, solution. As shown
in Figure 8, the densities of the AuNPs immobilized on the NH,/
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Figure 7. UV/vis extinction spectra of AuNP/GA/NH, treated with 5
mg/mL NaBH,.

Si wafer before and after treatment with 0.13 M NaBH, are the
same, and the COO™ component, which represents citrate,
decreased by 43% after the NaBH, treatment.

The distinct responses of AuNP/GA/NH, and AuNP/NH,
with the same number of citrate ions removed indicate the
different effects of NaBH,4 on their binding forces. For AuNP/
NH,, the binding force was strong enough to hold the NPs on the
substrate because the citrate ions in the contact region may not
have been affected by NaBH, as a result of the zero gap between
the AuNPs and the APTES layer (Figure 9a) or because a new
binding force may have formed when the electrostatic binding
force disappeared when the citrate ions in the contact region
were removed by NaBH,, (Figure 9b). The latter possibility could
originate from the Au—N bond, whose strength is that between
Au—S and Au—COOH.*

For AuNP/GA/NH,, the binding force was generated from
the negatively charged citrate ions and the positively charged N
atoms in the Schiff base bond. However, the distance between the
counterions is much longer than that in AuNP/NH,, which
results in a weaker binding force compared to the latter. This
binding force can easily disappear, and it can result in the
desorption of the AuNPs from the substrate if the citrate ions
are removed from the AuNPs. However, the AuNPs immobilized
on the GA/NH, surface still remained after NaBH, treatment,
indicating that a certain binding force inhibited the desorption of
AuNPs from the surface. The Au—N bond force may have acted
as the new binding force. However, this possibility seems to be
contradictory to the ideal GA/NH, SAMs because the N atoms
are far from the top of the SAMs and thus cannot contribute to
the Au—N bond. In fact, the quality of the SAMs on one substrate
is determined by the surface quality of the substrate.”' For the
glass slide, the morphology of the APTES-functionalized sub-
strate shows a much greater roughness compared to that of the
APTES-modified Si wafer substrates (Figure 10D,F). In this
case, the possibility of a reaction between the exposed N
atoms of the Schiff base bond and the exposed part of the
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Figure 8. Deconvolved XPS spectra of the C 1s region of the AuNP/NH,/Si substrates (A) before and (B) after treatment with 5 mg/mL NaBH, for

20 min and (C, D) the corresponding scanning electron micrographs.

AuNPs, resulting from the poor roughness of the glass
surface, would be increased, and eventually the number
of Au—N bonds would increase and would generate a new
binding force. Therefore, the third effect of NaBH, plays
a significant role in the formation of the AuNP chainlike
aggregates.

Effect of the Substrate Roughness on the Binding Force. A
polished Si wafer with good surface quality was used for com-
parison to investigate the effects of substrate roughness on
NaBH,-induced AuNP assembly. The AuNPs immobilized on
the chemically functionalized Si wafer substrate (AuNP/GA/
NH,/Si) did not form chainlike assemblies after NaBH, treat-
ment but showed some small irregular aggregates (Figure 11).
This notable difference between the Siand glass substrates can be
explained by the effect of roughness (Figure 12), according to
their section morphologies in the AFM data (Figure S8).

For a smooth surface (low roughness), the chemically mod-
ified APTES layer should be more ordered and denser than a
rough surface (high roughness).21 Therefore, for low-roughness
surfaces, the contact region between the AuNPs and the APTES
layer or the binding force cannot be largely affected by NaBH,
because of the ordered self-assembly of the APTES monolayer,
which explains why the AuNPs immobilized on the Si wafer
surface did not aggregate. In contrast, the binding force between
the AuNDPs and the glass surface can be easily affected by NaBH,
treatment because of the small contact region and the disordered
APTES/GA monolayer.

The APTES layer on the Si wafer surface after GA modifica-
tion shows a number of tiny convex peaks (Figure 10B,E). This
subtle change after GA functionalization may be due to the
quality of GA itself because the GA molecules in the stock
solution can undergo self-polymerization, which can be con-
firmed by the extinction band at 288 nm.”* Therefore, the AuNPs

NNNNNN

Figure 9. Scheme of the two possible reasons for the stability of AuNP/
NH, after NaBH, treatment.

immobilized on this nonideal GA/APTES layer on a smooth
surface have a greater likelihood of being affected by NaBH, than
on the ideal GA/APTES layer.

Mechanism of AuNP Chainlike Assembly. The aforemen-
tioned discussions have elucidated how the immobilized AuNPs
on the chemically modified glass substrate can move without
desorption when treated with NaBH,. Why did these mobile
AuNPs with 2D degrees of freedom form 1D chainlike structures
but not 2D or fractal aggregates? From the interaction analysis of
the immobilized AuNPs (Figure 13), the NPs begin to move on
the solid—liquid interface without desorbing only when the
strength of the binding force (F1) decreases to a certain value,
where the interactions between the NPs (F2) and the Brown
diffusion (F3) becomes the dominant force that drives the
movement of NPs. However, the ionic strength of the NaBH,
solution used was high enough to screen the electrostatic
repulsion between the NPs, as shown in Figure 14A. In this
case, the driving force is actually composed of the van der Waals
attraction and diffusion.
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Figure 10. Atomic force micrographs of (A, D) APTES/Si, (B, E) GA/APTES/S], and (C, F) APTES/glass.

Figure 11. Scanning electron micrographs of AuNP/GA/NH,/Si (A)
before and (B) after treatment with S mg/mL NaBH, for S min.

Under the driving force, the mobile AuNPs can form chainlike
assemblies via three possible mechanisms. The first one is based
on the diffusion-limited aggregation model (DLA)* in which
the freely moving NPs on a 2D plane preferentially form fractal
aggregates. However, the immobilized AuNPs on the GA/
APTES surface still have a weak binding force (Au—N bond)
after NaBH, treatment. This new binding force decreases the
speed of formation of the fractal aggregates until finally only
pieces of fractal aggregates are formed. The colored chainlike
assemblies of structure P1 in Figure 14B are one example.

Another possible mechanism is the NaBHy-induced anisotro-
pic interactions between AuNPs. The high concentration of the
NaBH, solution not only induces the partial removal of the
citrate ions from the AuNPs but also screens the electrical double
layer because of its ionic strength. The high concentration of Na*
in the solution may reverse the charge sign of the NPs because of
the high density of counterions or may induce some non-DLVO
effects.”* These two effects of Na* affect only the residual citrate

High Roughness

. AuNPs € Charged N
Bca [EArTEs

Figure 12. Schematic diagram illustrating the effect of substrate rough-
ness on AuNP/GA/NH,/substrate: (A) a low-roughness substrate and
(B) a high-roughness substrate.

F3 Diffusion

Contact Area  Flup.soia F1np.soiia
Solid Solid

Figure 13. Scheme of the interaction analysis of the AuNPs immobi-
lized on a solid substrate.

ions on AuNPs with an anisotropic distribution. Therefore,
anisotropic interactions between NPs can be generated and
chainlike aggregates of AuNPs can be formed (structure P2 in
Figure 14B).

The third one is based on the shape-selective assembly of
NPs.>* Previous studies® have suggested that the solution-phase
synthesis of metallic NPs usually contains various morphologies,
such as decahedrons, tetrahedrons, truncated tetrahedrons, and
cubes. When the third NP comes close to the NP dimer, it
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Figure 14. Scheme of the mechanism of AuNP chainlike assembly induced
by NaBH,. (A) NaBH,-induced removal of citrate ions. (B) Three possible
means of AuNP chainlike assembly: (a) limited-diffusion aggregation,
(b) anisotropic interactions generated by NaBH,, and (c) shape-selective
assembly of NPs.

preferentially assembles along the transverse direction of former
assemblies because of larger steric constraints along the long-
itudinal direction (structure P3 in Figure 14B).

Bl CONCLUSIONS

A facile approach to the NaBH,-induced assembly of immo-
bilized AuNPs into chainlike structures on a chemically modified
glass surface is demonstrated. Citrate-stabilized AuNPs were
immobilized on a GA-functionalized glass surface and assembled
into chainlike structures after NaBH, treatment. The binding
force of AuNPs on the substrate is affected by the NaBH,-
induced partial removal of citrate ions and the roughness of the
glass surface. The AuNPs began to move at the solid—liquid
interface without desorption when the strength of the binding
force decreased. The NaBH,-induced chainlike assembly of
AuNPs can be controlled through several parameters, including
the NP density, NaBH, concentration, and treatment time.
These mobile NPs formed chainlike assemblies though three
possible mechanisms: limited-diffusion aggregation, anisotropic
interactions generated by NaBH,, and shape-selective NP as-
sembly. This interface-based assembly of AuNPs is expected to
provide a simple protocol for the chainlike assembly of other Au-
coated colloidal nanoparticles.

Il ASSOCIATED CONTENT

© Supporting Information. Extinction spectra of the
AuNP/FA/NH, and AuNP/GA/NH, substrates with increased
NP density after NaBH, treatment. Extinction spectra of AuNP/
GA/NH, substrates after treatment with different concentra-
tions of NaBH, and NaCl and different NaBH, treatment times.
Extinction spectra of AuNP/GA/NH, and AuNP/NH, substrates

after treatment with aqueous solutions at pH 12 and AFM section
morphologies of a chemically modified silicon wafer and glass
slide. SEM image of an NaBH,-treated AuNP/GA/NH, substrate
after being dried and wetted three times. This material is available
free of charge via the Internet at http://pubs.acs.org.
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