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B INTRODUCTION

Although electron irradiation has been utilized as a chemical
agent-free source for the reduction of oxidized metals in
solutions to form nanoparticles (NPs), the understanding has
largely involved solution-based redox reactions.' Few studies
have involved investigating the NPs formed by electron
irradiation-induced reduction processes in thin films or
nanostructured materials on solid surfaces. The increasing
interests in the synthesis of nanostructured materials and thin
films of metal nanoclusters (NCs) or NPs toward atomic level
control in catalysis, electrocatalysis, chemical sensing, biosens-
ing, and theranotics have captured a wide range of interests in
the development of abilities to control the size and assembly of
NCs or NPs on solid surfaces. These interests focus on
exploring their individual or ensemble functional properties.
NCs or NPs derived by gold (Au)—thiolate (SR) chemistry in
solutions® "' have been studied, especially involving the
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conventional two-phase synthesis by wet chemical reduction
which converts Au(III) to Au(I), [Au(I)—S(R)],, and Au NCs
or NPs. The so-called Au(I)—SR staple motifs, which are
formed by reducing Au(IlI) to Au(I),”””'® have found
potential applications in catalysis” and medical theranostics' >’
and in constructing therapeutic agents through exploiting the
aurophilic interactions.””** The rich chemistry of Au—SR
motifs has also been highlighted by the ability of thiol-
mediated etching of gold NPs in solutions for creating
“atomically precise” clusters.”>”> Despite the progress made
in understanding of the redox chemistry of Au(I)—thiolate
motifs to produce thiolate-protected gold NCs or NPs in some
solutions, little attention has been paid to the nanoscale

Received: October 14, 2018
Accepted: October 24, 2018
Published: November 6, 2018

DOI: 10.1021/acsami.8b17941
ACS Appl. Mater. Interfaces 2018, 10, 40348—40357



ACS Applied Materials & Interfaces

Research Article

chemistry of Au—SR motifs in thin films or nanostructures
under direct exposure to electrons.

We have recently demonstrated the intriguing viability of
NC and NP formation and assembly from Au(I)—thiolate
motifs using electron beams from the source of electron
microscopy, which are typical tools used for visualizing the
detailed structures of NCs or NPs.*® The significance of this
initial finding was the ability to exploit the nanoscale assembly
of NCs or NPs from thin films of Au—thiolate motifs under
direct exposure to electrons as the sole agent, which could
constitute an ideal pathway for triggering and driving the
nanoscale reactions and assemblies.”’>* Being motivated by
the unprecedented directional preference in the assembly, we
demonstrate here for the first time an in situ monitoring of
formation and one-dimensional assembly of NCs or NPs from
Au(I)—SR motifs in molecularly assembled thin films as a
function of electron dose by the electron beam from scanning
transmission electron microscopy (STEM). As illustrated in
Scheme 1, the control of electron doses serves an intriguing

Scheme 1. Schematic Illustration of the Use of Controlled
Electron Doses in Formation, Growth, and Assembly of
NCs and NPs from Aurophilic Motifs of Au(I)—Thiolate on
Solid Substrate and the Visual Monitoring through, e.g.,
STEM Imaging”
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“The upper-right inset illustrates the motifs in an electrostatically
bound structure consisting of, e.g., a cationic cetyltrimethylammo-
nium and anionic mercaptopropionic carboxylate. The lower panel
illustrates in situ monitoring of the morphological evolution at
different electron doses.

pathway for the formation, growth, and assembly of NCs or
NPs on a substrate surface. As an example, molecularly
assembled aurophilic Au—thiolate motifs*® are placed on a
solid surface via an electrostatically bound structure consisting
of, for example, positively charged cetyltrimethylammonium
bromide (CTAB) and negatively charged mercaptopropionic
acid (MPA).

There are different methods to synthesize Au(I)—thiolate
complexes.”** Etching of presynthesized gold NPs capped with
cationic CTAB using anionic MPA is one of the methods to
produce Au(T)—thiolate species.”*~>* This method enables the
exploitation of the cationic—anionic electrostatic interaction as
a template in the assembly of the resulting Au(I)—thiolate
species. The long-chain cationic CTAB provides an electro-
static structure for part of the template. With this type of
nanostructures on a solid surface, a fundamental question is

how the inter- and intra-autophilic interactions of the Au(I)—
thiolate motifs in the presence of positively charged CTAB and
negatively charged MPA interactions define the network
chemical reactivity. This understanding is essential for
exploring Au(I)—thiolate aurophilic network as a pathway
toward creating one-dimensional assemblies of NCs or NPs
with tunable catalytic, sensing, and diagnostic functions. In this
report, the results of an in situ STEM study focusing on
monitoring the nanoscale chemistry of the Au(I)—SR motifs in
the molecularly assembled thin film under different electron
doses have provided a new insight into the electron-induced
size-focusing and directional assembly of NCs and NPs. The
understanding of the mechanistic details of the electron dose
dependence is expected to provide the precise control of NCs
or NPs and their assemblies not only free from chemical
reducing agent but also with the ability of visual monitoring of
the morphological evolution during the growth. Considering
previous studies of electron doses for the reduction of oxidized
metal ions in solutions to form NPs," the knowledge obtained
from the present work would also be useful for preparing
thiolate-protected gold NCs in solutions by electron irradiation
with controlled electron dose, especially in view of recent
reports on atomically precise NCs,” step-by-step reaction
processes,” and stoichiometric synthesis of water-soluble NCs
in terms of the number of electrons from reducing agents.

B EXPERIMENTAL SECTION

Chemiicals. Tetrachloroauric(III) acid (HAuCl,-3H,0), 3-mer-
captopropionic acid (MPA, 99+%), and sodium borohydride
(NaBH,) were obtained from Sigma-Aldrich. CTAB (>98%) was
obtained from Alfa Aesar. Ethanol (>99.5%) and methanol (>99.9%)
were purchased from Fisher Scientific. All reagents were used as
received. Deionized water from Mill-Q water (18 MQ-cm) was used.

Synthesis and Preparation. Au NPs were first synthesized by a
typical aqueous one-phase synthesis method,”” which involved the
reduction of HAuCl, in the presence of CTAB by NaBH,. CTAB-
capped Au NPs were produced. Depending on the reaction time (10
min to 40 h), Au NPs of 2—6 nm in diameter were obtained. This
process involved forming Au(I)—SR via etching the as-synthesized
NPs.>***** Typically, a solution of MPA was added to the solution of
the CTAB-capped Au NPs and the etching reaction was allowed to
proceed 1S h to form Au(I)—thiolate in the solution. The resulting
Au(I)—thiolate species were then subject to centrifugation twice and
redispersion in water.

Characterization and Measurement. We used high-angle
annular dark-field (HAADF) STEM, TEM, and energy-dispersive X-
ray spectroscopy (EDS) for the characterizations.

JEOL JEM 2010F instrument was used to obtain TEM images
under 200 kV. The fluorescent screen of TEM measures 10—20 pA/
cm?® for regular and high-resolution (HR) imaging at 200 kV.
Exposure time for regular TEM is ~0.5 s.

FEI Titan G2 80-200 instrument with ChemiSTEM capability was
used to obtain STEM and EDS element mapping under 200 kV. A
combination of condenser lenses and apertures was used to control
the current density and the convergence angle of the electron beam.
The collection of HAADF images was performed in STEM mode
under a small camera length which ensures that the annular dark-field
detector detects only the electrons deflected by angles greater than 50
mrad. For STEM, the screen current for energy-dispersive X-ray mode
is around 0.5 nA on most magnifications. The probe current on each
pixel in a STEM image is 0.5 nA. The image setting is 2048 pixels X
2048 pixels, and the dwell time is 8 ys. For a specific imaging area, the
dose rate in unit of A/nm? or e/nm? s could be calculated. For a
higher magnification, that is, a smaller imaging area, there is a higher
dose rate, either in terms of the average dose rate over the entire
imaging frame, or the peak dosage on each pixel. The calculation of
electron dose/scan is performed by multiplying electron dose rate by
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the number of the image’s pixels and the pixel dwell time. Note that
the time for the focused e beam to rest on a single pixel is defined as
the pixel dwell time. Therefore, the longer the pixel time, the more the
electrons can be collected per pixel, and the lower the scan speed will
be (e.g,, an image that is 2048 and 2048 pixels in width and height has
a total of 2048 X 2048 = 4.2 megapixels). Note that the equipment is
typically calibrated to the detector efficiency ranging from 10 to 90%,
and the detector dose rate is an estimate depending on the specific
instrument. Considering that the actual exposure also depends on the
time being spent in collecting the data, a series of TEM images and
STEM image were acquired from a specific area within a controlled
time, which allowed us to assess the morphological evolution as a
function of the total electron dose.

UV—vis spectrophotometry measurements were also carried out to
determine the plasmonic and electronic properties of the as-
synthesized NPs or NCs in the solutions, which were obtained on a
Hewlett Packard 8453 UV-—vis spectrophotometer. Electrospray
ionization (ESI) nanospray time-of-flight (TOF) mass spectra were
collected with a Qstar XL mass spectrometer (MDS Sciex, Applied
Biosystems) with an ion spray voltage of 800 V, where the sample was
dispersed into methanol with addition of trace NaOH to increase the
opportunity of ionization. Physical Electronics 5000 versa probe
scanning ESCA was used for X-ray photoelectron spectroscopy (XPS)
characterization. In this system, a focused monochromatic Al Ka X-
ray (1486.7 eV) source was used for excitation. The binding energy
scale was calibrated using the Cu 2p;, line at 932.58 + 0.05 eV and
the Au 4f;), line at 84.01 + 0.05 eV.

B RESULTS AND DISCUSSION

Au(I)—SR motifs were prepared by etching presynthesized Au
NPs of about 2 or 6 nm diameter (Scheme S1),*>*** which
were first synthesized by reducing AuCl,” in the presence of
CTAB (CH,(CH,),sN(CH;)*;Br") with NaBH, in the
aqueous solution. MPA (HS(CH,),CO,H, or H-SR) was
used as an etchant and a re-capping agent. The formation of
Au(I)—SR as the etching product was confirmed by optical
absorption, in which the plasmonic resonance bands (~500,
and ~540 nm) characteristic of 2 and 6 nm Au NPs
disappeared. In the meantime, the bands at 288, 342—345,
and 383—387 nm characteristic of Au(I)—SR were detected
(Figure S1). It was also supported by ESI-nanospray TOF
mass spectroscopic detection of Au(I)-species.”® The Au—$
(from MPA) chemistry of the Au(I)—S species was also
confirmed by XPS analysis, in which the Au 4f;/, and 4f; , were
detected at 84.7 and 88.6 eV, and the S 2p;,, and 2p,,, were
observed at 163.6 and 164.7 eV, respectively (Figure S2). Note
that there were still some NPs remaining in the etching
solution because the NPs were not completely etched.”® The
remaining NPs were used as an internal reference for in situ
STEM analysis of sampling areas without NPs, as shown in this
report.

Morphological Characteristics of NCs and NPs
Formed by Electron Dose. We have recently shown that
the Au(I)—SR motifs could be grown into NCs or NPs under
electron beams from TEM and STEM.”® The quantitative
growth of NCs and NPs in string or random distributions
under controlled electron doses was analyzed by taking a series
of STEM image from a specific imaging area within controlled
current and time. The morphological evolution was then
assessed in terms of its relationship with electron dose. The
division of the beam’s current by the size of imaging area yields
the electron dose rate (R,q)”’

Ry=i/eA (1)

where R,y stands for electron dose rate with the unit of
electrons/A? s, i, stands for beam current with the unit of C/s,
and A stands for scan area in A% The multiplication of R.4 by
the dwell time and the pixel number gives the electron dose/
scan. The electron dose (D), or surface density of the electron
dose, is defined as the product of the current density (i,) and
the irradiation time (¢).*

D=it )

For HAADF imaging in STEM mode, the image intensity is
proportional to the mass*' in terms of contrast in a single scan.
It is known that the average dose under STEM (D,, = 150 C
m™) could be controlled at a much smaller dose than that
delivered in TEM mode (D,, = 1.2 X 10" C m™?), yielding a
ratio [D,, (TEM)/D,, (STEM)] of ~10“"" The charge
conservation through an electron beam exposure region of a
typical sample*” involves the total electron current entering the
exposed volume, including the current of the main electron
beam and the current created by the electrons from the regions
surrounding the exposed volume that might flow into it. This is
equal to the charges leaving the volume,* including the
current from the transmitted beam, the electrons produced by
the beam—specimen interaction, the electrons from the
interaction volume, and the rate of charge accumulated in
the exposed volume.

It was the morphological evolution of Au(I)—SR samples
under high electron dose TEM that has captured our initial
interest in electron lacing of NCs and NPs.”® The overall string
and bundling morphologies of the observed NCs or NPs were
found to be highly dependent on the electron source. In the
case of electron source from TEM, the strings of NCs and NPs
observed under low magnifications in relatively large imaging
areas, that is, lower electron dose, showed a feature resembling
a bamboo leave with extensive bundling (Figure $3a,b).*° An
analysis of the average string diameter (d,), string-to-string gap
(dy), and NC-to-NC (or NP-to-NP) gap in a string (d,)
showed 5.7 nm (d,), 5.2 nm (d,), and 3.7 nm (d,) (Figure
S4a). As the magnification increases, or imaging area decreases
or electron dose increases, the sizes of the NCs or NPs increase
along the strings, which is shown in Figure la. A similar feature
was also observable in Figure S3c. The analysis of the size
parameters showed 7.9 nm (d,), 3.9 nm (d,), and d, 4.7 nm
(d,) (Figure S4b).

The resulting NPs showed a clear preference of alignment in
strings or bundled strings, which is schematically illustrated in
Figures 1b and S3d. To understand the origin of the NC or NP
formation, growth, and alignment, samples were examined

Figure 1. (a) TEM image acquired under a high magnification. Inset
is a magnified view showing the indicated region (scale bar: 10 nm).
(b) Schematic illustration of the bundling of NP strings in image a.
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under STEM condition, where the electron dose could be
controlled more precisely than TEM in terms of the imaging
size (or magnification) and fixed exposure time, which are
discussed next.

For a given sample that is exposed to an electron beam, the
electron dose is represented by the number of electrons within
specific area and time. By increasing the speed of scan (i.e.,
reducing the pixel dwell time), the electron dose could be
reduced during image acquisition. This is a major difference of
STEM from TEM. A representative set of HR-HAADF STEM
images for Au(I)—SR on TEM grid is shown in Figure 2. The

Figure 2. STEM images of a sample obtained by MPA etching of
presynthesized Au NPs capped with CTAB with two different sizes [2
(a) and 6 nm (f)]. (b,g) Schematic illustrations of the bundling of NC
strings in image (a) (b), and image (f) (g). (c—e,h—j) Mapping of the
bundled NC strings by EDS: (ch) Au, (d,i) S, and (e,j) S and Au
overlapping.

images (Figure 2a,£f) revealed bundles of strings of NCs (1—2
nm or less), as schematically illustrated in Figure 2b,g. Larger-
sized NPs are scattered in the image, which is due to
incomplete etching. These NPs served as an image contrast
reference. NCs and strings are evident in Figure 2a, displaying
1.2 nm (dy), 1.5 nm (d,), and 1.4 nm (d,) (see Figure SSa).
There is a high degree of overlapping of the strings, that is,
bundling. In the presence of larger-sized NPs, the NCs in

Figure 2f display similar values, 1.3 nm (d,), 1.4 nm (d,), and
1.7 nm (d,) (see Figure SSb), with a similar bundling of the
strings.

EDS mapping analysis was performed to determine the
chemical composition of the bundled NC strings, displaying
mainly S and Au in Figure 2c—eh—j. These bundled Au NC
strings were derived from Au(I)-MPA precursors. These
strings are remarkably aligned in the presence of MPA and
CTAB, as supported by larger-area STEM/EDS analyses
(Figure S6) which revealed large patches of species with C and
O. The Au(I)-MPA in the CTAB and MPA matrix likely
consist of Au(I)—S(CH,),CO,” (with Na*) and Au(I)-
S(CH,),CO,~ (with CTAB*). The fact that both S and Au
were clearly detected for the etched product (Figure S7d), in
contrast to the detection of only Au for the sample before
etching (see Figure S7a—c), further confirm the identity of the
Au(I)—SR species.

The above results clearly demonstrated the propensity from
Au(I)—thiolate species to form NCs/NPs in a strong
distribution under the electron dose. The NCs in the strings
are separated and individually identifiable. It is the MPA—
CTAB network structure that provides a template environment
for the alignment of Au(I)—SR motifs and the resulting NCs/
NPs.

In Situ Monitoring of Morphological Changes by
Different Electron Doses. The morphological evolution of
the NCs/NPs in the strings or those in random distributions
are closely monitored in terms of electron doses by varying the
imaging area with fixed current (0.5 nA) and time (8 ps/pixel).
Figure 3a—e,j—n shows a representative set of STEM images,
including bright and dark field images, to show the formation
and growth of NCs/NPs in strings. The electron dose was
controlled by the imaging area, ranging from 1 X 10° to 6 X
10® nm? The detailed growth profiles for the individual NCs/
NPs were extracted from the images with different imaging
areas by zooming the selected areas with the two larger-sized
NPs as an internal reference. While there are no indications of
NCs for the imaging area above ~2 X 10° nm? (Figure 3a,b,j—
k), NCs/NPs are observed for imaging areas smaller than that,
and the particle size show an apparent increase with the
decrease in imaging area or the increase in electron dose
(Figure 3c—e,l—n). Apparently, some of the particles grow by
its own, whereas others grow by aggregation of smaller
particles nearby. This assessment is evidenced by the zoomed
views of the NCs in Figure 3c—e (Figure 3g—i). There is a
preference for the alignment of the resulting NCs/NPs along
the strings.

By very close examination, some of the small NCs form and
grow into larger ones while other NCs undergo aggregative
growth into larger ones as the electron dose increases. As
indicated by the final NPs labeled I-IV (Figure 3i) and
tracking of the growth of the NCs/NPs preceding them
(Figure 3g—h), it is evident that aggregative growth of NCs/
NPs in close vicinity appears to be dominant along the string,
in addition to display of a gradual growth from small to larger
size for some of the NCs/NPs. The strings of NCs in Figure 3e
exhibit 1.9 nm (d,) (see Figure S8), which is very similar to
that determined based on the data for the bundled strings of
NCs [1.7 nm (d,)] (see Figure 2f).

To further understand the above observations of NC/NP
growth along the string and develop an assessment on the
detailed growth mechanism of NCs/NPs, the evolution of
NCs/NPs in areas with random distributions under different

DOI: 10.1021/acsami.8b17941
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Figure 3. Zoomed areas of STEM images in bright field (a—e) and
dark field (j—n) collected by varying the imaging area with fixed
current (0.5 nA) and time (8 us/pixel). The experimental imaging
areas are 1.5 X 10° (a), 3.8 x 10° (b), 9.4 x 10* (¢), 2.3 x 10* (d),
and 5.9 X 10° nm’ (e), corresponding to electron doses of 1.1 X 10
5.6 X 10% 2.4 X 10°% 9.6 X 10°% and 3.8 X 10° C/m? respectively. All
images share the same scale bar. The bottom two larger-sized particles
served as an image contrast reference for the in situ imaging. (f)
Illustration of the nucleation and growth under the electron dose. (g—
i) Magnified images tracking the growth of NPs labeled in regions I,
II, III, and IV with electron doses corresponding to those in images
(c—e), respectively.

electron doses was also examined. Figure 4a—fl—q shows a
representative set of STEM images (bright and dark field
images) to monitor the formation and growth of NCs/NPs
which appear in a random distribution area.

The growth profiles for individual NCs/NPs were extracted
from the images with different imaging areas where a selected
area with a random distribution of NCs/NPs was analyzed
using the three larger-sized NPs as an internal reference. The
electron dose was controlled by the imaging area, ranging from
1 X 10° to 1 X 10® nm? Again, no apparent NCs are observed
for the imaging area above ~2 X 10° nm?* (Figure 4a,b,l-m).
At electron doses larger than that value, NCs/NPs are
observed and their sizes show increases with the electron
dose (Figure 4c—f,n—q), consistent with those observed for
the growth of the NCs/NPs in strings (see Figure 3). Similarly,
the NCs/NPs labeled I-V (Figure 4k) show that both
aggregative growth and individual growth are operative (Figure
4g—j). The electron dose, ~1 X 10* C/m* (corresponding to

dose for the imaging area of ~1 X 10° nm®) could be
considered as a threshold for the electron-induced formation of
NCs under the experimental conditions.

The structures of the NCs/NPs formed were also examined
by HRTEM analysis. As shown in Figure 5, for three indicated
areas, highly crystalline structures are evident for the as-formed
NCs/NPs (I and III), including the gap between the two
larger-sized NPs filled by the grown NCs/NPs (II). The lattice
fringes measured in these areas, 0.247—0.253 nm, are
characteristic of Au(111) facet, which are essentially the
same as those reported for gold NPs prepared by conventional
solution synthesis methods.

The growth maps of the NCs/NPs shown in Figures 3 and 4
are further compared to track the overall details in the NC/NP
formation, growth, and assembly processes. As illustrated by
the schematic evolution in terms of size and distributions
(Figure 6a—e), the overall NC/NP size increases with the
electron dose, and the particle growth involves individual
growth and aggregative growth. The preference assembly in
strings is evident.

For the NCs/NPs found in the random distribution area, the
schematic evolution shows an increase in size with electron
dose in terms of individual and aggregative growth (Figure 6f—
k), which are qualitatively consistent with those observed for
the growth of the NCs/NPs in strings.

The fact that some of the particles appear to grow by its own
is suggestive of a pathway involving an initial nucleation of NC
followed by deposition of Au atoms on the NC, whereas the
growth by aggregation of smaller particles nearby is suggestive
of an aggregative growth mechanism.** This mechanistic
insight is supported by a close examination of NCs/NPs
formed in both string and random distribution areas (Figures
3-6).

The size distributions for the NCs/NPs in the strings at
different electron doses are shown in Figure 7a. As indicated by
the general trend of the size growth as a function of logarithm
of electron dose, there is a clear trend for the overall particle
size growth. Figure 7b shows the size distributions of the NCs/
NPs in random distributions at different electron doses. There
is again a clear indication that the larger-sized particles grow
while smaller sized particles disappear.

To further compare the overall growth as a function of
electron dose for the formation and growth of NCs/NPs and
to compare the growth characteristics between string and
random distributions, the growth data from Figure 7ab are
analyzed based on the electron-induced surface reactivity.*
The intensity (I) of the electron-induced surface reaction,
including either direct reduction of Au(I) by electrons or
indirect reduction by electron-induced radical species, is
expressed by I = I, X (1 — e ™), where I, represents the
intensity of the reactive electrons at saturation, ¢ is the cross
section for surface reduction of Au(I) by electrons, and D is
the surface density of the electron dose.”’ Assuming that the
NC/NP growth in terms of particle size (d) is proportional to
the particle size growth as a result of the electron-induced
surface reduction of Au(I) species, that is, d o I, we have

d=Cx (1 -e"P) (3)

where C is constant related to the intensity of the reactive
electrons. Figure 8 shows a plot of the average size as a
function of the total electron dose. As shown by the theoretical
fitting of the data, the growth trends for the NCs/NPs in both
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Figure 4. Zoomed areas of STEM images in bright field (a—f) and dark field (I-q) collected by varying the imaging area with fixed current (0.5
nA) and time (8 ys/pixel). The experimental imaging areas are 1.5 X 10 (a), 3.8 X 10° (b), 9.4 X 10* (c), 2.3 X 10* (d), 5.9 X 10° (e), and 1.4 X
10% nm? (f), corresponding to electron doses of 1.1 X 10% 5.6 X 10, 2.4 X 10%, 9.6 X 10°, 3.8 X 10% and 1.6 X 107 C/m?, respectively. All images
share the same scale bar. The lower-left three larger-sized particles served as an image contrast reference for the in situ imaging. (g) Illustration of
the nucleation and growth under the electron dose. (h—k) Magnified images tracking the growth of NCs/NPs labeled I-V with electron doses

corresponding to those in images (c—f), respectively.

dAll—M: 0.288nm = >

Lattice fringe:
0.247 nm (I)

0.253 nm (II)
0.247 nm (I11)

Figure 5. HRTEM image of the sample shown in Figure 4f. Inset: the
lattice fringes obtained for the three indicated NC/NP areas.

string and random distributions are quite well described by eq
3.

By comparing the fitting parameters, the results reveal a clear
difference in terms of the values of the fitting parameter ¢. The
apparent cross section for surface reduction of Au(I) by
electrons for the growth in the string distribution (1.6 X 107°)
is greater than that in the random distribution (1.1 X 107%).
Clearly, there is a propensity of one-dimensional assembly for
the grown NCs/NPs under the electron dose.

Mechanistic Consideration of Growth Mechanism.
The propensity of monodispersed NC/NP growth from
aurophilic Au(I)—SR motifs under electron dose with well-
defined interparticle spacing and one-dimensionality prefer-

ence is believed to reflect an aggregative growth via a
combination of inter- and intra-aurophilic chains of Au—SR
motifs, in which the templating force is provided by the
electrostatic MPA~/(CTAB)?*,/MPA~ (i.e.,
MPA™--*(CTAB),"*MPA~). This concept is illustrated in
Scheme 2.

A key element in the above concept involves two
competitive aggregation processes, that is, “interaurophilic-
chain aggregation” and “intra-aurophilic-chain aggregation”.
The average interparticle or interstring distance via electro-
static interactions involving MPA™/*(CTAB),"/MPA™ is
estimated to be in the range of 3—5 nm, depending on the
relative orientation of the molecules (see Scheme S3). There
appears to be a close match of this value with the experimental
result (3.7 nm) obtained under TEM (see Figure S4a). The
measured interparticle spacing along the string (~2 nm, Figure
SS) and the fact that the STEM-observed spacing of the highly
bundled NC strings (~1.9 nm, Figure S8) is much smaller than
the TEM-observed spacing for the less-bundled NP strings
(~3.7 nm) suggest a stronger tendency for the “intra-
aurophilic aggregation” than that for the “interaurophilic
aggregation”. In this process, a molecular template is provided
by MPA™/*(CTAB),"/MPA™ structure, facilitating the one-
dimensional assembly of the NCs or NPs. This directional
preference is apparently defined by a combination of
electrostatic force and aurophilic interaction for the morpho-
logical transformation under electron dose. While this
mechanism agrees with the formation and growth in a two-
stage, bottom-up process reported for Au,; NCs in solutions,*’
which involves a fast reduction and growth followed by a slow
conversion between clusters, the electron dose dependence of
the NC- and NC—NC aggregative growths demonstrated the
viability of both size and assembly control by electron dose to
the Au—SR motifs in the molecularly assembled thin film. The
latter is supported by a number of theoretical studies, including
the study of sequential electron reductlons of Au(I)-SR
species and the formatlon of Au,s(SR),,*" density functional
theory calculation®® of Au, cluster as a basic building unit in
the process of growth and size focusing toward the NCs, and a
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Figure 6. Illustrative mapping of the formation, growth, or assembly of the NCs/NPs under different electron doses. (a—e) Mapping of the data
taken from Figure 3 (“string” distribution). (f—k) Mapping of the data taken from Figure 4 (“random” distribution).

Counts

Figure 7. Size distributions of the NCs/NPs [string distribution (a) and random distribution (b)] vs electron dose, for example, taking the data
from Figure 3 for (a) (see also Figure S9) and taking the data from Figure 4 for (b) (see also Figure S10).
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Figure 8. Plots of average size distribution of NCs/NPs in STEM-
string (a) and random distribution (b) vs the total electron dose in C/
m?. Dashed lines: the theoretical fit based on the first-order reaction
model (d = dy, + C(1 — e™P)) yielding d, = 0.4, C= 1.4, 6= 1.6 X
10~ and R? = 0.9677 (a); dy, =0.5,C=12,6=11X 10" and R* =
0.9465 (b).

sequential two-electron (valence electron) driven LaMer
growth (monotonic) and aggregative growth (volcano-shaped)
from Au,s NCs to Au,, NPs.* Considering that it takes ~30
Au(I), or a small cluster (e.g., ~7 Auy), for the formation of a 1
nm NC along and across the aurophilic chains, the aggregative

40354

growth mechanism illustrated in Scheme 2 is not unreasonable.
Under electron irradiation, the capping molecules (e.g.,
MPA™--"(CTAB),"*MPA~) could form reactive radical
intermediates™® which then reduce Au(I) to Au(0) followed
by NC/NP growth. These radicals could undergo carbon—
carbon bond coupling or oxygenation upon oxidation, but the
details are beyond the scope of this report. Nevertheless, the
generation of the radical intermediates depends on the electron
dose and should display a threshold dose for the resection’s
occurrence, which is consistent with the observation of a
threshold in the electron dose dependences (see Figures 3 and
4). We note that the size distributions in this work are still not
very narrow in comparison with those reported in the literature
because of limited work on the extensive manipulation of
electron dose parameters. The question whether this method
can achieve molecular purity in size-focusing synthesis remains
to be an interesting topic for future study. In addition, we
could only follow the trend of the growth as a function of time
in this work. There is a future need to measure the mass
quantity of the NCs and NPs in terms of an exactly controlled
beam exposure area in STEM experiment to determine the
growth efficiency.

B CONCLUSIONS

Taken together, we have demonstrated a clear electron dose
dependence for the electron-driven formation, growth, and
one-dimensional assembly of NPs and NCs from aurophilic

DOI: 10.1021/acsami.8b17941
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Scheme 2. Schematic Illustrations of Formation and Assembly of NCs/NPs by Inter-/Intra-Aurophilic Chain Aggregation of
Electron-Reduced Au(I)—SR Motifs (See the Top Panel Where the Arrows Illustrate Inter-/Intra-Aurophilic Aggregations
with the Electrostatic Interaction (MPA™-+*(CTAB),"~MPA"~) as a Templating Force, See Also Top View in Scheme $2)“
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“In the bottom panel, the NC/NP growth is illustrated by either limited nucleation followed by atomic deposition (see left pathway) or by multiple

nucleation followed by aggregative growth (see right pathway).

Au(I)—thiolate species in the molecularly assembled thin film.
This dependence has been analyzed by in situ monitoring of
the nanoscale growth kinetics in terms of the electron dose,
which is shown to display a clear preference to a string
alignment of the NCs/NPs along the combination of the
electrostatic force and the aurophilic interaction, which is
shown to reflect a higher cross section of the surface reduction
of Au(I) by electrons. The findings have provided new insights
into the electron dose-dependent formation, growth, and
directional assembly of NCs and NPs on solid surfaces. In
addition to 1D assembly, it is possible to use this method to
control the structure of NC/NP assembly in different
morphologies, for example, 2D or 3D assemblies, by
manipulating the ligand chemistry. In view of different possible
Au—SR oligomers on Au(111), such as open or cyclic dimers,
trimers, and tetramers,*’ the formation of other morphologies
of the NC/NP assemblies could also be possible, which should
be included in future studies of the electron dose chemistry. In
an early density functional theory prediction of a chain
structure consisting of Au adatoms and Au—SR complexes on
Au(111),%° the complexes were shown to be parallel to each
other via linkages formed between Au adatoms and Au atoms
in the complexes and via bonding formed between Au adatoms
and thiolates. Whether such a structure is operative for the
NC/NP assembly in the electron dose chemistry would also be
an interesting topic in future studies. The electron dose-
controlled size-focusing and directional assembly of NCs and
NPs may be exploited as new strategy for the precise control of
NCs or NPs and their assemblies on solid surfaces not only

free from chemical reducing agent but also with the ability of
visual monitoring of the morphological evolution during
growth,51 which is im%)ortant for the design of catalytic sites
or sensin§2 interfaces®® with controlled atomic or nanoscale
precision.”™
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