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Abstract: Although many assembly strategies have been used
to successfully construct well-aligned nanowire (NW) assem-
blies, the understanding of their assembly kinetics has
remained elusive, which restricts the development of NW-
based device and circuit fabrication. Now a versatile strategy
that combines interfacial assembly and synchrotron-based
grazing-incidence small-angle X-ray scattering (GISAXS) is
presented to track the assembly evolution of the NWs in real
time. During the interface assembly process, the randomly
dispersed NWs gradually aggregate to form small ordered NW-
blocks and finally are constructed into well-defined NW
monolayer driven by the conformation entropy. The NW
assembly mechanism can be well revealed by the thermody-
namic analysis and large-scale molecular dynamics theoretical
evaluation. These findings point to new opportunities for
understanding NW assembly kinetics and manipulating NW
assembled structures by bottom-up strategy.

M acroscopic-scale nanowire (NW) assemblies with unique
structures and designed properties have become one of the
most active research areas in chemistry and materials
science.!! In the bottom-up strategies, basic NW building
blocks can be hierarchically organized into functional multi-
structures, much like the way nature uses proteins to construct
complex biological systems and monomer to macromolecules
or polymers.”) However, precisely manipulating and ordering
NWs for forming complex NW films still present a major
challenge for novel applications,”! which is restricted by the
limited understanding of their assembly mechanisms or
assembly kinetics. Electron microscopy techniques were
often used as tools to characterize the final structures but

failed to probe the insitu intermediate structure owing to
their high-vacuum requirement. Compared with electron
microscopy techniques, the GISAXS technique has been
demonstrated as an efficient technique enabling the real-time
tracking of the self-assembly and self-organization process in
their working environment. So far, GISAXS is one of the
most effective tools for tracking the real-time assembly
process of zero-dimensional building blocks.”) Thermody-
namic and kinetic theoretical simulations can be used to
effectively predict the nanoparticle assembly behaviors.*>°!
However, these simulations were always constrained to
assembly systems with only a few nanoscale building blocks
or on a short time scale.’! Monte Carlo simulation was
introduced to qualitatively investigate the self-assembly
process of polyhedral silver nanocrystals into densest pack-
ings and superlattices.™ Hence, except for a number of
special cases, a description that captures the detailed NW
interface assembly mechanisms remain elusive.

In this work, we report an in situ characteristic method to
investigate in real-time the NW assembly process by combin-
ing nanowire interfacial assembly (Langmuir-Blodgett (LB)
technique!® was selected here as a model) and synchrotron-
based GISAXS technique which is quantitatively analyzed
and further explained in the framework of distorted wave
Born approximation (DWBA).’! Moreover, thermodynamic
analysis and kinetic simulation were successfully applied to
elucidate the driving forces and mechanisms that guide the
NW assembly behavior.

In respect of the uniform size and shapes, Te NWs were
selected as a model structural unit.'"” First, Te NWs in mixed
solvent of N,N-dimethylformamide (DMF) and chloroform
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were dropped onto the water surface. After the evaporation
of mixed solvent, the NWs are floating on the water surface
(Figure 1a), while the immersion depth of the NW is
determined by the interfacial energy. The relative interfacial
energy of the NW is varied with the NW position with respect
to the interface, which can be predicted by Pieranski’s
model.""! With the NW gradually surfaces from the water,
the interfacial energy experiences a firstly decrease and then
increase process (Figure 1b), while the lowest point at Z=
—0.866 reveals that nearly 93 % of the NW cross-section are
immersed in water (Supporting Information, Method 1).
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Figure 1. a) lllustration of the NW floating state. Inset: cross-section
of a NW (R is the NW radius, Z is the distance from the center of the
NW to the air-water interface). b) Interfacial energy plotted as a
function of the NW position with respect to the air-water interface.
c),e) Transmission electron microscopy (TEM) image and GISAXS
pattern of the disordered NWs before assembly. d),f) TEM image and
GISAXS pattern of the ordered NWs after assembly. Scale bars are
500 nm in (c) and (d).

The initial and final states of the NWs are presented in
Figure 1c—. Initially, Te NWs present a random orientation
(Figure 1c¢) that shows no scattering peaks in the GISAXS
pattern (Figure 1e). At the end of the assembly process, the
obtained Te NW monolayer exhibit a well-aligned structure
(Figure 1d), while two vertical Bragg peaks emerge at g, ==+
0.73 nm" ' (the period of NWs in real space is 27t/q, = 8.6 nm)
in the GISAXS pattern (Figure 1f).

To investigate the NW assembly process at the air—water
interface in real time, we combined interface assembly
apparatus (LB trough) with the SAXS platform in the
Shanghai Synchrotron Radiation Facility (SSRF; Fig-
ure 2a,b). During the assembling process, the GISAXS
scattering signals show continuous changes resulting from
the dynamical NW assembly at the air-water interface
(Supporting Information, Movie S1). The insitu scattering
signal evolution is shown in Figure 2c, and the intensity
evolution of the scattering peak around ¢,=0.73nm ' is
highlighted in Figure 2d. After the NW solution is dropped,
the NWs spread and distribute randomly over the LB trough,
resulting in small diffuse scattering signals around the central
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Figure 2. a),b) Photograph and illustration of the experimental setup in

the synchrotron facility. c) X-ray scattering intensity evolution extracted

from the GISAXS patterns along the g, direction at ,=0.43 nm™".

d) The intensity evolution of the scattering peak around at

9,=0.73 nm™". e)—h) The experimental (left) and simulated (right)
GISAXS patterns obtained for NWs at four distinct states: e) randomly
dispersed state, f) small blocks composed of aligned NWs, g) well-
aligned monolayer state, and h) excessive aligned state.

reflection zone (Figure 2 c and Figure 2 e, left). Because of the
larger electron densities of residue solvents than that of water
(Supporting Information, Figure S2), these diffuse scattering
signals caused by interfacial thermal fluctuations decrease as
the evaporation of chloroform and DMF. As shown in
Figure 2 e, the experimental GISAXS data (left) are in good
agreement with the simulated pattern (right) with the fitting
parameters listed in the Supporting Information, Table S1.
After 6.5 min of solvent evaporation, it is considered that the
Te NWs present a random orientation with large distances. At
this very moment, the water surface becomes stable and the
diffuse scattering signals become the weakest (Figure 2c).
From 6.5 to 26.5 min during the assembly process, although
the barriers start to move, the distance between NWs are still
large and there appear no scattering peaks in the GISAXS
patterns. From 26.5 to 39 min, as the increased number
density of NW, NW blocks appears gradually as well as the
diffuse scattering signals around the central zone (Figure 2¢
and Figure 2 f, left). The increased intensity attributed to the
reduced distance between NWs suggests the increased
number of NWs in the same direction. Owing to the confine-
ment of the LB barriers, the orientation of the NW blocks is
not completely random but preferably parallel to the barriers.

Employing the DWBA theory (Supporting Information,
Method 2), the simulated pattern in Figure 2 f (right) fitted
well with the experimental result (left). The corresponding
simulated parameters (Supporting Information, Table S2)
confirmed that the small blocks on average composed of 11
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NWs are formed during this period (Supporting Information,
Figure S3a,b).

From 39 to 71 min, with the order of NWs assembly
gradually increase, new peaks at g,=+0.73 nm ' emerged
with its intensity become stronger (Figures 2c¢,d). The simu-
lated results together with experimental results confirm these
new Bragg peaks (Figure 2g). The intensity of this peak
reaches the maximum at the 71st min (Figure 2d; Supporting
Information, Figure S4), indicating the formation of well-
aligned NW monolayer (Supporting Information, Fig-
ure S3c). Upon further compression, the intensity of the
Bragg peaks slightly declines (Figure 2 h, left), which attribute
to the decreased order of NWs assembly. At this state, the
well-aligned NW monolayer has been folded in the direction
parallel to the LB barriers (Supporting Information, Fig-
ure S3d). Besides, the simulated patterns (Figure 2h, right)
with the corresponding fitting parameters (Supporting Infor-
mation, Table S3) agree well with the experimental data
(left), which manifest the decreased peak intensity. Further-
more, the black line in the Supporting Information, Figure S5
represents the position of the Yoneda peak for water,**!?!
which arises at the maximum of the off-specular diffuse
scattering intensity. These observations confirm the NWs are
trapped in the surface energy minimum and the NW assem-
bling takes place at the air-water interface.

To explain the NW motion behaviors during the assembly
process, thermodynamic analysis and corresponding kinetic
simulation were employed. A single NW was randomly
selected among the whole NW system, while other NWs as
well as the barriers of the LB trough were considered as an
effective confined boundary. As illustrated in Figure 3a,
a NW with the length of L can move randomly in the confined
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Figure 3. a) The illustration of NW movement in a confined space
during the assembly process. b) The color mapping of the free energy
distribution of individual NW varied with the D/L ratio and the
included angle 6. c) The free energy of individual NW at different D/L
ratio varying with the included angle 6. d) The in situ surface pressure
(black line) and calculated surface pressure fitting line (red line) as

a function of the residual area. Inset: illustration of the weak molecular
interactions derived from surfactant of NWs.
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space, and the width of the free path is D (Supporting
Information, Method 3).

In Figure 3b, the free energy encounters the lowest state
at high D/L and increase sharply at low D/L. When D is larger
than L, for example, D/L =7.32 or 1.28, the free energy of
NWs at 8 =90 possess the largest value while 8 =0 occupies
the lowest state. As the discrepancy between these two values
is smaller than kg 7, NWs are hard to assemble. Once the D/L
ratio decreases to below 1 (For example, D/L =0.91), an
obvious minimum appears at 6 =0, providing an effective
driving force for the alignment of NWs. With further
decreasing of D/L ratio, the free path of NW movement
becomes smaller, and the range of angle allowed for NWs
narrows down quickly, resulting in NWs that are forced to
align and finally reach a density-aligned state.

It is well-known that the surface pressure is a cognitive
factor to influence the assembly process by LB technique. As
described in the Supporting Information, Method 3, the
surface pressure can be derived theoretically to be propor-
tional to D2 Several stages of the assembly process can be
identified by the comparison between the theoretically
predicted (red line) and the experimentally measured (black
line) surface pressure in Figure 3d. During the initial stage,
the surface pressure keeps at a low level, which means that the
distance between NWs is very far from each other, the same
with the GISAXS pattern in Figure 2e. As the two barriers of
the LB trough get closer, the free space becomes limited
gradually, while randomly dispersed NWs tend to form
bundles and start to align with each other or the barriers.
At this stage, NWs are still separated far away that short-
range interactions such as van der Waals forces are very weak
and the surface pressure is dominantly contributed by the
conformation entropy, which is accordance with the stage
discussed in Figure 2 f. During these two periods, the exper-
imentally measured line agree well with the theoretical
prediction and the assembled NW films are prone to be
disassembled and dispersed again when the barriers withdraw
(Supporting Information, Movie S2). When the two barriers
keep closing, a well-defined NW monolayer can be obtained
and the freestanding NW structure remains structurally intact
even the barriers withdraw (Supporting Information,
Movie S2), which is consistent with the GISAXS pattern in
Figure 2g. The capping agent of Te NWs is poly(vinyl
pyrrolidone) (PVP) (Figure 3d, inset), which shows a weak
molecule interaction when the NW is getting closer. For close-
packed NWs, the magnitude of the weak molecule interac-
tions is about 10°~10* kg T."¥l Thus, the short-range molecule
interactions between NWs at this stage are sufficiently strong
to obtain a freestanding NW monolayer at the air—water
interface. In this stage, the theoretical prediction is higher
than the experimentally measured line. Since the theoretical
prediction only takes consideration of the factor of entropy,
this observation indicates that the attractive potential from
the increased weak molecular interactions dominates.

To verify the predicted NW assembly process, we intro-
duce large-scale molecular dynamics to numerically simulate
it in a system of M NWs with periodic boundary condition
along the y-axis (Supporting Information, Method 4). The
NW (ball) is discretized into 2 beads, which are marked with
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coordinates (Figure 4 a). The exclusive volume effect between
different NWs as well as that between NWs and the barriers
are taken into account. Owing to the thermal noise, NWs
move randomly and accidentally collide with each other. The
distribution of NW segment angle w with respect to the y-axis
is depicted in Figure 4b. It is obvious that NWs with a uniform
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Figure 4. a) lllustration of Brownian movement of NWs on the water
surface. b) The 3D plot of the angle distribution of NWs derived from
the simulation results during the assembly process. c)—e) The images
of the angle distribution of NWs from the simulated results at different
stages (residual area of 150, 90, and 30 cm?, respectively). f) Snapshot
of the kinetic simulation based on Brownian dynamics during the
assembly process.

distribution state at all the angle scales adjust to accumulate
at the low angle state as the two barriers approach each other.
The detailed angle distributions in different periods are
shown in Figures 4 c—e, where each point represents the angle
of an NW segment. In the initial stage, the orientation of NWs
is random as well as the axis angle distribution. Then, the
number of NWs with larger angles decreases with an
accumulation of NWs at the low angle region. Finally, all
the NWs locate at low angle region, suggesting a well-aligned
structure. Snapshots of the kinetic simulation of NWs is
shown in Figure 4 f, from left to right NWs are assembled
from a randomly loose state to a final density aligned state.
Clearly, local alignment with random directions is formed
firstly, and then global alignment emerges when the two
barriers are close enough (Supporting Information,
Movie S3), which is also in consistent with the experimentally
observed dependence of NW ordering on the distance of the
barrier.

To demonstrate this versatile strategy to track and guide
the NW assembly, the assembly of Te NWs with the diameters
of 22+2 nm and 30 £2 nm and Ag NWs with a diameter of
55+ 5 nm were carried out and monitored by in situ GISAXS
measurements. As the assembly process evolves, the scatter-
ing intensity became obvious gradually, and finally Bragg
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peaks are at position of ¢,=026nm', 021 nm ', and
0.11 nm™, respectively, revealing the period of different
kinds of NW monolayer (Supporting Information, Figure S6).
In summary, we report an in situ characterization strategy
for real-time tracking the evolution of the nanowire assembly.
The LB assisted assembly technique was selected here as
a model to confirm the validity of the in situ characterization
strategy. The insitu assembly process is seen to evolve
naturally from the fine details and the mechanism was well
revealed by the thermodynamic analysis and large-scale
molecular dynamics theoretical evaluation. The results pro-
vide insights into the NW interface assembly process and this
versatile in situ characterization technique can be applied to
investigate various NW interface assembly systems.
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