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ABSTRACT: The present article demonstrates the development
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of two-dimensional (2D) assembly of spherical nanocrystals (NCs) 999000,
in the square arrangement through the delicate balance between Stable phase @ 0000000000
repulsive ligand interactions and attractive van der Waals 000000
interactions of NCs, respectively, instead of the otherwise stable X Self-assembly of 900000
hexagonal arrangement. The experimental packing efficiency values Oo o °°°° mf;mwls Hexagonal arrangement
matched quite well with the theoretically calculated square 0020009 —— PETEVETEIEY
arrangement patterns. The above fact indicates that the formation 900,49 000000
of the 2D square arrangement of silver NCs can be explained by Spherical nanocrystals : : : : : :
introducing the concept of softness to NCs in the hard sphere — 000000
— Metastablephase @ @ @ @ @ @
Square arrangement

1. INTRODUCTION

Nature forces isotropic particles to self-assemble into a more
close-packed structure. Self-assembly is defined as the
spontaneous organization of the distinct components due to
direct specific interactions and/or indirectly via their environ-
ment. Self-assembly is a manifestation of an equilibrium
between the attractive van der Waals (vdW) forces and the
repulsive steric forces between colloidal nanocrystals (NCs).
The formation of self-assembly depends on different forces,
including vdW forces [Keesom forces (orientation force),
Debye forces (induction force), and London dispersion
forces], electrostatic forces, dipole—dipole interactions be-
tween the nanoparticles, entropy, and ligand—ligand inter-
action.'™® However, it is very challenging to assemble
nanoparticles into a particular pattern because it involves not
only the understanding of these intriguing interactions but also
control over the shape, size of the nanoparticle building blocks
and the chemical environment of the assembly.”~'* A variety of
nanoparticles self-assemble into ordered superlattices, among
which spherical nanoparticles are widely studied both
theoretically and experimentally.m_15 Traditionally, the
ordered structures were labeled as entroIpy-driven phase
transitions invoking the hard sphere model."*™"® The model
expects close-packed face-centered cubic (fcc) or hexagonal
close packing (hcp) structures for the self-assembly of these
NCs with an edge to fcc structure. However, under certain
conditions, both the types of hcp and fcc superlattices have
been observed simultaneously, with the dominance of the hcp
structure. This imparts the role of some additional forces or
interactions in these ordered structures.'” In fact, only some of
the experimentally observed superlattice patterns assembled by
colloidal NCs can be explained by the hard sphere packing
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model. The latter model cannot describe several non-close-
packed ordered lattices. Such a type of deviation from close-
packed structures occurs because the preferred crystal structure
for the superlattice not only depends on the shape of the NC
(shape of the core) building blocks of the assembly but also
depends on its softness arising due to the surrounding
surfactant, its nature, and the range of the interaction between
surrounding colloidal NCs. The incompressible inorganic core
and soft corona of hydrocarbon surface ligands fit colloidal
NCs between the hard and soft particle models. Therefore,
many two- and three-dimensional (2D and 3D, respectively)
superlattice arrangements formed by colloidal NCs with a 2—
10 nm core diameter and a hydrocarbon surfactant of Csg—Cq
chain length can be delineated by both dense packaging and
contact area-minimizing configurations.”” Several close-
packed”’ and non-close-packed superlattices of metal**~>*
and semiconductor NCs”” of different shapes and sizes have
been reported, which are explained on the lines of the soft
particle model introducing interactions in the discussion. For
instance, Korgel et al. introduced a soft sphere model to
explain close-packed 2D and 3D superlattices of dodecathiol
capped silver NCs.”' The same group reported non-close-
packed body-centered cubic (bcc) and body-centered
tetragonal structures for the alkanethiol-capped silver NC
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superlattice.”> Demortiére and co-workers elucidated the
shape-dependent close-packed and non-close packed arrange-
ment in 2D and 3D superlattices of platinum NCs.”” In the
present investigation, we report both hexagonal and square
arrangements for 2D superlattices of oleylamine (OAm)-
capped spherical silver NCs. To the best of our knowledge, the
square arrangement has not been reported unambiguously for
2D superlattices of silver spherical NCs capped by OAm over a
long range. However, the square arrangement of Ag NCs has
been claimed in the literature.”®*” Such a type of arrangement
principally arises due to the effect of an equilibrium between
the attractive vdW forces and the repulsive steric forces.”*

2. EXPERIMENTAL SECTION

2.1. Materials. Octadecene (95%, Sigma-Aldrich), OAm
(Loba), benzyl alcohol (99% Sigma-Aldrich), silver(I) nitrate
(AgNO;) (99%, Sigma-Aldrich), ethanol (EtOH) (spectros-
copy grade), and chloroform (high-performance liquid
chromatography grade) were used.

2.2. Synthesis of Silver NCs. A 25 mL round-bottom flask
was equipped with OAm (1.5 mL) and octadecene (1 mL),
and to this mixture of solutions, AgNO; (10 mg) in benzyl
alcohol (2 mL) was added at room temperature and stirred at
60 °C under the inert condition. Further, the temperature was
increased, held at 100 °C for 15 min, and then increased to
172 °C for 20 min. Therefore, the reaction mixture was cooled
down to room temperature under slow cooling conditions,
diluted with 1S mL of EtOH, and centrifuged twice (6000
rpm). The resulting solution was again stirred (500 rpm) at
room temperature for 24 h under closed conditions. The
formed solution was left undisturbed, and the particles were
collected from the top layer of the sample for high-resolution
transmission electron microscopy (HRTEM) analysis. The
dried precipitate was separately analyzed for phase determi-
nation (Scheme 1).

Scheme 1. Schematic Illustration of Silver Spherical NCs in
a Hexagonal and Square Arrangement

Stablephase © © @ © 0 O

o Self-assembly of
03y @ spherical nanocrystals
990 000 into 2D pattern
9900 0 7
990 52

Spherical nanocrystals

—l

Metastablephase @ @ @ © 0 @
Square arrangement

2.3. Analytical Information. The phase purity and
electronic structure analyses of the synthesized silver NCs
were performed by using X-ray diffraction (XRD) analysis
(Rigaku, Smartlab) and Fourier transform infrared (FTIR)
spectroscopy using a Bruker Tensor 27. The UV—visible
absorption spectra were recorded using a PerkinElmer Lambda
950 spectrophotometer. The assembly of silver NCs studies
was characterized by HRTEM using JEM-2100F—200 kV and
FEI-Tecnai G2, F30—300 kV microscopes. Thermogravimet-
ric analysis (TGA) was performed under inert (N, flow)

conditions at the heating rate of 10 °C min~" (up to 800 °C)
by using a PerkinElmer Pyris 6 thermogravimetric analyzer.

3. RESULTS AND DISCUSSION

The Ag NCs were synthesized using AgNO; as a silver source,
to which OAm, benzyl alcohol, and octadecene were added to
form a suspension, which was then heated to 60 °C and left
undisturbed until the granules of AgNO; were completely
dissolved to form a colorless solution. This colorless reaction
mixture demonstrates that OAm does not yet reduce the Ag*
ions. The contents of the reaction mixture were further heated
to 100—120 °C for 15—20 min, followed by heating at 170—
180 °C for 20—30 min. The high temperature enables OAm to
reduce Ag" drastically, indicated by the conversion of the
reaction mixture to a dark solution, according to the surface
plasmon resonance results of Ag NCs in the reaction mixture.
Complete reduction of Ag" ions could be attained within a few
minutes, initially forming Ag NCs with a wide range of size
particles. The Ostwald ripening process was employed to
obtain an even distribution of particle size by increasing the
duration of the reaction at higher temperature to 20—30 min.
The extended incubation time of the reaction resulted in the
formation of uniform spherical Ag NCs, which has been
depicted in Figure 1. The centrifugation process could offer a
further selection of uniform particle sizes. The synthesized Ag
NC solution was centrifuged in 15 mL of EtOH at 6000 rpm
twice. The Ag NCs were again stirred for 24 h at room
temperature and then left to stand for a few hours to settle
down. The solution in the upper layer was carefully lifted onto
a Cu grid for further characterization. The TEM images
revealed two different arrangements of spherical NCs, that is,
hexagonal and square patterns, as shown in Figure la—g. The
sizes of spherical NCs in hexagonal and square arrangements
were ~8 and ~4 nm, respectively. In the hexagonal
arrangement, the interparticle distance between two NCs was
2.8 nm, while in the square arrangement, the interparticle
distance was different, the edge (facial) interparticle distance
was 3.4 nm, and the diagonal interparticle distance was found
to be 44 nm, as shown in Figure lc,g. The selected area
electron diffraction (SAED) indexed to the square structure
with a polycrystalline nature and the HRTEM image showed
the interplanar d-spacing of 0.217 nm with the facet plane
(200) of Ag NPs (Figure 1h,i). Here, OAm acted as both a
surfactant and a reducing agent, stabilizing the formed
spherical Ag NCs. The OAm molecules produced a coating
around the Ag NCs via the donation of the lone pair electron
of the N atom of the amine group (—NH,) of OAm to the
surface Ag atoms of the spherical NCs. The FTIR spectrum of
the as-synthesized spherical Ag NCs, as illustrated in Figure S1
(Supporting Information), was predominantly analogous to
that of pure OAm. The FTIR spectrum of Ag NCs depicted all
the characteristic peaks of pure OAm with the addition of a
new peak at 1540 cm™', which originated from the Ag—N
bond. The powder XRD pattern of Ag NCs, as illustrated in
Figure S2, matches exactly with that of the pure square system
(space group: Fm3m; JCPDS card no 04-0783). The optical
properties of Ag NCs dispersed in chloroform were studied,
and the observations are described in Figure S3. The
absorption spectra, recorded in the range of 200—800 nm,
exhibited an intense peak at 405 nm, indicating uniformity in
Ag NC size. A peak in the absorption spectra of metal NCs
resulted from the intra-band excitations of conduction
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Figure 1. Self-assembled Ag NCs in hexagonal and square patterns synthesized using OAm. (OAm 2 mL, benzyl alcohol 4 mL, and octadecene 1
mL.) (a—c) Low- and high-magnification TEM images of the hexagonal arrangement. (d—g) Low- and high-magnification TEM images of the
square arrangement. (h) HRTEM image and (i) SAED pattern of Ag NCs.

electrons from the lowest energy state to a higher energy state
within the conduction band of metal NCs.**"!

The formation of both hexagonal (8 nm Ag NCs) and
square arrangements (4 nm Ag NCs) of a 2D superlattice of
spherical silver NCs could be elucidated with the help of NC
“softness”, expressed as y = L/R, where L is the molecular
length of the surfactant and R is the radius of the inorganic
core.”® This softness parameter played a significant role in
choosing between close-packed and non-close-packed sphere
arrangements. For instance, the Korgel group explained the
stability of bce superlattices over fcc for y > 0.7 using the area
minimization principle,32’33 and the same was observed for
other systems.”* In the present investigation, y values
calculated for NCs of sizes 8 and 4 nm are determined to be
0.54 and 1.08, respectively. For 8 nm Ag NCs, a simple
hexagonal arrangement with a coordination number of 6 was
observed in their 2D superlattice (Figures la—c and S4), which
can be extrapolated to a close-packed arrangement in its 3D
superlattice (fcc or hep in 3D). This could further be endorsed
by the softness parameter y = 0.54, which was less than 0.7, for
which close-packed arrangements are favorable in 3D.
Accordingly, for NCs of size 4 nm, which have a substantial
soft character (y = 1.08), contributed by surface surfactants,
the arrangement of NCs was a reflection of both sphere
packing and area-minimizing components. Such soft NCs
could be deformed according to the coordination environment
around them. The soft NCs with a lower coordination number
can saturate the spaces more efficiently than the hard NCs
(Figure 2) because they may adapt to a shape according to the
available space, as controlled by the local coordination
environment.”” This has further been upheld by a lower

D = Surface to surface distance between NCs

a b
R
a
«—> —
a=2R a = side of a square

= Center to Center distance
=2R+D

a is side of a square
R is radius of sphere/NC

a = side of a hexagon

a=side ol a hexagon = 2R
= Centerto Center distancc

=2R+D
Figure 2. Square arrangement in (a) hard sphere model and (b) soft

sphere model and hexagonal arrangement in (c) hard sphere model

and (d) soft sphere model.

coordination number of 4 around the 4 nm NCs (Figures 1d—f
and SS) compared to a higher coordination number of 6
around 8 nm NC (Figures la—c and S4). Further, it has been
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observed that for y > 0.7, fcc or hcp were not stable and thus
attempted to adopt a shape through the deformation of
surfactant ligands, which densify the structure. The deforma-
tion of these soft NCs could further be confirmed by the lower
interparticle distance of NCs (3.4 nm) with respect to twice
the length of the surfactant (2L = 4.3 nm). This indicates the
presence of vdW attraction forces between the NCs.

In addition, the interparticle interactions between Ag NCs
were relatively strong owing to the high polarizable nature of
the Ag NC core.”’ The latter nature of the Ag NC core
influences NCs orientation inducing an attraction force.”" Such
types of factors directing the NC orientation also enabled NCs
to be arranged in a square pattern, which otherwise was not
preferred. Moreover, the arrangement of self-assembly was
mainly a consequence of an equilibrium between the attractive
vdW forces and the repulsive steric forces.”’ For 8 nm Ag
spherical NCs, these forces were isotropic, resulting in a 2D
hexagonal pattern, while the anisotropic forces, as in the case of
4 nm Ag NCs, ensure a 2D square arrangement. Having the
information on the OAm coverage on the NC surface, the
steric repulsion energy (Eg..) and long-range vdW attraction
between two OAm-capped Ag NCs could be calculated using
de Gennes and Hamaker expressions, respectively, for two
dense layers of strongly adsorbed chains in a good solvent.”'

de Gennes expression

3 100R5”
(C—-2R)m

3
Oamine

kT exp

steric

(—n(c - 2R)]
5

where & is the brush thickness (21.47 A),*° R is the radius of
the NC (20 A), and 6, is the diameter of the area occupied
by OAm on the particle surface (6.8 A).*

Hamaker expression
_-A| 4% 4R’
2|c-4
where A is the Hamaker constant (1.95 e¢V)*' and C is the
center-to-center distance between NCs (34 A). The inter-
action potential, which included both steric repulsion and the
long-range vdW attraction between two OAm-capped Ag NCs,
could be calculated by the summation of de Gennes and
Hamaker expressions.

It is known that an attractive interactive potential/potential
well has been formed as a consequence of the competition
between long-ranged vdW attraction and short-ranged steric
repulsion.” The location and depth of the attraction potential
well were controlled by the particle size, Hamaker constant,
and ligand coverage.”® For small particle sizes, such as that in
the present investigation (40 A), the potential well was too
small, and a very weak interaction potential (—4.2 X 107> eV)
has been observed at a center-to-center distance of 84 A.
Beyond this point, steric repulsion (Eg.;) dominates over
vdW attraction and prevents particles from forming kinetically
trapped aggregates. At this optimum center-to-center distance
of 84 A, the Ag NCs are arranged in a square assembly, which
was in close agreement with the center-to-center distance of 74
A, as calculated from the TEM image (Figure 1g). A sharp
increase in Eg,; governs the interaction potential at
separations less than 44 A (Figure 3), indicating that Ag
NCs experienced a strong steric repulsion with the neighboring
NCs even before the surface of NCs touched each other (at
this point, the center to center distance is ~40 A). This

Cc? - 4R?

+ In 2

vdw

1:
—o— Esteric
—0—Eydw
v— Interaction potential
10
>
QL q
a p
gs |
=
- Y
W
0 (gyﬂ'",; !
d
30 40 50 60 70 80 90 100

Center to center separation distance(A)

Figure 3. Interparticle potential (V) between two OAm-capped 40 A
diameter Ag NCs: E.,;. (@) plotted using the de Gennes expression
and E, gy (0) plotted using the Hamaker expression.

suggested that 40 A Ag NCs have an effective particle size of
44 A or an effective radius of 22 A, which extended 2 A beyond
the core radius of Ag NCs (20 A). This type of effective radius
was observed for thiol-capped Ag NCs.*

Along with the above factors, the possible scenario for the
appearance of two types of 2D arrangement could be
rationalized by the evaporation effect of the deposition of
two different sizes (4 and 8 nm) of Ag NCs having different
graft densities, which thereafter facilitated the varying
interparticle interactions along with the interactions of the
NCs and surface ligands with the carbon surface of the TEM
grid. In the present report, Ag NCs redispersed in EtOH were
lifted onto an amorphous carbon-coated copper TEM grid and
slowly evaporated for 24 h. The slow evaporation of EtOH
dispersion of Ag NCs containing two different particle size
populations with varying graft densities (graft densities of 4
and 8 nm size Ag NCs are 14.98 and 2.09 Iigands/nmz,
respectively) allowed the inorganic cores and ligands of NCs to
interact differently with the surface of the substrate and the
neighboring NCs in such a way that 4 and 8 nm Ag NCs are
arranged in 2D square and hexagonal patterns, respectively.
This type of variable interaction was the consequence of the
significant participation of the substrate surface in the
deformation shell and particle interactions.

The theoretical and experimental packing efficiency (PE) for
2D square and 2D hexagonal arrangements of Ag NCs has also
been calculated assuming full coverage (100% coverage) of the
ligand/surfactant on the Ag NC surface (for calculations, see
the Supporting Information). Theoretical and experimental PE
values for square and hexagonal arrangements were 78 and
72.1% (PE of NC + PE of the surfactant = 22.9 + 49.2% =
72.1%) and 91 and 103% (PE of NC + PE of the surfactant =
49.7% + 53.3% = 103%), respectively. Theoretical and
experimental PE values for the square arrangement were in
close agreement with each other, indicating that the formation
of square arrangements of 2D superlattices of Ag NCs could be
explained by invoking the softness of NCs in the hard sphere
model (Figure 3). On other hand, an experimental PE greater
than 100% pointed out the fact that the better explanation of
hexagonal arrangement is the hard sphere model.

Further, to find out the precise experimental PE for the 2D
square arrangement of Ag NCs, the exact fractional coverage of
the surfactant or ligand (organic fraction) on the surface of Ag
NCs was determined by TGA of the Ag NCs of size 4 nm
(Figure S6). The TGA showed a three-step decomposition
corresponding to loosely and strongly bound organic ligands
passivating the surface of Ag NCs. The measured organic
fraction (weight loss of 19.2%) was used to calculate the
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precise experimental PE for the 2D square arrangement of Ag
NCs (for calculations, see the Supporting Information), which
were determined to be 68%. This experimental value (68%)
was comparable to the theoretical PE for the 2D square
arrangement (78%), which endorsed the 2D square arrange-
ment of Ag NCs.

Last but not the least, the kinetic factors'® could also lead to
the metastable product with the 2D square arrangement along
with the major product with a 2D hexagonal arrangement. The
relative areas of the hexagonal and square arrangements are
depicted in different frames/TEM images, as shown in Figure
S7 and Table SI.

The experimental space-filling fraction or PE of the 2D
square arrangement is calculated by using the organic mass
fraction obtained from TGA

volume of NC (Vi) = (4/3)7R?
=(4/3) x 3.14 x (2 x 1077)?
=33.49 x 107> cm®/NC
(Taking R = 20 A or 2 X 1077 cm)
myc = Vae X Ay = 3349 X 107 em®/NC X 1049
g/em® = 3.51 x 107" g/NC

M+ ligand =
MNc

1 — organic mass fraction obtained from TGA

3511077 g/NC
o 1-0192

=434 x 107" g/NC
mligand = mNC+Iigand — Myc = 0.83 X 10_19 g/NC
volume of the ligand shell (Viigand) = Myjgana/ Pligand

=0.83 x 10"'? g/NC/ 0.84 g/cm’

=0.988 X 107" cm® = 98.8 nm*

(Taking density of frozen OAm = 0.84 g/cm?).

Percentage coverage of the NC surface by the ligand =
volume of the ligand shell/ (Nhgandx theoretical volume of the
ligand)

percentage coverage of the NC surface by the ligand

volume of the ligand shell
X 100

B Nhgand X theoretical volume of the ligand

98.8
=, X 100
X ﬂr]fgandh

Tigand

_ 988
472R%h

X 100

98.8

=————— X 100
4 X 2" X h

_ 988
107.76

=91.68%

X 100

(Considering the shape of the ligand as cylindrical,
theoretical volume of the ligand was given by m’ﬁgandh, where
Migana 1S the radius of the ligand head and h is the ligand
height.)

Now, taking the fractional coverage of the NC surface by the
ligand = 0.917,

Experimental PE of the ligand = (fractional coverage of the
NC surface by the ligand X PE of the ligand obtained by
observed values) = 0.917 X 49.2% = 45.1%.

Experimental PE of the 2D square arrangement = PE of the
NC + PE of the ligand = 22.9 + 45.1 = 68%.

Theoretical PE of the 2D square arrangement = 78%

4. CONCLUSIONS

The 2D square superlattice arrangement via self-assembly of
silver NCs has been rationalized over the more favorable 2D
hexagonal superlattices. The softness of 4 nm Ag NCs has been
affirmed by calculating the interaction potential using de
Gennes and Hamaker expressions. Furthermore, the calculated
theoretical and observed experimental PE values for square
arrangements provided similar outcomes. Hence, it is indicated
that the formation of the 2D square arrangement of
superlattices of Ag NCs could be validated by introducing
the concept of softness to NCs in the hard sphere model.
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