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    록

본 연구에서는 유기적으로 기능화된 은 나노 입자들은 공기와 물이 형성하는 계면에서 자발적 조립 과정을 통해 새로
운 2차원 상부 구조들(superstructures)을 생성하는 것을 발견하였다. 상부 구조의 분석은 금속 나노 입자의 심형과 입자 
계면에 결합된 유기 분자의 크기를 바꿈으로써 입자 간 특징적 상호 작용(characteristic inter-particle interaction)을 조절
할 수 있고 이들 사이의 미묘한 상호 작용(subtle interplay)을 통해 은 나노 입자의 2차원 조립이 발생함을 시사한다. 
본 연구를 통해 발견한 새로운 구조들은 기능성 나노 소재, 촉매 및 소자 응용 분야에 매우 중요한 잠재적 용도가 
있을 것이라 사료된다. 

Abstract
We report organically functionalized Ag nanoparticles spontaneously form two-dimensional (2D) novel superstructures at the 
air-water interface. Analysis of the superstructures suggests that the 2D assembly of Ag nanoparticles originates from a subtle 
interplay between characteristic inter-particle interactions that can be readily controlled by changing the sizes of nanoparticle 
metal core and surfactants. Such structures have potential uses in nanostructured functional materials, catalysis, and device 
applications. 
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1. Introduction
1)

Phase separated structures occur in many different single- and mul-

ti-component condensed phase materials over various length scales and 

are driven by a variety of mechanisms. Microscopically such separa-

tions result in the formation of structures, such as lamella or granular 

phases, with a degree of periodicity or a characteristic length scale. In 

three-dimension (3D), typical examples are binary metal alloys which 

form eutectic mixtures[1,2], bimodal colloidal suspensions[3], diblock 

copolymers[4,5], and other binary combinations of polymers, colloids, 
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and liquid crystals. In two-dimension (2D), such phenomena have been 

observed at the air-water and solution-solid interfaces of the Langmuir 

and self-assembled monolayers of binary mixtures[6-9]. A phase sepa-

ration in these 2D systems typically leads to interesting periodic struc-

tures[10-13].

The origin of phase separation can be attributed to kinetically or 

thermodynamically controlled processes. For example, a phase separa-

tion of the metal alloy is presumed to occur via a kinetically controlled 

process at the front of a solidifying liquid mixture, and it is confirmed 

in computer simulations[14]. Evaporation of thin films of nanocrystal 

solution have shown phase separated spatial patterns in 2D, which is 

also suggested to occur via a kinetically controlled process due to in-

creased van der Waals interactions between nanocrystals[15,16]. On the 

other hand, the nature of phase separation is governed by thermody-

namically controlled processes which are favored entropically[17] or 

energetically[18]. The former is the separation of the droplets having 
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different sizes from uncharged bimodal oil emulsions in water, and the 

latter is the case of polymer blend films where a minimum energy is 

achieved through the separation of the components. 

Organically functionalized metal nanoparticles are excellent candi-

dates for studying the phase separation processes in 2D environments. 

First of all, most of the studies of macromolecular systems that show 

phase separated phenomena are typically limited to the structures of 

which the length scale of their domains are in the micron or larger due 

to the minuscule size of their molecular building blocks and their rela-

tively strong and short-ranged interactions. Considering the slightly 

larger size and longer-ranged dispersion interactions of metal nano-

particles, organizing metal nanoparticles in 2D is likely to produce su-

perstructures with a length scale of a sub-micron or even a smaller 

one. Second, direct visualization of these particular phases down to a 

single molecule resolution is rather a difficult task. Metal nanoparticles 

allow us to observe superstructures that are the outcome of the phase 

separation with an enhanced visibility because of high image contrast 

obtained from electron microscopy or scanning probe microscopy. 

Third, the spherical symmetry of such metal nanoparticles makes the 

efforts of modeling the inter-particle interactions relatively easier to ex-

plain the phase behavior than that of macromolecular complexes.

Many approaches utilizing self-assembly have emerged as powerful 

techniques for controlling the structure and properties of nanoparticle 

superstructures[19]. One of the approaches is to use Langmuir-Blodgett 

(LB) techniques to organize nanoparticles and nanowires at the air-wa-

ter interface[20]. Herein we present results from non-templated sponta-

neous patterning phenomena of organically functionalized Ag nano-

particles (NPs) at the air-water interface. When building blocks are or-

ganized into an ordered structure, the shape of the building blocks of-

ten influences the symmetry of the resulting superstructure[21]. If the 

building blocks were Ag NPs that have a spherical symmetry, one 

would predict that they would readily form hexagonal close-packed 

(HCP) structures when they were packed together in 2D. Surprisingly 

we have discovered novel 2D superstructures assembled from Ag NPs, 

in addition to one with simple HCP symmetry, formed at the air-water 

interface via ex-situ transmission electron microscopy (TEM). By pre-

paring the LB films of Ag NPs with varying the number ratio between 

two types of Ag NPs at different surface pressures of the LB iso-

therms, we were able to analyze novel 2D superstructures resulting 

from three separate cases : (Case I) type I Ag NPs with a large Ag 

metal core with relatively short surfactants; (Case II) type II Ag NPs 

with a small Ag metal core with relatively long surfactants; (Case III) 

a mixture of both type I and II Ag NPs. Each case has characteristic 

inter-particle interactions that can be readily controlled by varying the 

sizes of Ag NP metal cores and surfactants. 

2. Experimental

2.1. Synthesis of Ag NPs.

The synthesis of size-selected 4~5 nm diameter dodecanethiol-capped 

Ag NPs was developed elsewhere[22-25]. An amount of either AgNO3 

or AgClO4 was dissolved in Nanopure H2O. The aqueous Ag salt sol-

ution was then quantitatively transferred into either toluene or chloro-

form using tetraoctylammonium bromide ((C8H14)4NBr) as a phase 

transfer reagent under vigorous stirring. Octanethiol (C8H17SH), dodec-

anethiol (C12H25SH), and octadecanethiol (C18H37SH) were used as al-

kanethiol surfactants for the synthesis. Typically a measured amount of 

~10 mmol alkanethiol was added to the aqueous-organic mixture. In 

a separate container, a measured amount of NaBH4 reducing agent was 

dissolved in Nanopure H2O. While the Ag-containing mixture was rap-

idly stirred, the aqueous solution of NaBH4 was added slowly to the 

mixture and the reaction was allowed to proceed for ~12 h. For the 

case of toluene solvent synthesis, a typical molar ratio for 

AgNO3/(C8H14)4NBr/alkanethiol/NaBH4 was ~1 : 1 : 5 : 10 and a typi-

cal amount of initial Ag salt reagent was 400 mg (2.35 mmol). For 

chloroform solvent synthesis, the molar ratio of reagents was ~1 : 3 

: 3 : 10. It was found that relatively larger sizes (> 5 nm) of Ag NPs 

with narrower size distributions were produced from the chloroform 

synthesis. Upon completion of the reaction, the aqueous layer was re-

moved and the organic layer was rotary evaporated to a volume of ~5 

mL. Ag NPs were precipitated from the organic portion by adding po-

lar solvents such as methanol or acetone and cooling to -25 ℃ in the 

freezer for ~12 h. 

The initial size distribution was often broad and could be narrowed 

using the technique of size-selective precipitation[23,26]. The majority 

of Ag NPs used here was size-selectively precipitated at least three 

times. 

2.2. Preparation of Langmuir-Blodgett (LB) films of Ag NPs.

Following synthesis and size selection, Ag NPs were ligand ex-

changed with shorter or longer surfactants (such as linear chain alka-

nethiol molecules with different sizes) if needed and re-precipitated. 

Typically ligand exchange was performed by adding 1 mL of ~5 

mg/mL Ag NP solution (Ag NPs dissolved in nonpolar organic sol-

vents such as hexane or toluene) to a solution of hexane containing an 

excess of the desired alkanethiol (~10 mmol) under vigorous stirring 

for 10 min. Ligand exchanged Ag NPs were then purified by cen-

trifugation after adding acetone as a flocculent agent. More than 96% 

(molar ratio) of the as-synthesized Ag NPs were ligand exchanged 

through this process. 

The product (dark green powder) was dispersed by water bath soni-

cation in an acetone/methanol solution and filtered in order to remove 

any residual organic surfactant. The resulting dry powder was weighed 

and dissolved in a known amount of chromatographic grade hexane, 

heptane or chloroform to a concentration of ~1 mg/mL. The maximum 

solubility of Ag NPs in hexane is about ~25 mg/mL depending on NP 

size, alkanethiol surfactants, and previous chemical treatments. Finally, 

the Ag NP solution was passed through a 0.2 µm pore size membrane 

filter to remove both undissolved precipitates and excess unbound or-

ganic alkanethiol surfactants and the final Ag NP solution was used 

immediately within 10 minutes. 

LB films of the Ag NPs were formed on a Nima Technology Type 

611 Langmuir trough with typically ~1 mg/ml solution of Ag NPs in 

hexane, heptane, or chloroform. Temperature is mostly held constant 
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Figure 1. (A) Experimental diagram of preparing the LB films of Ag 
NPs on a Langmuir trough. (B) Typical pressure-area (π-A) 
Langmuir isotherm of the LB films of Ag NPs.  Note that “S”
indicates the solid phase, “L” liquid, and “G” gaseous phase of the 
LB films of Ag NPs. Figure 2. Illustration of an excess volume (Ve) available to the organic 

surfactant of the metal NP with the radius (R) of the metal core[23]. 
The angle () defined in the cone is determined by the footprint size 
(f) of each organic surfactant and R of the metal core.

(~15 ℃) throughout the experiment. In most experiments, one drop 

(~3 µL volume) of Ag NP solution was placed on the water surface. 

The resulting LB films were transferred to various substrates such as 

carbon-coated grids, mica, or silicon wafers via Langmuir- Schaeffer 

(i.e. horizontal liftoff) technique. This type of transfer has been pre-

viously shown to be very effective at transferring Langmuir mono-

layers of quantum dots and nanowires[20].

Ex-situ TEM (120 keV Philips model CM120 TEM and 200 keV 

Akashi high-resolution TEM) was used to characterize the LB films of 

Ag NPs. The approximate number density of Ag NPs on the water sur-

face depends strongly on the concentration of Ag NP solution from 

which they were taken for the single drop experiment. Usually, only 

a small fraction of the water surface remained covered by islands of 

the monolayer film of Ag NPs after solvent evaporation. Due to the 

intense optical signature that is characteristic of Ag NPs, a surface cov-

erage of even sub-monolayer films could often be observed by naked 

eye. An alternative technique was used to deposit a few drops to fill 
up certain area fraction on the Langmuir trough. Here, fill up does not 

mean a full monolayer coverage but rather a similar coverage as was 

observed locally for the single drop case. Then, compressing the LB 

films of Ag NPs changed the number density of Ag NPs in the LB 

films on the Langmuir trough. Figure 1A shows a graphical illustration 

of the experiment using the Langmuir trough on which Ag NP film is 

formed on the water surface. Figure 1B is a typical pressure-area (π

-A) isotherm of the LB film of Ag NPs. Usually, samples were taken 

at different surface pressures or Ag NP concentrations and then inves-

tigated by ex-situ TEM.

3. Results and Discussion

It has been reported that size-dependent dispersion interactions play 

a critical role in the metal NP assembly[23]. The ratio of the inter-par-

ticle distance (D) between the NPs to the size of the metal core (2R, 
R is the radius of the metal core) D/2R is the critical physical parame-

ter for determining the nature of the dispersion attraction between met-

al NPs. For our system, D is mostly determined by the length (L) of 

the alkanethiol surfactants attached to the metal core of Ag NPs. 

Therefore, we chose two circumstances - Ag NPs of a large metal core 

with relatively short surfactants and a small metal core with relatively 

long surfactants in order to investigate the role of inter-particle inter-

actions for 2D Ag NP assembly at the air-water interface. Also, we in-

vestigated the third case of incorporating both types of Ag NPs for 2D 

Ag NP assembly. 

3.1. Case I : type I Ag NPs with a large metal core with 

relatively short surfactants.

In Case I, the basic unit of the assembly is Ag NP with a large met-

al core with relatively short surfactants, which is entitled as type I Ag 

NP. Figure 2 shows an illustration of Ag NP showing a concept of ex-

cess volume (Ve) defined by the parameters such as D and 2R pre-

viously[23]. Ve is the free volume of a hollow cone available to the 

organic surfactant as it extends from the surface of a spherical metal 

NP. This volume scales as 


 which gives an idea of how much the 

surfactant shell volume of one NP may interfere with that of another 

NP. If two Ag NPs are brought together in the vicinity of each other, 

their surfactant shells start to penetrate. Such penetration of the surfac-

tant shells will allow the maximum dispersion attractions between the 

shells of type I Ag NPs.

For the case of type I Ag NPs, R of the metal core is considerably 

larger than L of the surfactants. In our experiment, Ag NPs have 4~6 

nm diameter metal core with relatively short alkanethiol surfactants 

such as octanethiol (C8H17SH), which provides with approximately ~ 

0.9 nm of L and their Ve corresponds to ~5.0 × 10-2 nm3. If Ve remains 

between 5.0 × 10-2 nm3 and 3.0 × 10-1 nm3, which falls in the category 

of type I, there are only three existing phases of 2D Ag NP assembly 

in the LB films: 1) compressible gaseous phase, 2) condensed, 

close-packed 2D phase, and 3) collapsed multilayer 3D phase accord-

ing to the phase diagram reported in the literature[23]. In terms of 

compressible gaseous phase, it was discovered not to be gas-like at all, 

but has the 2D superstructures of circular domains and stripes com-

posed of type I Ag NPs[27,28]. Figure 3 is TEM micrograph of inter-
mediate phases of an array of circular domains (Figure 3A) at almost 
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Figure 3. TEM micrographs of an array of circular domains, stripes, 
and HCP domains assembled from type I Ag NPs in the LB films : 
(A) Circular domains of ca. 6 nm diameter octanethiol-capped Ag NPs 
at almost zero surface pressure (π~0 mN/m). (B) Stripes of the same 
Ag NPs at low surface pressure (π~1.5 mN/m). (C) HCP domain of 
the same Ag NPs at high surface pressure (π~10 mN/m).

Figure 4. TEM micrographs of an array of ring-like domains, low 
compression NP foam, and high compression NP foam assembled 
from type II Ag NPs in the LB films : (A) Ring-like domains of ca. 
3 nm diameter octadecanethiol-capped Ag NPs at almost zero surface 
pressure (π~0 mN/m). (B) Space-filling, low compression NP foam 
of the same Ag NPs at low surface pressure (π~5 mN/m). (C) 
Extended, high compression NP foam of the same Ag NPs at high 
surface pressure (π~20 mN/m).

zero surface pressure (π~0 mN/m) and an array of stripes (Figure 

3B) at low surface pressure (π~1.5 mN/m). As the surface density of 

type I Ag NPs in the LB films increased, type I Ag NPs aggregated 

into the circular domains at the surface coverage of ~20% and then 

the circular domains were transformed to stripes at the surface cover-

age of ~50%. As the stripes were fully compressed in the LB films, 

they were converted into a continuous, HCP array of Ag NPs. Figure 

3C shows the HCP array of Ag NPs at high surface pressure (π~10 

mN/m) before the point of monolayer collapse in the LB films. These 

HCP domains of type I Ag NPs were typically extended up to a few 

tens of micrometers showing a long-ranged order. 

3.2. Case II : type II Ag NPs with a small metal core with 

relatively long surfactants. 

In Case II, the basic unit of the assembly is Ag NP with a small 

metal core with relatively long surfactants, which is entitled as type II 

Ag NP. In this case, R of the metal core of the NP is considerably 

smaller than L of the surfactants. In our experiment, type II Ag NPs 

typically have 2~3 nm metal core diameter with relatively long surfac-

tants such as octadecanethiol (C18H37SH) with L of approximately ~2.0 

nm. Therefore, Ve of type II Ag NPs corresponds to 0.5~1.5 nm3. It 

has shown that type II Ag NPs at the air-water interface led to com-

pressible, extended, low-density 1D phase structures[23]. Surprisingly, 

one of the 2D superstructures from the low-density 1D phase turned 

out to be an array of ring-like domains assembled from type II Ag 

NPs. Figure 4A shows the array of ring-like domains that have an ar-

rangement of a pearl necklace at almost zero surface pressure (π~0 

mN/m). It is interesting to note that the majority of ring-like domains 

appeared to have an annulus of almost single NP or so.

There is a significant resemblance between the ring-like domains of 

type II Ag NPs (Figure 4A) and the circular domains of type I Ag NPs 

(Figure 3A). Despite the similarity in their shape and curvature, the 

average diameter of the circular domains assembled from type I Ag 

NPs was slightly greater than that of the ring-like domains assembled 

from type II Ag NPs. Furthermore, type II Ag NPs appeared to have 

just a few neighboring NPs within the annulus of the ring-like domains 

while type I Ag NPs to have the HCP arrangement by maximizing the 

number of neighboring NPs within the circular domains. Having only 

a few neighbors around type II Ag NPs in the ring-like structures sug-

gests that the nature of interactions between type II Ag NPs are likely 

to be anisotropic and directional rather than isotropic.

Figure 4B is TEM micrograph of type II Ag NPs assembled into a 

percolating network of NPs at intermediate surface pressure (π~5 

mN/m). This network has been referred as a foam structure composed 

of Ag NPs[23]. Note that the fraction of the void area within the Ag 

NP foam is more than 60~80% and some branches of the foam net-

work tend to be bent. These characteristics suggest a highly compres-

sible phase behavior of Ag NP foam with a substantial mechanical 

flexibility. Indeed, upon further compression of the LB film of Ag NP 

foam to a high surface pressure (π~20 mN/m), an extended space-fill-
ing network, or a higher density of Ag NP foam, was obtained. Figure 

4C is TEM micrograph of the higher density foam structure composed 

of type II Ag NPs. Ag NP foams with both intermediate (π~5~10 

mN/m) and high compression (π~20 mN/m) maintained their frame-

work of a percolating network over a length scale of approximately 

one micrometer while the fraction of the void area with higher com-

pression was slightly smaller than that with intermediate compression. 

It is worth addressing that Ag NP foams with both intermediate and 

high surface pressure showed a similar preference of accommodating 

mostly 2-fold and 3-fold coordination of the neighboring Ag NPs. 

The microscopic origin of the interaction that leads to the percolat-

ing network of Ag NP foam has not been fully understood. However, 

a phenomenological analysis based on the model of excess volume[23] 

shown in Figure 2 was used to rationalize the formation of Ag NP 

foam. When two type II Ag NPs are brought together, their surfactants 

start interpenetrating the surfactant shell, which leads to a distortion of 

the shell constituting the excess volume. If a third type II Ag NP ap-

proaches, it will interact with the pair of type II Ag NPs by establish-

ing a three-body interaction in a highly directional manner. Allowing 

this three-body interaction would maximize the net attractive dispersion 

interaction via interpenetrating the surfactant shell of three Ag NPs and 

allow multiple bonding sites on them. It is likely that the idea of high-

ly directional, anisotropic interactions between type II Ag NPs may of-

fer a clue to understanding the formation of Ag NP foam structure in 

the LB films. Indeed, our experimental results have shown that type 
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Figure 5. (A) TEM micrograph of an array of egg-like domains 
assembled from 1 : 1 : mixture of ca. 6 nm diameter octanethiol- 
capped Ag NPs (type I) and ca. 3 nm diameter octadecanethiol-capped 
Ag NPs (type II) in the LB films. (B) Higher resolution TEM 
micrograph of an individual egg-like domain that consists of an egg 
yolk assembled from the same type I Ag NPs surrounded by an egg 
white assembled from the same type II Ag NPs. 

Figure 6. TEM micrographs of emerging lamellar domains assembled 
from the same mixture of Ag NPs described in Figure 5. (A) Initial 
formation of an lamellar structure via a compression of the array of 
the egg-like domains shown in Figure 5 at intermediate surface 
pressure (π~10 mN/m). (B) Higher resolution TEM micrograph of 
Figure 6A. (C) Lamellar structure of the same mixture at high surface 
pressure (π~20 mN/m).

II Ag NPs initially formed the low density, ring-like domains and once 

compressed, they were transformed to the highly compressible, ex-

tended percolating network prior to the point of monolayer collapse at 

the air-water interface. 

3.3. Case III : Mixture of type I and II Ag NPs

In Case III, we discovered that an array of egg-like domains in the 

LB films was spontaneously formed at the air-water interface when de-

positing several drops (~3 µL volume per one drop) of ~1 mg/mL Ag 

NP solution of which both type I and II Ag NPs coexist with approx-

imately ~1 : 1. Figure 5A and 5B are TEM micrographs of the 

egg-like domains that are assembled from both type I and II Ag NPs 

in the LB films at low surface pressure (π~2 mN/m). Note that the 

egg-like domain is consist of an egg yolk and egg white: within the 

individual egg-like domain shown in Figure 5B, type I Ag NPs were 

predominantly organized into the circular domain, which is referred as 

the egg yolk surrounded by a shell of type II Ag NP foam, which is 

referred as the egg white. 

A couple of features in the egg-like structures are worth mentioning. 

First, all three cases favored the organization of Ag NPs towards the 

array of domains with a circular perimeter when they were assembled 

on the water surface at relatively low surface pressure. In particularly, 

Case III showed that type I Ag NPs from the mixture had a tendency 

of organizing themselves into the egg yolk with the HCP arrangement 

that was similarly observed when only type I Ag NPs were present. 

Second, type II Ag NPs from the mixture exclusively organized into 

the egg white showing almost perfect circular shells around the egg 

yolk and these shells had a very similar arrangement of the Ag NP 

foam created when only type II Ag NPs were present. 

Aggregation of type II Ag NPs into the NP foam around the egg 

yolk of type I Ag NPs suggests that the egg white shell has a prefer-

ence of wetting the perimeter of the egg yolk, which may decrease the 

total energy of the system not only by screening the longer-ranged re-

pulsions between the circular domains but also by reducing their inter-

facial energy. However, it is somehow difficult to explain why the NP 

foam of the egg white maintains its curvature even when it is almost 

in contact with other egg white shells of the neighboring egg-like do-

mains, which is supposed to be energetically unfavorable. Based on 

our hypothesis that the assembly of the egg-like domains is probably 

not a thermodynamically controlled but a kinetically controlled process, 

it is likely that a significant kinetic barrier for reorganizing the overall 

configuration of the egg white shell may exist even when the shell is 

in contact with other shells. 

As the LB films of the mixture were compressed, the egg-like do-

mains were first compressed towards each other and then the egg yolks 

were broken and withered into smaller sizes while still surrounded by 

type II Ag NP foam. Figure 6A and 6B show TEM micrographs of 

emerging lamellar domains in the LB films at intermediate surface 

pressure (π~10 mN/m). Figure 6C shows TEM micrograph of the 

very same lamellar structure at high surface pressure (π~20 mN/m). 

The beginning of the evolution from the egg-like to lamellar structures 

is clearly visible in Figure 6A, 6B, and 6C. 

If we examined the withered circular domains of the egg yolks in 

Figure 6A, 6B, and 6C, we uncovered that their overall configuration 

is reminiscent of the formation of opals from polydisperse nano-

particles[29]. The structure of the opals made from polydisperse nano-

particles illustrates the preferential arrangement of larger nanoparticles 

located at their center and smaller ones populated at their perimeter. 

The structure of the withered circular domains shown in Figure 6A, 

6B, and 6C is similar to that of the opals of which their configuration 

is a thermodynamically favorable one. Therefore, we concluded that 

the compression of the LB films of the egg-like domains is likely to 

enhance the mixing of type I and II Ag NPs by withering down the 

egg yolks. 

Figure 7 shows a highly compressed lamellar structure produced 

from the separate mixture of approximately 1 : 1 ratio of type I and 

II Ag NPs at even higher pressure (π~25 mN/m). It is composed of 

alternating stripes of mostly one type of Ag NPs, not of the mixture. 

Note that there is a net diagonal alignment of stripes over a length scale 

of a micrometer. We think that net alignment is probably due to the 

compression of the LB film by two barriers of the Langmuir trough.

Lamellar structures are often observed in the systems where a phase 

transformation front moves quickly, leaving behind two solid products 
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Figure 7. Low resolution TEM micrograph of a highly compressed 
lamellar structure assembled from the mixture of ca. 6 nm diameter 
octanethiol-capped Ag NPs (type I) and ca. 3 nm diameter 
octadecanethiol-capped Ag NPs (type II) in the LB films at high 
surface pressure (π~20 mN/m).

as in the example of rapid cooling of eutectic or eutectoid systems[30]. 

Similar phenomena have been observed in the films of immiscible liq-

uid mixtures at the air-water interface[31]. Thin films of self-assembled 

block co-polymers have been used as templates for incorporating in-

organic nanoparticles into ordered nanostructures such as lamellar 

structures[32,33]. However, there has been almost no example of 

non-templated approach to the lamellar structures assembled from bina-

ry metal nanoparticles within the LB films and the discoveries of the 

lamellar structures in our current study is significant in this regard. 

The nature of the transition from the egg-like to the lamellae of type 

I and II Ag NPs has not been understood well nor investigated in 

depth due to a slow equilibration of the compressed phases of the Ag 

NP LB films. Our phenomenological analysis on the transition from 

the egg-like to the lamellae suggests that the transition depends on the 

thermodynamic mixing of different types of Ag NPs that are the build-

ing blocks of the egg-like domains. If the transition were reversible, 

there would be a coexistence of the egg-like domains and the lamellae 

while being compressed. We have not been able to observe the coex-

istence of the egg-like and the lamellae in our experiment implying 

that the transition is not reversible. Instead, we discovered that the 

shrinkage of the egg yolks occurred gradually and the critical surface 

pressure required for the egg-like to the lamellae transition increased 

significantly when the number ratio of type I to type II Ag NPs 

increased. This is perhaps due to an increased difficulty of mixing type 

I and II Ag NPs within the array of the egg-like domains when more 

type I Ag NPs were present. Because of this energy penalty to pay 

when mixing type I and II Ag NPs, a compression process of the LB 

films of the egg-like domains offers an effective route to the formation 

of the lamellar structures assembled from binary Ag NPs.

One key question, which is often asked about when the phase sepa-

rated structures with a certain periodicity are being observed, is wheth-

er they represent a true equilibrium state of the system or not. Our sys-

tem is an experimental challenging one due to relatively strong and 

short-ranged attractions between Ag NPs, which make the observation 

of reversibility extremely difficult. Therefore, it is likely that 2D super-

structures of our system may not represent a true equilibrium structure. 

Also, unlike the example of the LB films of amphiphilic molecules, 

which are characterized by a variety of thermodynamic phases such as 

gas, expanded liquid, condensed liquid, and solid, the LB films of Ag 

NPs have a pseudo-continuum of 2D condensed phases with a variable 

degree of order and fluidity[23]. Their order and fluidity are found to 

be a function of several experimental parameters, one of which is the 

ratio of the size of metal core to the length of organic surfactants at-

tached to the metal nanoparticle. Further studies of the 2D condensed 

phase behaviors of Ag NP LB films and their responses to experimental 

parameters are still ongoing and will be reported in the near future.

4. Conclusions 

Organically functionalized Ag NPs were synthesized and assembled 

at the air-water interface. The resulting 2D superstructures of Ag NPs 

in the LB films were examined as a function of the number density 

of Ag NPs and the surface pressure of the corresponding LB films. 

Three separate cases have been investigated. In Case I, type I Ag NPs 

having a large metal core with relatively short surfactants led to the 

2D superstructure of the circular domains in the LB films at almost 

zero surface pressure (π~1.5 mN/m). Once the LB films were com-

pressed, the circular domains were transformed into the stripes at low 

surface pressure (π~1.5 mN/m) and eventually the stripes were 

merged into the HCP domains at high surface pressure (π~10 mN/m) 

prior to the point of monolayer collapse in the LB films. In Case II, 

type II Ag NPs having a small metal core with relatively long surfac-

tants formed the 2D superstructure of the ring-like domains in the LB 

films at almost zero surface pressure (π~0 mN/m) and then they were 

evolved into the extended, percolating network, known as the Ag NP 

foam structure, when they were compressed at intermediate surface 

pressure (π~5 mN/m). Once they were fully compressed prior to the 

point of collapse, they formed the highly compressed Ag NP foam 

structure at high surface pressure (π~20 mN/m). In Case III, when 

almost an equal amount of type I and II Ag NPs were mixed in the 

LB films, they spontaneously formed the egg-like domains in the LB 

films at low surface pressure (π~2 mN/m). Eventually, they were 

transformed into the lamellar structures that are composed of the alter-

nating array of the stripes of type I and II Ag NPs as the LB films 

were fully compressed to high surface pressure (π~25 mN/m). 

Although the nature of the 2D assembly process of Ag NPs at the 

air-water interface has not been entirely comprehended, we attribute 

the formation of their 2D superstructures to their characteristic in-

ter-particle interactions that can be readily controlled by varying the 

sizes of NP metal cores and surfactants. In the end, our study provides 

with a structural map of 2D Ag NP assembly and the map reveals en-

riched structural information of unique 2D superstructures of Ag NP 

assembly at the air-water interface.
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