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C O N S P E C T U S

Unlike the air–water interface, the organic-aqueous (liquid–liquid) interface has not been exploited sufficiently for materials
synthesis. In this Account, we demonstrate how ultrathin nanocrystalline films of metals such as gold and silver as well as

of inorganic materials such as semiconducting metal chalcogenides (e.g., CdS, CuS, CdSe) and oxides are readily generated at the
liquid–liquid interface. What is particularly noteworthy is that single-crystalline films of certain metal chalcogenides are also obtained
by this method. The as-prepared gold films at the toluene-water interface comprise fairly monodisperse nanocrystals that are
closely packed, the nature and properties of the films being influenced by various reaction parameters such as reaction temper-
ature, time, reactant concentrations, mechanical vibrations, and the viscosity of the medium. The surface plasmon band of gold is
markedly red-shifted in the films due to electronic coupling between the particles. The shift of the surface plasmon band of the
Au film toward higher wavelengths with an accompanying increase in intensity as a function of reaction time marks the growth
of the film. Depending on the reaction temperature, the Au films show interesting electrical transport properties. Films of metals
such as gold are disintegrated by the addition of alkanethiols, the effectiveness depending on the alkane chain length, clearly evi-
denced by shifts of the surface plasmon bands. A time evolution study of the polycrystalline Au and CdS films as well as the single-
crystalline CuS films is carried out by employing atomic force microscopy. X-ray reflectivity studies reveal the formation of a
monolayer of capped clusters having 13 gold atoms each, arranged in a hexagonal manner at the toluene-water interface. The
measurements also reveal an extremely small value of the interfacial tension. Besides describing features of such nanocrystalline
films and their mode of formation, their rheological properties have been examined. Interfacial rheological studies show that the
nanocrystalline film of Ag nanoparticles, the single-crystalline CuS film, and the multilayered CdS film exhibit a viscoelastic behav-
ior strongly reminiscent of soft-glassy systems. Though both CuS and CdS films exhibit a finite yield stress under steady shear,
the CdS films are found to rupture at high shear rates. An important advantage of the study of materials formed at the liquid–
liquid interface is that it provides a means to investigate the interface itself. In addition, it enables one to obtain substrate-free
single-crystalline films of materials.
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Introduction
Self-assembly, the process of formation of ordered aggregates,

is a powerful strategy for creating novel structures of great

academic interest as well as of technological value. Interfaces

are an important means to generate two-dimensional self-

assemblies of nanocrystals, providing a constrained environ-

ment for organized assembly. The air–water interface has

been exploited for the preparation of films of metals and semi-

conductors, which have potential applications in nanodevices.

For example, nanocrystal assemblies of gold have been pre-

pared at the air–water interface by employing Langmuir–

Blodgett (LB) technique.1,2 Using a chloroform solution of

Au55(PPh3)12Cl6, Schmid et al.3 have self-assembled Au55

nanocrystals into monolayers in a LB trough. Somorjai and co-

workers4 have employed a LB trough to fabricate monolay-

ers of monodisperse Rh nanocrystals on Si wafers as model

2D catalysts. Catalysts for the oxidation of formic acid have

been prepared in the form of Langmuir layers of Fe20Pt80

nanoparticles.5 Bawendi and co-workers6 have prepared

monolayers of monodisperse trioctylphosphine oxide capped

CdSe quantum dots by the LB method. By exposing an LB film

of lead stearate to H2S, nanoparticles of PbS have been gen-

erated in the form of films.7 LB films of iron oxide nanopar-

ticles have been obtained by spreading a hexane suspension

of oleic acid capped γ-Fe2O3 nanoparticles at the air–water

interface.8 Properties of thin films obtained by the LB tech-

nique are determined by the nature of the substrate as well as

the reaction conditions, and the films are generally poly-

crystalline.

Unlike the air–water interface, the liquid–liquid (organic-
aqueous) interface has not been investigated sufficiently, and

it is only recently that there have been concerted efforts to

understand the structure of the liquid–liquid interface. The liq-

uid–liquid surface possesses unique thermodynamic proper-

ties such as viscosity and density. A liquid–liquid interface is

a nonhomogeneous region having a thickness on the order of

a few nanometers. The interface is not sharp, since there is

always a little solubility of one phase in the other. One of the

problems that has been studied in detail at the liquid–liquid

interface relates to interfacial charge transfer reactions and

dynamics.9 Distribution of ions and solvent molecules, which

determines the structure of a liquid–liquid interface, has

recently been investigated by Schlossman and co-workers.10

Using X-ray reflectivity and molecular dynamics simulations,

these workers find that ion sizes and ion–solvent interactions

affect the ion distributions near the interface. The relevance of

the liquid–liquid interface has been noted in some other areas

such as environmental chemistry, cell biology, and catalysis.

The interface between two immiscible liquids offers an impor-

tant alternative path for the self-assembly and chemical

manipulation of nanocrystals.11 Nanoparticles are highly

mobile at the interface and rapidly achieve an equilibrium

assembly by reduction in interfacial energy. The three param-

eters that have been found to influence the energy of the

assembly process at the liquid–liquid interface are (i) the

nature of the interface, (ii) surface modification of the nano-

particles at the interface, and (iii) the effective radius of the

nanoparticles, smaller nanoparticles adsorbing more weakly to

the interface than larger ones. Binks and Clint12 have theo-

retically treated the wetting of silica particles in terms of the

surface energies at the oil–water interface to interpret the

interactions between the solid and the liquid phases and to

predict the oil–water contact angles for a solid of given hydro-

phobicity. Only if the contact angle is exactly 90° will the par-

ticle be located at the middle of the oil–water interface.

Russel and co-workers13 have investigated the assembly of

phosphine oxide functionalized CdSe nanoparticles of two dif-

ferent diameters by competitive adsorption at the

toluene-water interface by employing fluorescence spectros-

copy. Benkoski et al.14 have developed the so-called fossil-

ized liquid assembly for the creation of 2-D assemblies from

nanoscale building blocks. By investigating the interactions of

a variety of particles such as uncharged, charged, functional-

ized, and nonfunctionalized, deposited at dodecanediol

dimethacrylate/water interface, they have shown that nano-

particles aggregate into a wide variety of complex morphol-

ogies. These results provide evidence for the importance of

asymmetric dipole interaction in generating the complex mor-

phologies. There are a few assorted reports in the literature

where the liquid–liquid interface or a mixture of immiscible

liquids has been used for the synthesis or crystallization of

nanostructures and other materials. The Brust method,15

which has been widely employed for the preparation of Au

nanocrystals by the reduction of AuCl4
- by NaBH4 in the pres-

ence of an alkanethiol, is carried out in a water–toluene mix-

ture in the presence of a phase-transfer reagent such as

tetraoctylammonium bromide. Stucky and co-workers16 have

prepared mesoporous fibers of silica by treating the silica pre-

cursor dissolved in an organic phase such as hexane, tolu-

ene, or CCl4 with surfactant molecules dissolved in the

aqueous phase. CdS nanoparticles in the form of LB films have

been prepared by reacting an aqueous CdCO3 solution with

CS2 in CCl4.17 Monodisperse, luminescent nanocrystals of CdS

have been prepared by mixing a solution of cadmium-
myristic acid and n-triphenylphosphine oxide in toluene with
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an aqueous solution of thiourea, followed by heating under

stirring.18 Langmuir films of silver nanoparticles have been

prepared at the water-dichloromethane interface.19 With Pick-

ering emulsions as a template, dodecanethiol-capped Ag

nanoparticles have been self-assembled at the

trichloroethylene-water interface.20 Song et al.21 have

employed the butanol-water interface for the crystallization

of Se nanorods. Amorphous Se nanoparticles were first pre-

pared in the aqueous medium and then transported to the

butanol-water interface using polyvinylpyrrolidone (PVP), to

obtain crystalline nanorods of Se. Cheetham and co-workers22

have employed a cyclohexanol-water mixture to prepare sin-

gle crystals of copper adipate. Although the assembly of pre-

generated nanoparticles at liquid–liquid interfaces has been

examined to some extent, this interface has not been

exploited for the synthesis of nanoparticles and their

assemblies.

In this Account, we describe a simple but elegant means of

generating ultrathin nanocrystalline films of various materi-

als at the organic-aqueous interface. The method primarily

involves taking a metal organic compound in the organic layer

and a reducing, a sulfiding, or an oxidizing agent in the aque-

ous layer. The reaction occurs at the interface giving rise to a

film at the interface with several interesting features. We

describe nanocrystalline films of gold in detail to show how

the various reaction parameters affect the films formed at the

interface and how alkanethiols bring about the disintegration

of the films. We also demonstrate the power of the method in

generating ultrathin polycrystalline, as well as single-crystal-

line, films of some metal chalcogenides at the interface. The

formation of single-crystalline films is indeed a noteworthy

feature. We believe that this method can be adopted not only

for generating nanocrystalline films of various materials but

also to study processes occurring at the liquid–liquid interface.

General Experimental Procedure
Use of the liquid–liquid interface for preparing materials in the

form of nanocrystalline films is simple and

straightforward.1a,23The procedure to prepare nanocrystalline

films of metals involves taking a metal organic precursor in

the organic layer and then injecting an appropriate reducing

agent into the aqueous layer to obtain a film comprising metal

nanocrystals. In order to prepare nanocrystalline films of metal

sulfides, Na2S is used as the source of sulfur, while Na2Se or

N,N-dimethylselenourea is used as the source of selenium to

prepare films of metal selenides.

We shall illustrate the method of preparation of nanocrys-

talline films with two examples. To prepare nanocrystalline

gold films, Au(PPh3)Cl (Ph ) phenyl) is found to be a good pre-

cursor. In a typical preparation, 10 mL of a 1.5 mM solution

of Au(PPh3)Cl in toluene is allowed to stand in contact with 16

mL of a 3.25 mM solution of NaOH in water in a 100 mL bea-

ker at 300 K. Tetrakishydroxymethylphosphonium chloride

(THPC; 300 µL of 50 mM), which acts as the reducing

agent,23a is slowly injected to the aqueous layer with mini-

mal disturbance to the organic layer. A slight pink coloration

of the interface indicates the onset of reduction of the gold

salt. As the reaction proceeds, the color of the interface inten-

sifies, finally resulting in a robust film at the interface as

shown in Figure 1a. For preparing a nanocrystalline film of

CdS, 0.0045 g of Na2S is dissolved in 30 mL of water (2 mM)

in a 100 mL beaker, and 0.0125 g of cadmium cupferronate

[Cd(cup)2] is dissolved in 30 mL of toluene (1 mM) by ultra-

sonication. A few drops of n-octylamine are added to the

Cd(cup)2 solution in order to make it completely soluble. The

toluene solution is slowly added to the aqueous Na2S solu-

tion in a 100 mL beaker at 30 °C. The interface attains a yel-

low color within a few minutes, and a distinct film is formed

after 10 h. In Figure 1b, we show a nanocrystalline film of

CdS, so formed.

Gold and Other Metals
We shall discuss ultrathin films of gold nanocrystals in some

detail to illustrate the features of the method as well as the

interesting features of the materials obtained by this method.

As-prepared Au films, obtained at 30 °C after 24 h of the reac-

tion at the toluene-water interface comprise fairly monodis-

perse nanoparticles with a mean diameter of ∼7 nm (see the

TEM image given in Figure 2a). The nanocrystals are closely

packed with a typical interparticle distance of ∼1 nm. Further-

more, they are single-crystalline as revealed by the high-res-

olution electron microscope (HREM) image given as an inset

in Figure 2. The image shows the (111) planes of gold, sepa-

FIGURE 1. Nanocrystalline films of (a) Au and (b) CdS formed at
the toluene-water interface.
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rated by a distance of ∼2.3 Å. Such nanocrystalline films

could also be obtained by using other solvent pairs such as

CCl4-water and butanol-water. Reaction parameters such as

the temperature, reaction time, concentrations of the metal

precursor and the reducing agent, and the viscosity of the

aqueous layer affect the nature and properties of the nano-

crystalline films.

The effect of temperature on the size distribution of the Au

nanocrystals can be readily seen from the TEM images in Fig-

ure 2. The mean diameters of the nanocrystals formed at 30,

45, 60, and 75 °C are 7, 10, 12, and 15 nm, respectively, but

the interparticle separation remains nearly the same at ∼1

nm. X-ray diffraction measurements show that with increase

in temperature, the crystallinity of the film increases (Figure 3).

The films obtained at 45 and 60 °C exhibit prominent (111)

peaks (d ) 2.33 Å), while those obtained at 30 °C show weak

reflections, probably due to the small particle size. The growth

of the (111) peak with temperature indicates an increase in

the particle size.

Increasing the concentration of the metal precursor yields

nanocrystalline films with a larger number of particles, but the

size distribution is essentially unaffected. The thickness of the

film also increases with the increase in the metal precursor

concentration. The use of high concentrations of the reduc-

ing agent results in less uniform films with altered distribu-

tions in the nanoparticle diameter. A slight increase in the size

of the Au nanoparticles was observed when the viscosity of

the aqueous layer was increased by the addition of glycerol.

Reactions at the interface carried out on a vibration-free table

yielded nanocrystalline films with reduced roughness, com-

prising particles of smaller size.

The Au films formed at the interface show interesting elec-

trical transport properties that are dependent on the reaction

temperature (see Figure 4).24 Four-probe electrical resistance

measurements on the nanocrystalline films show a metal to

insulator transition, metallic behavior being shown by the films

formed at high temperatures (>45 °C). The films formed at

lower temperatures (e45 °C) show insulating behavior.

Atomic force microscopy (AFM) shows the thickness of the

films to be in the 40–140 nm range. The contact mode AFM

image in Figure 5a shows the boundary of a Au film on a

mica substrate. The height profile of the film in Figure 5b gives

an estimate of the thickness to be ∼60 nm. AFM images cov-

ering a few micrometers yield a root-mean-square roughness

in the range 30–35 nm.

The growth of Au films could be followed as a function of

reaction time by UV–visible absorption spectroscopy (Figure

6). The Au plasmon band gets red-shifted due to the increase

in the electronic coupling between the particles, accompanied

by an increase in the intensity. The absorption band shows

FIGURE 2. TEM images of the ultrathin nanocrystalline Au films
obtained at the liquid–liquid interface after 24 h at (a) 30, (b) 45, (c)
60, and (d) 75 °C. Histograms of particle size distribution are shown
as insets. The scale bars correspond to 50 nm. A high-resolution
image of an individual particle is shown at the center. Reproduced
from ref 24. Copyright 2005 American Chemical Society.

FIGURE 3. X-ray diffraction patterns of nanocrystalline Au films
obtained at different temperatures. Reproduced from ref 24.
Copyright 2005 American Chemical Society.

FIGURE 4. Temperature variation of the electrical resistance of the
Au films prepared at (a) 45 and (b) 60 °C (current used, 10 mA).
Modified from ref 24. Copyright 2005 American Chemical Society.
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negligible change after 120 min. At this stage, the films pre-

sumably consist of well-packed nanocrystals.

The effect of surfactants such as tetraoctylammonium bro-

mide (TOAB) and cetyltrimethylammonium bromide (CTAB) on

the nanostructures formed when the gold ions present in the

organic phase are reduced at the interface by hydrazine (in the

aqueous phase) has been investigated.25 The surfactants give

rise to extended fractal networks with a fractal dimension of

1.7 at the interface (Figure 7a). The fractals themselves com-

prise cauliflower-like spherical units (see top inset in Figure 7a)

formed of pentagonal nanorods.

Till now, we have been examining the formation of uni-

form and robust nanocrystalline films of Au. The films, once

formed, can be disintegrated or disordered by the addition of

n-alkanethiols.24,26 Addition of alkanethiols is accompanied by

a progressive blue shift of the plasmon absorption band of the

film, suggesting that the electronic coupling between the

nanocrystals gets reduced due to the increased separation

between the nanocrystals. Figure 8a shows the variation in the

shift of the absorption band brought about by the addition of

hexadecanethiol. Interaction with thiols also brings about a

change in the morphology of the film as shown in the adjoin-

ing AFM images. By varying the chain length of the

alkanethiol, one is actually varying the distance between the

nanoparticles, thereby giving rise to a blue shift proportional

to the length of the alkane chain (Figure 8b). The rate of dis-

ordering or disintegration of the Au films is also affected by

the chain length of the alkanethiols; the longer the chain

FIGURE 5. (a) Contact-mode AFM image showing the boundary of
Au film on a mica substrate and (b) the z-profile. Reproduced from
ref 24. Copyright 2005 American Chemical Society.

FIGURE 6. Evolution of the electronic absorption spectra with the
growth of the nanocrystalline Au film at the interface at 45 °C (full
curves) and spectra of octylamine-capped Au nanocrystals in
toluene (broken line) and mercaptoundecanoic acid-capped
nanocrystals in water (dotted line). Modified from ref 24. Copyright
2005 American Chemical Society.

FIGURE 7. Panel a shows an SEM image of the fractal network
formed by cauliflower-like gold structures by employing TOAB.
The inset on the top right corner shows a high-resolution image of
the cauliflower-like structures. The inset at the bottom shows the
histogram of the size distribution of cauliflower-like structures.
Panel b shows a dendritic nanostructure of Ag. Reproduced with
permission from ref 25. Copyright 2008 Elsevier.
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length, the faster is the rate. Calorimetric measurements also

lend evidence for such a process.

It has also been possible to obtain nanocrystalline films of

other metals such as Ag, Pd, and Cu at the toluene-water

interface by taking Ag2(PPh3)4, palladium acetate, and

Cu(PPh3)Cl, respectively, in the organic layer.23 By carrying out

the reaction in the presence of TOAB, we have obtained den-

dritric structures of Ag (Figure 7b).25 By taking mixtures of the

corresponding metal precursors in the organic layer, we have

prepared nanocrystalline films of binary Au-Ag and Au-Cu

alloys and ternary Au-Ag-Cu alloys.27

Metal Chalcogenides
Ultrathin films of metal sulfides such as CdS, CuS, ZnS, and

PbS are obtained at the organic-aqueous interface by the

reaction of Na2S in the aqueous layer with the correspond-

ing metal cupferronate in the organic layer.28–30 We show

typical results in the case of CdS. TEM images reveal the films

to be composed of nanocrystals of 5.5 nm diameter (Figure

9a). The powder XRD pattern of the film shows that the CdS

nanocrystals crystallize in the rock-salt structure rather than in

the wurtzite structure. Increasing the reaction temperature and

the concentration of the reactants yields bigger nanocrystals.

When the viscosity of the aqueous medium is doubled by the

addition of glycerol, the size of the nanocrystals is reduced to

3.5 nm. The UV–vis absorption spectrum of the nanocrystals

(Figure 9b) shows a broad absorption maximum, which is

blue-shifted compared with the bulk CdS due to quantum con-

finement. The PL spectrum of the 5.5 nm particles shows a

peak at 610 nm.

Polycrystalline thin films of CdSe have been prepared at the

organic-water interface by reacting cadmium cupferronate in

the toluene layer with dimethylselenourea in the aqueous lay-

er.31 XRD measurements confirm the formation of cubic CdSe

at the interface. TEM images reveal the films to be made up

of nanocrystals with diameters ranging from 8 to 20 nm (Fig-

ure 10a). Time-dependent growth of the CdSe film at 20 °C

has been examined by UV–vis absorption spectroscopy. All

FIGURE 8. Panel a shows the electronic absorption spectra of a Au
film before and after treatment with hexadecanethiol solution for
6 h. Tapping mode AFM images are shown alongside (scan area
500 nm × 500 nm). Reproduced from ref 24. Copyright 2005
American Chemical Society. (b) Time variation of the absorption
maximum of Au nanocrystalline films on interaction with
alkanethiols of different chain lengths (left) and variation in the
limiting absorption maximum with chain length of the thiol
adsorbed (right). Reproduced from ref 26. Copyright 2008 American
Chemical Society.

FIGURE 9. Panel a shows the TEM image of 5.5 nm CdS
nanocrystals obtained at room temperature at the interface. Insets
give the SAED pattern and the particle size distribution. Panel b
shows the UV–visible absorption spectra of (i) 3.4 nm and (ii) 5.5
nm CdS nanocrystals and (iii) the photoluminescence spectrum of
5.5 nm CdS nanocrystals. Modified with permission from ref 28.
Copyright 2003 Elsevier.
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the films, including the one obtained after 3 min of the reac-

tion, showed an absorption onset around 700 nm correspond-

ing to the bulk band gap of CdSe and two higher order

absorption bands at 485 and 535 nm. With increase in reac-

tion time, the spectra indeed grew in intensity, without any

appreciable shift in the positions of the band edge or the

absorption bands, suggesting that CdSe nanoparticles possess-

ing a size beyond the quantum confinement effects are

formed at the interface within the first few minutes. Accord-

ingly, the intensity versus time plots for the 485 and 535 nm

bands, in Figure 10b, show a monotonic increase.

What is truly noteworthy is that we have been able to get

single-crystalline films of some of the metal chalcogenides at

the interface. In the case of CuS, we obtain continuous films,

extending over wide areas (Figure 11a). A HREM image show-

ing the (006) planes of hexagonal CuS and the correspond-

ing SAED pattern given in Figure 11b reveal the single-

crystalline and essentially defect-free nature of the CuS films.

The thickness of the film was estimated to be ∼50 nm from

AFM and ellipsometric studies. In Figure 11c, we show a HREM

image of a single-crystalline ZnS film. The (100) planes, sep-

arated by a distance of 3.2 Å, as seen in the HREM image cor-

respond to hexagonal ZnS. The Bragg spots in the SAED

pattern conform to the 0001 zone axis of hexagonal ZnS. In

Figure 11d, we show the HREM image and the SAED pattern

of a PbS film generated at the interface to reveal the single-

crystalline nature. The HREM image gives a separation of 3.2

Å, corresponding to the separation between the (100) planes

of cubic PbS. Single-crystalline CuSe thin films have also been

obtained at the interface. Apart from single-crystalline films of

metal sulfides, we could obtain metal sulfide bilayers such as

CuS-CdS, CuS-PbS, and CdS-PbS at the toluene-water

interface by employing the respective metal cupferronates.

Metal Oxides
By reacting Cu(cup)2 in the organic layer with an aqueous

NaOH solution, one obtains single-crystalline films of mono-

clinic CuO at the organic-aqueous interface at 70 °C.29 It has

been possible to obtain crystalline films of ZnO by the reac-

tion of Zn(cup)2 in toluene with an aqueous solution of NaOH

at 25 °C.

Mode of Growth of the Films at the
Interface
A time evolution study of Au films by AFM shows that just

after 10 min of the reaction, a film made up of nanocrystals

of size ∼5–7 nm is formed. Although the size of the nano-

particles remains nearly the same even after 180 min of the

reaction, we have found some evidence for the aggregation

of nanoparticles in the films. The organic capped nanocrys-

FIGURE 10. (a) TEM image of a CdSe film showing particles
obtained by reacting aqueous solution of DMSU at 30 °C and (b) a
plot showing the time-dependent growth of the absorption bands
at two different wavelengths. Reproduced with permission from ref
31. Copyright 2007 American Scientific Publishers.

FIGURE 11. (a) TEM image of a CuS film, (b) HREM and SAED
pattern of the film shown in panel a (Reproduced from ref 29.
Copyright 2004 American Chemical Society), and HREM images and
SAED patterns of (c) ZnS film and (d) PbS film (Reproduced with
permission from ref 30. Copyright 2006 Elsevier).
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tals form an ordered arrangement giving rise to large features

in the AFM images. The appearance of such large features

makes it difficult to carry out a proper AFM study of the Au

films. However, the AFM study shows that the thickness of the

films increases progressively with time.

The formation of Au nanoparticle films has been investi-

gated by X-ray reflectivity and diffuse scattering employing

synchrotron radiation.32 The oscillations in the reflectivity

curves, collected after the initiation of the reaction (see Fig-

ure 12a), indicate the presence of a thin film at the

toluene-water interface. The extracted final electron density

profiles (EDPs; Figure 12b) from the reflectivity curves show

three layers of gold clusters at 70 Å, 40 Å, and just above the

water surface with central electron density values of 0.37,

0.33, and 0.33 electrons Å-3. The layers have a vertical sep-

aration of 30 Å, the electron density between these layers cor-

responding to that of a typical organic material. A preliminary

study shows that small Au nanoparticles covered by organic

coatings form hexagonal clusters at the toluene-water inter-

face (Figure 13). Each cluster consists of 13 nanoparticles of

diameter ∼12 Å with an organic capping of ∼11 Å. Diffuse

scattering measurements give a small value of interfacial ten-

sion, indicating an enhancement in the interfacial roughness

caused by the presence of an organic layer at the interface.

The growth of the CdS polycrystalline thin films at the

organic-aqueous interface has been studied as a function of

time by employing AFM. The CdS film obtained after 30 min

is made up of nanoparticles of diameter in the range ∼5–7

nm. Nanoparticle aggregates of size in the range 80–200 nm

are seen on the surface of the film. After 60 min of the reac-

tion, the vertical growth of the aggregates saturates. The nano-

particles constituting the aggregates spread out laterally, thus

reducing the overall thickness of the sample. With time, the

aggregates gradually self-assemble to form a close-packed

layer.

The growth of single-crystalline CuS films has also been

examined as a function of reaction time by employing AFM.

Nanoparticles of diameter in the range 7–8 nm are found to

constitute the films. The amplitude image of the 30 min sam-

ple (Figure 14a) shows the presence of nanoparticle aggre-

gates of size mainly in the range 50–100 nm. As the reaction

proceeds, the initially formed nanoparticle aggregates come

closer to each other and pack themselves at the interface to

give flakes or uneven pieces of CuS within 50 min of reac-

tion (denoted by arrows in Figure 14b). In the next 15 min of

the reaction, the flakes coalesce to give a continuous and

extended film at the interface. The process of formation of

flakes and their coalescence repeats, giving rise to a thick film

at the interface at the end of 180 min of the reaction (Figure

14c). Here we could hardly observe any individual nanopar-

ticles. This is in contrast to the Au and CdS films, where the

individual nanoparticles remained.

FIGURE 12. Reflectivity curves collected after initiation of the
reaction (i, 194; ii, 224; iii, 253; iv, 283; v, 312; vi, 364 min) and
the fits (solid line) and (b) extracted electron density profiles for the
six reflectivity curves (i-vi) given in panel a as a function of depth.
A simple model without (dashed line) and with roughness
convolution (solid line) is also shown. The insets in panels a and b
show the reflectivity data and the EDPs, respectively, of the bare
toluene-water interface and the corresponding fit (solid line).
Taken from ref 32.

FIGURE 13. Schematic showing the hexagonal arrangement of
organic-capped Au nanocrystals at the toluene-water interface.
Taken from ref 32.
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Rheological Properties of the Films
Interfacial properties of Ag nanoparticles formed at the

toluene-water interface have been investigated by using a

biconal bob interfacial rheometer.33 Strain amplitude mea-

surements carried out on the film reveal a shear-thickening

peak in the loss moduli (G′′) at large amplitudes, followed by

a power law decay of storage (G′) and loss moduli with expo-

nents in the ratio 2:1 (see Figure 15a). In the frequency sweep

measurements carried out at low frequencies, G′ remains

nearly independent of the frequency over the range of fre-

quencies probed, whereas G′′ shows a power law dependence

with a negative slope (Figure 15b). Such a low-frequency

response of the 2D film of metal nanoparticles is reminiscent

of a soft glassy system with long structural relaxation times.

Steady shear measurements carried out on the film reveal-

ing a finite yield stress as the shear rate goes to zero, along

with a significant deviation from the Cox-Merz rule, confirm

that the monolayer of Ag nanoparticles at the interface forms

a soft two-dimensional colloidal glass.

Interfacial rheological measurements carried out on nanoc-

rystalline films of CdS, as well as on single-crystalline films of

CuS, indicate a distinct nonlinear viscoelastic behavior for the

films under oscillatory shear.34 A smooth multilayered CdS

film formed at higher concentrations and the single-crystal-

line CuS film exhibit distinct peaks in the loss modulus above

a critical strain amplitude, followed by a power law decay of

G′ and G′′ at higher strain amplitudes, with the decay expo-

nents in the ratio 2:1 (Figure 16). The frequency sweep

response of both films, exhibiting a solid-like behavior over

the range of angular frequencies probed, is similar to that of

the Ag film, a characteristic feature of soft glassy systems.

However, the mesoporous CdS film formed at low concentra-

tions, where the pore boundaries form a surface fractal with

a fractal dimension of 2.5, exhibits a monotonic decay of stor-

age and loss modulus at large strain amplitudes. Under steady

shear, compared with the CuS film, the finite yield stress

exhibited by the CdS film is a magnitude lower, and the film

is found to rupture under steady shear or at high strain

amplitudes.

FIGURE 14. Tapping mode AFM images (amplitude channel) of CuS
films grown at the toluene-water interface for (a) 30 min and (b)
50 min and (c) contact mode image obtained from the deflection
channel of the film grown for 180 min.

FIGURE 15. Panel a shows the strain amplitude sweep experiment
on the 2D film of Ag nanoparticles. The storage modulus, G′ (0), is
higher than the loss modulus, G′′ (O) at low strain amplitudes. Panel
b shows the frequency dependence of interfacial storage, G′ (0),
and loss, G′′ (O), moduli of the film. Reproduced from ref 33.
Copyright 2007 American Chemical Society.
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Conclusions
This Account should clearly bring out how the liquid–liquid

interface can be exploited to prepare nanocrystalline films of

various materials with wide ranging properties. What is note-

worthy is that all the films are ultrathin with the thickness

ranging from 40 to 100 nm. Furthermore, the method enables

one to obtain substrate-free films, some of which are single-

crystalline. It must be noted that obtaining single-crystalline

films is difficult by any other physical or chemical method. The

films prepared at the interface can be readily transferred to

any substrate. By employing the organic-aqueous interface,

one can prepare interesting films of inorganic materials with

hydrophilic and hydrophobic coatings on opposite sides. It

should also be possible to obtain bilayers of materials at the

interface. Preliminary experiments show that CuS-CdS,

CuS-PbS, and CdS-PbS bilayers can be prepared at the inter-

face. The study of films of materials at the liquid–liquid inter-

face will also provide a means to understand the nature of the

interface itself.

The authors thank their colleagues, Prof. G. U. Kulkarni, Dr.
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