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Films of nanocrystals such as Au, Ag and Pd, semi-
conducting sulphides such as CdS, ZnS and CoS, and 
oxides such as Fe2O3 and CuO have been prepared by 
employing reactions at liquid–liquid (organic–aqueous) 
interfaces. In this method, a suitable organic deriva-
tive of the metal taken in the organic layer reacts at 
the interface with the appropriate reagent present in 
the organic layer. Two typical applications of nano-
crystals pertaining to magnetic devices and dip-pen 
lithography are briefly presented. 

THE synthesis and characterization of nanocrystals of 
materials have become an area of intense research activity 
over the last few years1–11. Several methods have been 
reported for the preparation of nanocrystals of metals 
such as Au and Ag and of semi-conductors such as CdS 
and CdSe7–11. Thus, metal nanocrystals are generally  
obtained by the controlled reduction of metal salts, while 
nanocrystals of metal chalcogenides and oxides are pre-
pared by arrested precipitation or thermal decomposi-
tion1–6. Although much has been achieved in controlling 
the size distribution of nanocrystals, it has often been 
difficult to obtain robust films of nanocrystals through 
self-assembly. Producing nanocrystal films by molecular 
beam epitaxy and other physical methods often tends to 
be tedious and equipment-intensive. We have made use 
of the interface between two immiscible liquids to pre-
pare nanocrystals of metals, semiconductors and metal 
oxides as well as thin films of these materials. In this 
method, the organic layer containing the metal precursor 
comes into contact with the aqueous layer containing a 
suitable reagent for reduction, hydrolysis or sulphidation. 
The reaction occurs at the interface, depositing the 
nanocrystals at the interface, the yield and the size distri-
bution depending on the reaction parameters such as re-
agent concentration, mode of dispersal of reagents, mecha-
nical agitation, temperature and viscosity of the medium. 
By an appropriate choice of the reaction parameters, we 
can obtain isolated nanocrystals with a narrow size dis-
tribution or well-formed films of the nanocrystals. It is 

noteworthy that the present method is distinct from the 
methods where a phase boundary is used to slow down 
diffusion to another medium7. In this communication we 
briefly present typical results obtained by this method to 
illustrate its versatility. 
 Nanocrystals of metals and semiconductors are finding 
a variety of applications starting from biological tagging 
to electronic devices. We present preliminary results of 
our study of γ-Fe2O3 nanocrystalline films to explore aniso-
tropic magnetization, and of aqueous dispersions of metal 
nanocrystals as inks in dip-pen lithography. 
 In order to prepare nanocrystals of Au, the triphenyl 
phosphine derivative of the metal (Au(PPh3)Cl) was dis-
persed in the toluene layer and the reducing agent, tetraki-
shydroxymethylphosphonium chloride11,12 was injected 
into the aqueous layer containing alkali. Figure 1 a shows 
how the reaction carried out at 298 K was confined ex-
clusively to the liquid–liquid interface. Examination of 
the films at the interface by transmission electron micro-
scopy (TEM) revealed that they consisted of close-packed 
Au nanocrystals. In Figure 2, we show TEM images of the 
Au nanocrystals obtained with two different concentra-
tions of Au(PPh3)Cl. We observe that with increase in the 
concentration of the metal precursor we get films of 
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Figure 1. Nanocrystals of (a) Au, (b) CdS and (c) γ-Fe2O3 formed at 
the toluene–water interface. 

 

 
Figure 2. a, TEM image of the as-prepared Au nanocrystals obtained 
after 24 h from a liquid–liquid interface containing a 1.5 mM solution 
of Au(PPh3)Cl in toluene and 330 µl of 50 mM THPC in 16 ml 
of 6.25 mM aqueous NaOH solution in a 50 ml beaker (bar = 50 nm).
b, TEM image of Au nanocrystals obtained starting with a 6 mM 
toluene solution of Au(PPh3)Cl and 1.65 ml of 50 mM THPC in 16 ml 
of 31.25 mM aqueous NaOH solution (bar = 50 nm). (Inset) Particle 
size distribution (in nm). 
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nanocrystals with more number of particles, but the size 
distribution is not greatly effected. Use of a low concen-
tration of the metal precursor results in some metal nano-
particles in the aqueous layer below the film at the 
interface, while a high concentration of the metal pre-
cursor gives metal nanoparticles in the organic layer. We 
obtain films of metal nanoparticles only at the interface, 
leaving both the liquid layers clear, only when an optimal 
precursor concentration is employed. 
 The temperature of the reaction has a marked effect on 
the size distribution of the Au nanocrystals, as can be 
seen from the TEM images in Figure 3. When the re-
action is carried out at different temperatures in a hot-air 
oven, the average particle size varies from 7 nm at 298 K 
to 16 nm at 348 K. We have examined the effect of visco-
sity of the aqueous layer on particle size distribution by 
adding glycerol to the aqueous layer. The particle size 
decreases significantly as the proportion of glycerol and 
the associated viscosity of the aqueous layer increases. 
TEM images in Figure 4 clearly demonstrate the effect of 
viscosity. 
 By employing high concentration of metal precursors, 
lustrous thin films of gold of varying thickness could be 
prepared. The films are readily transferred to a solid sub-
strate by raising the substrate gently across the interface. 
Preliminary cross-sectional scanning electron microscopic 
and atomic force microscopic (AFM) investigations reveal 
that the thickness of the films varies in the range of 80–
1000 nm on varying the concentration of the precursors. 
Tapping mode AFM studies show the presence of aggre-
gates of granules in the films with a rms roughness of 
35 nm (Figure 5). 
 An important feature of the liquid–liquid interface 
method is that the nanocrystals at the interface can be 
transferred to either the aqueous or the organic phase 
using appropriate capping agents. For example, by the 
addition of dodecanethiol to the organic layer, the Au 
nanocrystals could be transferred entirely to the organic 
layer, while the addition of mercaptoundecanoic acid 
transferred the nanocrystals to the aqueous layer. The 

 
Figure 3. a, TEM image of Au nanocrystals obtained at room temperature from a liquid–liquid interface containing 
a 1.5 mM toluene solution of Au(PPh3)Cl and 330 µl of 50 mM THPC in 16 ml of 6.25 mM aqueous NaOH solution 
in a 50 ml beaker (bar = 50 nm). TEM image of (b) particles obtained at 323 K (bar = 50 nm) and (c) particles 
obtained at 348 K (bar = 50 nm). (Inset) Size distributions of the particles. 

 

 
Figure 4. a, TEM image of Au particles obtained at room tempera-
ture by reacting a THPC solution in a 3 : 1 water–glycerol mixture and 
Au(PPh3)Cl in toluene layer (bar = 50 nm). b, TEM image of Au parti-
cles obtained at room temperature by reacting a THPC solution in a 
1 : 1 water–glycerol mixture and Au(PPh3)Cl in toluene layer (bar = 
50 nm). (Inset) Particle size distributions. 

 

 
 
Figure 5. Tapping mode atomic force microscopic image (in phase 
contrast mode) of an Au film transferred to a highly oriented pyrolytic 
graphite substrate. The film was prepared starting with 10 mM solution 
of Au(PPh3)Cl in toluene. (Inset) Similar film on a glass substrate. 
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transfer of the Au nanocrystals to the aqueous or the orga-
nic medium is marked by the acquisition of a vivid colour 
by the respective layer, as demonstrated in Figure 6. 
There is little change in the average diameter of the 
nanocrystals after transfer to the organic or the aqueous 
medium from the interface. 
 We have been able to obtain nanocrystals of other metals 
such as silver and palladium as well, by employing the 
liquid–liquid interface. In Figure 7, we show a TEM  
image of the small Pd nanocrystals obtained by reacting a 
dispersion of palladium acetate in the toluene layer with 
THPC in the aqueous layer. 
 We have attempted to characterize the metal nanocrys-
tal films obtained at the interface by electrical-resistivity 
measurements. We observe different resistivity behaviours 
in the films prepared at different temperatures and con- 
centrations. For example, films of Au obtained at 298 K  
show a non-metallic behaviour of resistivity, while the  
ones prepared at 348 K exhibit metallic behaviour. A  
study of the transport properties of the films prepared 
under different reaction conditions is currently in pro-

gress, in order to relate the structure of the film with the 
resistivity behaviour. 
 The universality of the use of the liquid–liquid inter-
face for the synthesis of nanocrystals is demonstrated by 
the successful synthesis of CdS and other metal sulphide 
nanocrystals. That the reaction occurs at the interface in 
these cases as well can be seen clearly from Figure 1 b. 
CdS nanocrystals with an average diameter of ~ 5 nm 
were obtained by reacting cadmium cupferronate in the 
toluene layer with Na2S in the water layer at 298 K (Fig-
ure 8 a). The particles exhibit the blue-shifted absorption 
band at 450 nm (bulk value 515 nm). CdS nanocrystals of 
~ 8 nm diameter were obtained by carrying out the re-
action at 353 K. This method could be readily extended 
to prepare films of nanocrystalline CoS, NiS, CuS and 
ZnS. In Figure 8 b, we show the TEM image of CoS 
nanocrystals obtained by reacting cobalt stearate in the 
toluene layer with Na2S in the aqueous layer. 
 Nanocrystals of γ-Fe2O3 with a diameter of ~ 2.6 nm 
were obtained by reacting iron cupferronate in the tolu-
ene layer with NaOH in the water layer (Figure 9 a). The 

 
Figure 6. (Middle) Nanocrystals of Au formed at the toluene–water 
interface. (Left) When dodecanethiol is added to the toluene layer, the 
Au nanocrystals form an organosol. (Right) When mercaptoundecanoic 
acid is added to the water layer, the Au nanocrystals produce a hydrosol. 

 

 
 
Figure 7. TEM image of Pd nanocrystals obtained at room tempera-
ture by reacting a 2.2 mM toluene dispersion of palladium acetate with 
330 µl of 50 mM THPC in 16 ml of 6.25 mM aqueous NaOH solution 
in a 50 ml beaker (bar = 20 nm). (Inset) Particle size distribution. 

 

 
Figure 8. a, TEM image of CdS nanocrystals (~ 8 nm average dia-
meter) prepared at the water–toluene interface. The sample was pre-
pared by treating 0.05 mM solution of cadmium cupferronate in 
toluene with 0.10 mM aqueous Na2S for 12 h (bar = 50 nm). b, TEM 
image of CoS nanocrystals (~ 3 nm average diameter) prepared at the 
water–toluene interface using the same concentration of starting mate-
rials as that of CoS (bar = 10 nm). 

 

 
Figure 9. a, γ-Fe2O3 nanocrystals (~ 2.6 nm average diameter) obtained
from a interface film, starting with 0.0428 mM iron(III) cupferronate 
solution in toluene, allowing it to react with 1.87 mM aqueous NaOH 
for 8 h at room temperature. The nanocrystals are quite monodisperse 
in nature (bar = 10 nm). b, CuO nanorods obtained by reacting a dis-
persion of 0.02 g of Cu(cup)2 in toluene with 20 ml 1N NaOH solution 
for 36 h (bar = 200 nm). 
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γ-Fe2O3 particles are superparamagnetic. ZnO nanocrys-
tals and nanorod-like structures exhibiting a blue-shifted 
luminescence could be prepared starting with zinc cup-
ferronate in the organic layer and NaOH in the aqueous 
layer. Similarly, using a dispersion of copper cupferro-
nate in the toluene layer and with NaOH in the aqueous 
layer, nanorods of CuO have been obtained. Figure 9 b 
shows the TEM image of CuO nanorods. This method 
can clearly be extended to prepare other metal-oxide 
nanocrystals as well. 
 Films of γ-Fe2O3 nanocrystals of various thicknesses 
were deposited on solid substrates by successive addition 
of dispersions of the nanocrystals in toluene or in water. 
Films of citrate-capped γ-Fe2O3 prepared by us on Si(100) 
substrates were smooth, extending to several microns. 
Tapping-mode AFM images reveal that the films are 
composed of ~ 12 nm diameter nanoparticles. The films 
were magnetic showing hysteresis, unlike the nanoparti-
cles which were only superparamagnetic. Magnetic 
measurements were carried out along two different orien-
tations of the film (Figure 10). Interestingly, the films 
show preferential perpendicular ordering of the easy 
magnetic axis (Figure 11). Thus, the coercivity is larger 
in the perpendicular orientation. Small perpendicular mag-
netization exhibited by the nanocrystal films is of great 
value in magnetic recording and other applications13. 
 We have found that the nanocrystals of metals such as 
gold dispersed in water can be used for nanolithography 
by the dip-pen process14. In this technique, Au nanocrys-
tals deposited on the AFM cantilever dissolve in the  
water meniscus between the tip and the substrate (Figure 
12). The dissolved nanocrystals are transferred to the 
substrate when the tip is slowly scanned over the surface. 
Aggregates of the nanocrystals are formed on the sub-
strate upon evaporation of the water layer. In Figure 13, 
we show the AFM image of a line (35 nm × 750 nm) 
drawn in this manner along with a plot of the cross-
sectional profile. The small width of the line obtained by 
this method is gratifying. 
 The liquid–liquid interface promises to be a universal 
medium for the synthesis of nanocrystals and thin films 
of a variety of materials. The results obtained so far fully 
support such an expectation. The various subtle reaction 
parameters permit the required control over the size distri-

 
Figure 10. Schematic illustration of the two different orientations of 
γ-Fe2O3 nanocrystalline films along which magnetic measurements 
were carried out. Change in the orientation was brought about by rotat-
ing the film along the PQ axis. 

 

  
Figure 11. Hysteresis loops from a citrate-capped γ-Fe2O3 film at 
various temperatures with the substrate held (a) perpendicular and 
(b) parallel to the applied field direction. Note that the hysteresis loops 
are steeper and wider in the perpendicular orientation. 

 

 
Figure 13. A plot of the cross-sectional profile along a line made of 
Au nanocrystals shown in the AFM image. The area plotted is indicated in 
the AFM image alongside. 

 

 
Figure 12. Schematic illustration of the dip-pen process. Au nano-
crystals deposited on the cantilever dissolve in the water meniscus 
between the tip and the substrate. The dissolved nanocrystals are trans-
ferred to the substrate, when the tip is slowly scanned across the sur-
face. Aggregates of nanocrystals are formed on the substrate upon 
evaporation of the water layer. 
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bution and properties of the nanocrystals obtained by this 
method. Two potential applications of nanocrystals have 
been demonstrated, one dealing with perpendicular mag-
netization of γ-Fe2O3 films and the other with nanolitho-
graphy using Au nanocrystals. 
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Structural and dynamical consequences 
on various high-pressure phase transi-
tions in laser host fluoroscheelites 
LiYF4 and LiYbF4* 
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Computer simulations of pressure-induced phase tran-
sitions in LiYF4 and LiYbF4 have been carried out 
using complementary techniques of molecular dyna-
mics (MD) and lattice dynamics. The MD simulations 
at a constant temperature of 300 K with increasing 
pressure reveal structural changes at around 5 and 
15 GPa and the crystallographic space groups of the 
new structures. The lattice dynamics calculations are 
then conveniently used to derive the vibrational spec-
tra and the free energies and its consequences on the 
thermodynamic stability of the new phases. 

IN recent years, lithium rare earth fluoroscheelites such 
as LiYF4 and LiYbF4 have been studied extensively1–16 
with a view to better-understand their thermal and optical 
properties that are exhibited upon doping with trivalent 
rare-earth ions (e.g. Nd3+, Ho3+, Eu3+, etc.) in a wide 
range (UV–IR) of highly efficient lasing actions. Both 
LiYF4 and LiYbF4 crystallize under ambient conditions 
in the tetragonal scheelite structure (space group: I41/a, 
Z = 4), with two molecules in the unit cell6. Although 
isostructural with oxoscheelites (viz. CaWO4), these com-
pounds have different pressure responses compared to 
that of the former, making them worthy for further study, 
especially in areas of high-pressure phase transitions. 
 As we know, pressure reduces the volume of a sub-
stance, thereby causing significant changes in its electro-
nic and vibronic states, chemical bonding and atomic 
packing. Hence, investigations of pressure-dependent optic 
and thermodynamic properties often yield invaluable  
information on many properties of materials at high  
pressures. Pressure-dependent Raman study by Saranto-
poulou et al.10 has already pointed out an abrupt change 
of slope in the frequency versus pressure diagrams of 
phonon modes at 7 GPa, signifying the onset of structural 
instabilities in LiYF4 with increase in pressure. This  
observation was supported by our previous lattice-dyna-
mical work11, where we have shown the splitting of  
Bg/Eg Raman lines in the vicinity of 350 and 400 cm–1. 
We further attribute the initiation of discontinuities in the 
Raman spectra of LiYF4 to the softening of transverse 
acoustic phonon modes in the direction of dynamical insta-
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