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The organization of nanoparticles in thin film form is
an important element en route to commercially har-
nessing the exciting application potential of nanoscale
matter. Self-assembly of nanoparticles synthesized by
the colloidal route on suitable supports is one of the
interesting techniques currently being investigated for
realizing such structures. This article attempts to
cover recent developments in this area with particular
emphasis on the methodology developed in this Iabo-
ratory for the growth of thin films of colloidal nano-
particles, Some other interesting issues related to
application of surface-modified colloidal particles will
also be addressed.
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AS we enter the new millennium, Feynman’s prophesy
that miniaturization would play a key role in future tech-
nologies appears to be coming true due to important
advances in the area of nanoscience'. This is a combina-
fion of many factors, not the least of which is due to the
exciting developments in the area of self-assembly of
nanoscale objects into ordered structures. While the novel
physicochemical and optoelectronic properties of nano-
particles are well-known and understood*’, commercial
application of nanoparticles would require their organiza-
tion in thin film form with etfective packaging. This arti-
cle attempts to cover some of the recent developments in
this so-called ‘bottom-up’ approach to nanoscale archi-
tecture®, with bias towards work emanating from my lab.
Some digression to illustrate interesting applications of
surface-modified colloidal particles (which, in some ways,
i1s the most important step in this bottom-up approach)
will hopefully be pardoned.

The bottom-up method for forming thin films of nano-
particles consists essentially of two steps. The first step
involves the synthesis of the nanoparticles by different
processes and is followed by self-assembly of the nano-
particles on suitable substrates to yield thin films. The
colloidal route tor the synthesis of nanoparticles is parti-
cularly attractive for the bottom-up methodology for a
number of reasons. Nanoparticles over a range of compo-
sitions and sizes with good control over the monodisper-
sity of the particle size distribution (PSD) can be easily
grown by the colloidal method. Another advantage of the
colloidal route i1s that surface-modification of the nano-
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particles may be achieved by solution-based self-assembly
of suitable surfactants. As mentioned earlier, surface-
modification (the term surface-derivatization is often used
interchangeably with surface-modification in the litera-
ture} of colloidal particles is a key ingredient in the
bottom-up recipe, has exciting application potential and
will therefore be dealt with in some detail here. Since this
paper deals with the self-assembly of nanoparticles syn-
thesized by the colloidal route, the terms ‘colloidal parti-
cle’ and ‘nanoparticle’ will be used interchangeably. This
1s not strictly correct in all cases and must be borne
in mind.

Surface-modification of nanoparticles

Brust and co-workers’ demonstrated for the first time that
alkanethiols spontanecusly self-assemble on collotdal
gold particles. The process of capping of colloidal parti-
cles with surfactants has come to be called 3-D self-
assembly to differentiate between the more thoroughly
studied 2-D self-assembly of alkanethiols on gold®'/
alkylsilanes on silica®’ surfaces. A strong thiolate bond
between the surfactant and the gold surface (this approach
works equally well with silver and CdS nanoparticles)
drives the self-assembly of the surfactant molecules on the
nanoparticles’. The seminal work by Brust er al. has been
followed by many reports on the 3-D self-assembly of
alkanethiols'®"">, aromatic thiols'*™'%, and alkylaminesw on
gold and stlver colloidal particles. Terminally functiona-
lized thiol molecules may also be self-assembled on col-
loidal nanoparticle surfaces'®'™?"%* (Scheme 1) and this
enables facile surface modification of the colioidal parti-
cles with exciting application potential. Scheme 1 illus-
trates the surface derivatization of colloidal gold and
silver particles with 3-D self-assembled monolayers
(SAMs) of w-functionalized thiol molecules and the table
in Scheme 1 lists some of the applications of the different
types of terminal functionality with relevant references.
What are the possible applications of surface-
derivatized nanoparticles? One of the interesting applica-
tions first investigated by Brust et al.'* and thereafter
studied in detail by Murray and co-workers is based on
the *nanofactory’ concept (Scheme 1, Table)' 4, More
specifically, the reactivities of functional groups anchored
to gold colloidal particles have been investigated 1n some
detait*? ™, Nanoscale curvature contributes to interesting
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molecular packing considerations and has been shown to
play an important role in determining the SN2 reactivity of
o-bromoalkanethiolate molecules te[hered to gold nano-
particle cores with primary amines®’. Polyfunctionaliza-
tion of nanoparticles has also been demonstrated and the
interesting possibilities of using such functionalized
nanoparticles are discussed in detail in Templeton et af.®*.

Biologically important molecules may aiso be anchored
to colloidal particle surfaces and such nanoparticles have
potential applications in bio-diagnosis and immuno-
assays— -', in the assembly of nanoparticles®™' and as
luminescent bio-conjugates for ultra-sensitive biological
detection (Scheme 1, Table)'™*. This approach works on
the basis of biomolecular recognition and 1s best illus-
trated with the w eH known biotin—avidin model for ligand-

receptor binding"® (Scheme 2)~. Colloidal gold/silver is

first denivatized with biotin molecules using thiolated
biotin™’

. The advantage of using gold/silver nanoparticles

o~ functionalized alkanethiol

| Terminal functionality | Applhication Ref.
LOOH | -OH chemical reactions such as Amide, | 14, 22-
ester formation, attachment of 14
biomacromolecules and
chromophores
1 t
Antbodies, Moiecular recognition/ 25-33
polynuciecthdes mmuncassays, detection of genetic
disorders

- — t

-NHz , -COQOH, -SH Collod stabilization/ extraction and | 186, 17,
sef-assembly into organized 38, 65~
structures 70, 75-

79

Scheme 1. Diagram showing surface-modification of colloidal gold/
silver particles with @-functionalized thiol molecules. The table lists
some applications of surface-madified colloidal particles with corre-
sponding references from the literature.
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Scheme 2. Diagram showing the cross-linking of colloidal Au/Ag par-
ficles due to 3 molecular recognition process. Antibodies are anchored
to the colloidal particle surface and cross-hnking occurs via the anti-

body-antigen interaction, thus lcading to a large change in the optical
propertics of the solution (see UV—~vis spectrum of Au in the Scheme).
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in this application 1s not fortuitous. Colloidal gold and
siiver solutions have striking colours (ruby red and bright
yellow, respectively) which arise due to excitation of
surface plasmon oscillations, which occurs in the visible
region of the electromagnetic spectrum’". Thus, the opti-
cal properties are extremely sensitive to surface modi-
fication and capping with biotin molecules leads to a
reduction in intensity of the plasmon resonance and a shift
to larger wavelengths, a red-shift (see UV-vis spectrum
for gold, Scheme 2). Thereafter if one adds the tetrameric
protein, avidin, to the biotinylated gold/silver colloidal
solution, high-affinity binding of the proteins to the biotin
molecules occurs and leads to cross-linking of the parti-
cies (Scheme 2). A visible change in colour 1s observed
and 1s a consequence of overlap of the plasmon reso-
nances from neighbouring colloidal particles (Scheme
2)*. It is clear that suitably surface-modified colloidal
gold and silver particles may be used for colourimetric
detection of biological analytes and one interesting appli-
cation already demonstrated is in the differentiation of
polynucleotides with base imperfections (detection of
genetic diseases)”*°.

In addition to the above applications, surface-modification
also enables stabilization of colloidal particles, espectally
when synthesis of the colloidal particles is carried out in
an aqueous medium, Capping the colloidal particles with
carboxylic acid or amine functional groups which may be
ionized by controliing the solution pH leads to electro-
static stabilization of the particles in solution (Scheme 1,
Table)'®"". Electrostatic interactions between the charged
colloidal particles and suitable lipid surfaces may also be
used to extract the colloidal particles from solution and
organize them in thin film form. This has formed the main
theme of the research activity from my lab and will be
addressed next.

As an 1nteresting aside, nanoscale curvature enables
the formation of interdigitated bilayers of surtactants on
colloidal particle surfaces (Scheme 3) and provides a
protocol for surface modification without the use of
bifunctional molecules. This represents an tmportant
difference between 3-D and 2-D self-assemblies where
steric constraints preclude the formation of such bilayers
on planar (2-D) surfaces’®. We have shown that facile
amine and carboxylic acid derivatization of colloidal sii-
ver particles may be achieved by this methodology’"*® and
have since extended it to the biotinylation of colloidal
oold using alkylbiotin molecules (Scheme 3)39. This app-
roach has been used for the stabilization of magnetic
fluids recently®.

Self-assembly of surface-derivatized colloidal
particles

Different approaches have been investigated for the orga-
nization of nanoparticles in thin film form. Some of the
more prominent nanoparticle film formation methods
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Scheme 3. Surface modification of colloidal nanoparticles via inter-
digitated bilayer formation. The various steps 1n the surface-modifica-
tion procedure are illustrated.

include, (1) self~aSsembly by simple solvent evapora-
tion> 12414 (2) covalent attachment to suitably modified
surfaces' —*; (3) using molecular recognition events for
self-assembly’’; and (4) organization at the air—water
(using hydrophobized colloidal particles)>*™* and water—
organic solution interfaces®>>* and formation thereafter of
superlattice films by the Langmuir-Blodgett (LB) tech-
nique. As mentioned above, we have primarily concen-
trated on using electrostatic interactions between charged
colloidal particles (the charging accomplished by deri-
vatization with ionizable carboxylic acid and amine func-
tional groups) and ionizable lipid molecules in film form
to organize the colloidal particles. Electrostatic inter-
actions, which have long been known to play an important
role in biological and chemical processes®™ have only
recently been investigated for the growth of multilayer
polyelectrolyte®®’ and nanoparticle—polyelectrolyte films>®
as well as micron-sized objects” .

Two techniques have been investigated in some detail
in this laboratory for the growth of thin nanoparticle films
and are based on (1) electrostatic self-assembly at the air-—
water interface with charged Langmuir monolayers, and

(2) electrostatically controlled diffusion into thermally

evaporated fatty lipid films.

Electrostatic complexation of colloidal nanoparti-
cles with charged Langmuir monolayers at the
alr-water (nterface

The air-water interface has long been recognized to be
an excellent medium for the organization of inorganic
cations using charged amphiphilic monolayers (Langmuir
monolayers)®™, This approach has now been extended 10
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the organization of large inorganic anions® ™ and bio-

logical macromolecules as well®*®, It is clear from the
above that electrostatic interaction between the ions/
macromolecules in solution and charged lipid Langmuir
monolayers drives the organization at the air—water inter-
face. Proceeding in this spirit, we have demonstrated that
colloidal nanoparticles, which may be charged using sur-

face-bound 1onizable groups, may also be electrostatically

bound to charged Langmuir monolayers’®?*¢"! More-
over, the nanoparticle organizates can be transferred onto
suitable substrates and superlattice structures formed by
the elegant LB technique®®”®%"! as illustrated in Scheme
4. As an example, the immobilization of carboxylic acid
derivatized silver colloidal particles at octadecylamine
(ODA) Langmuir monolayer surfaces and formation of
LB films is described.

Silver colloidal solution was prepared by borchydride
reduction of Ag,SO, solution and the resulting particles
capped with a bifunctional molecule, 4-carboxythiophenol
(4-CTP)'"*". The 4-CTP molecules chemisorb on the sil-
ver colloidal particle surface, this process derivatizing the
surtace with carboxylic acid groups. Under basic condi-
tions the carboxylic acid groups are 1onized and this leads
to long-term stability of the colloidal solutions'’. ODA
molecules were dispersed on the surface of the colloidal
solution held at different pH values and complexation of
the colloidal particles with the ODA Langmuir monolayer
followed as a function of time of spreading the monolayer.
This 1s conveniently done by measuring the pressure—area
(m-A) isotherms’® with time and is shown for the ODA-
sitver colloidal particle complexation process in Figure 1.
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Scheme 4. Diagram showing the electrostutic  immobilization of
carboxylic acid derivatized cofloida] nanoparticles at the air~water
interfuce with positively charged ODA molecules and traaster there-
after of the nanoparticle monolayer onty suitable substrates by the LB
technigue,
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The sohid lines refer to the i1sotherm measured immedi-
ately after spreading the ODA monolayer (f = 0 min) and
the dashed lines are the isotherms measured 90 min after
spreading. It is clear that the area/ODA molecule increases
with time for the Langmuir monolayer of silver colloidal
solution at pH = 9 (Figure 1 a) and also that no expansion
of the monolayer 1s observed when the colloidal solution
subphase is at pH =12 (Figure 1 b). At pH =9, both the
ODA molecules and the carboxylic acid groups on the
colloidal particle surface are fully ionized, leading to
maximum attractive electrostatic interaction and a large
increase in the Langmuir monolayer area with time
(Figure 1 a). On the other hand at pH =12, the ODA
molecules are un-ionized and in the absence of the
electrostatic driving force, no complexation occurs and
the n-A isotherms are relatively unchanged with time
(Figure 1 b). The complexation process 1s quite slow and
equilibrium nanoparticle density at the air—water interface
is achieved only after 12 h of spreading the Langmuir
monolayer®. It is clear from Figure 1 that electrostatic
interactions play a crucial role in the complexation pro-
cess. By simple variation of the colloidal solution pH, it 1s
possible to modulate the electrostatic interaction between
the colloidal particles and the Langmuir monolayer and
thus vary the nanoparticle concentration at the air—water
interface. This has been demonstrated for a number of
other colloidal particle systems such as g01d®*’ and CdS
quantum dots’! as well.

The formation of superlattice films of the colloidal par-
ticles organized at the air—water interface was effected by
the LB technique. This 1s a stmple (and versatile) tech-
nique wherein a solid support is slowly immersed in the
Langmuir monolayer covered trough and withdrawn
(Scheme 4)*°. Each immersion cycle enables transfer of a
bilayer of the Langmuir monolayer and in this fashion,
superlattices of the colloidal silver particles were grown
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Figure 1. n—A i1sotherms of ODA monolayers spread on carboxylic
acid denvatized colloidal silver solution at (@) pH =9 and (&) pH = ]2,
recorded as a function of time of spreading the monolayer (solid line,
t = 0 min and dashed line, t = 90 min).
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on different substrates and analysed using a host of tech-
niques. Figure 2 shows a plot of the quartz crystal micro-
gravimetry (QCl'\./I)?3 mass uptake measured as a function
of the number of monolayers of silver colloidal particles
in the film. These measurements were performed for films
grown from colloidal solution subphases held at different
pH values. It 1s observed from Figure 2 that the mass up-
take increases linearly with increasing film thickness
(number of monolayers transferred) indicating that the
integrity (in terms of particle density) of the nanoparticle
assembly at the air—water interface is maintained on trans-
fer to the solid substrate. This is an extremely tmportant
requirement for commercial application of the nanoparti-
cle thin fiims. The mass uptake 1s considerably larger for
the pH =9 case, indicating that the silver particle density
in the films is higher than at pH = 12. Figure 3 a shows a
plot of the UV-vis spectra recorded from LB films of the
stlver particles transferred onto quartz substrates from the
pH =9 colloidal subphase. A strong resonance is seen at
ca. 460 nm and 1s due to excitation of surface plasmon
oscillations™. The inset in Figure 3 a show plots of the
plasmon resonance intensity as a function of the number
of monolayers in the film for LB films grown from both
the pH=9 and pH = 12 colloidal subphases. It is seen
that the intensity of the plasmon resonance increases
linearly with the number of monolayers transferred at
pH =9 while the silver particles were below detection
limits for the pH = 12 case. The mass uptake observed in
the QCM studies at pH = 12 (Figure 2) is thus attributed
to transfer of the ODA monolayer alone without the col-
loidal silver particles.

An estimate of the thickness of the monolayers of the
colloidal particles was made using optical interferometry.
The film thickness as a function of the number of mono-
layers transferred from the pH = 9 subphase 1s shown in
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Figure 2. QCM mass uptake recorded as a function of number of
monolayers of carboxylic acid silver colloidal particles transferred from
different pH subphases onto the quartz crystal. The solid hnes are non-
lincar least squares fits to the QCM data.
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Figure 3 b. It is seen that a linear increase 1n film thick-
ness occurs indicating that in addition to the cluster den-
sity in the films being constant during each transfer cycle
number, the film grows in an essentially lamellar fashion.
The slope of the curve in Figure 3 b yields a thickness
increment to the film of ca. 105 A/monolayer. The ODA
bilayer thickness i1s ca. 50 A from which a cluster dia-
meter of 56 A is calculated. This value is marginally less
than the value of 70 A obtained by an electron microscopy
analysis of the colloidal solution and together with infrared
measurements, indicates some disorder in the chains.

To conclude this section, it has been shown that sur-
face-modified colloidal particles may be electrostatically
self-assembled at the air-water interface and that lamellar
superlattice films can be grown by the LB technique. The
electrostatic interaction (and thereby, the nanoparticle
density in the films) between the colloidal particles and
the charged Langmuir monolayer may be controlled by
simple variation of the colloidal solution pH. This tech-
nique shows promise for growing hetero-colloidal particle
superlattice structures (such as alternating gold and silver
nanoparticle layers)’® which are currently realized using
self-assembly of nanoparticles with a dithiol cross-linking
molecule®’

Formation of colloidal nanoparticle—fatty lipid
composites by electrostatically controlled
diffusion process

The origin of this approach towards the assembly of sur-
face-modified colloidal particles may be traced to the
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Figure 3. a, UV—vis spectra recorded from the silver colloidal parti-

cle LB films as a function of thickness of the filins. The number of

monolayers (ML) of the colloidal particles transferred onto quartz 1s
indicated next to the respective curves. The inset shows a plot of the
intensity of the plasmon resonance with thickness of silver particle LB
film for the films grown from the pH =9 and 12 subphases; b, Thick-
ness of LB films of colloidal silver particles estimated from optical
interferometry neasurements as a function of numnber of monolayers
transferred at pH = 9.
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early work carried out 1n this lab on the spontaneous self-
organization of thermally evaporated fatty acid films on
immersion in a suitable electrolyte solution”. It was
observed that exchange of the carboxylic acid protons in
the fatty acid film with cations from the solution leads to
organization of the film into a c-axis oriented structure,
similar to that obtained by the LB technique. Carrying this
technique a little further, we have demonstrated that
charged colloidal particles may also be incorporated into
thermally evaporated fatty lipid films via selective electro-
static interactions®’’*".

Scheme 5 illustrates the methodology used in this app-
roach. Negatively charged colloidal particles (charging
accomplished by ionizing surface-bound carboxylic acid
groups, for example) are incorporated into thermally
evaporated fatty amine films, such as ODA, by simple
immersion of the films in the colloidal solution. Under
appropriate conditions of the solution pH, the electrostatic
interaction between the negatively charged colloidal par-
ticles and positively charged ODA matrix can be maxi-
mized to drive the diffusion of the colloidal particles into
the films (Scheme 5). This results in a nanocomposite film
and in the case of diffusion of colloidal gold and silver
particles, the cluster incorporation can be observed by the
unaided eye in the form of colouration of the film, the
intensity of which increases with time.

The process of cluster diffusion into thermally eva-
porated fatty amine films is easily studied using QCM.
Figure 4 shows the mass uptake of a 500 A thick ODA
during immersion in carboxylic acid derivatized colloidal
gold solutions held at different pH values. The size of the
gold particles in this experiment is 130 A, the synthesis
and capping of which are described in detail in ref. 80. It
is observed that the cluster density in the films 1s much
higher in the case of films grown from pH =7 solution
than those grown from higher and lower pH solutions.
This may be explained in terms of the degree of ionization
of the colloidal surface-bound carboxylic acid groups and
the amine groups in the thermally evaporated film which

Colloidat solution
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Schieme 5. Diagram showing the diffusion of carboxylic acid denva-
tized colloidal particles into thermally evaporated QDA filins by a
simple beaker-based immersion process.
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is modulated by varying the solution pH and clearly indi-
cates that electrostatic interactions drive the cluster diffu-
sion into the lipid matrix.

Ficure 5 shows the QCM mass uptake kinetics tfor a
500 A thick ODA film immersed in colloidal gold solu-
tions of different particle sizes. It 15 observed that the
cluster diffusion is extremely rapid in the case of the
smallest gold particles (20 A diameter) and slows down as
the particle size increases. In order to quantify the cluster
movement into the thermally evaporated hpid films, the
QCM mass uptake data was analysed in terms ot a 1-D
diffusion model. The mathematical details of the model
and its connection to the QCM mass uptake kinetics have
been dealt with in detail in refs 77, 79, 80 and will not be
dealt with here. The parameters of interest are the cluster
diffusivity and the concentration of the colloidal particles
at the film-solution interface (at x =L, Scheme 3). These
narameters were left free in a nonlinear least squares fit to
the QCM data in terms of the 1-D diffusion model and are
listed in Table 1. These parameters have been determined
from an analysis of the QCM data shown in Figures 4 and
5 where the solution pH (and consequently the magnitude
of the electrostatic interaction) and the gold particle size
have been varied. The main features of the analysis are
that the smaller colloidal particles do indeed have larger
diffusivities (D, Table 1), as was evident from the QCM
mass uptake data shown in Figure 5, and that there i1s a
large increase in the colloidal particle concentration (C,,
Table 1) at the film—colloidal solution interface. In fact,
the cluster concentration at the interface is nearly 3-5
orders of magnitude greater than the nominal cluster con-
centration in the bulk of the colloidal solution. This 1s an
interesting result and is similar to the large enhancement
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Figure 4. QCM mass uptake kinetics data of 500 A thick ODA films
itnmersed in carboxylic acid derivatized colloidal gold solutions held at
different pH values (the values are indicated next to the corresponding
curves). The solid lines are based on a 1-D diffusion analysis of the

QCM data.
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of the counterion concentration observed for small inor-
pganic 1ons complexed with charged Langmuir mono-
layers®'. Attempts to understand the complexation of large
ions with charged surfaces in terms of a Poisson-Boltz-
mann-Stern formalism are currently in [:>rogress;3:;"'33 and
there is scope for further theoretical input here.

The variation in the equilibrium colloidal particle vol-
ume fraction with solution pH was investigated for 500 A
thick ODA films immersed in the gold colloidal solutions
of different sizes (Figure 6). The variation in pH at which

Table 1. Parameters based on a 1-D diffusion model obtained from
fits to the QCM mass uptake data of gold colloidal particles in
thermally evaporated octadecylamine films

Cox 108 D x 10
(clusters/em®)  (A¥h)

Experiment

Sol 1 (130 A size Au)

pH = 6.0 0.15 1.2
pH=7.0 0.2t 1.2
pH=11.2 0.07 0.9
B. HydrosolpH =70

Sol 1 (130 A size Au)
Thickness = 250 A (520 A)® 0.25

Thickness = 500 A (950 A)* 0.21 1.2
Thickness = 1000 A (1900 A)? 0.20 1.8

C. Filmn thickness = S00 A

Sol 1/130 A gold (950 A, pH = 7)* 0.21 1.2
Sol 2740 A gold (1100 A, pH = 8.5) 10.37 2.5
Sol 3/20 A gold (1300 A, pH = 8.5) 400 6.4

“The numbers in parentheses are the values of the film thickness used
in the 1-D diffusion calculations.
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Figure 5. QCM mass uptake kinetics data of 500 A thick ODA films
immersed in carboxylic acid derivatized colloidal gold solutions ol
different particles sizes. The solid lines are based on a 1-D ditfusior
analysis of the QCM daia.
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maximum cluster 1ncorporation occurs as well as the
width of the curves (the data were fit to Lorentzians) with
particle size are shown in the inset. It is seen that the pH
at which maximum cluster uptake occurs is a strong func-
tion of the particle size, or in other words, the curvature
of the particles. Increasing surface curvature, as would
occur for the small gold particles, leads to reduced inter-
action between the surface-bound carboxylic acid groups
(Figure 6 and inset) and affects the ionization constant®.
We have already seen how surface curvature enables
formation of interdigitated bilayers on colloidal particles
(Scheme 3) and this is another instance of the role played
by nanoscale curvature affecting, in this case, the reacti-
vity of terminal functional groups.

Figure 7 shows a parallel UV-vis study of 130 A gold
colloidal particle diffusion into 500 A thick ODA films as
a function of time of immersion. Figure 7 a shows the
spectra recorded for the films ex-sifu while Figure 7 b
shows the spectra recorded in the colloidal solution.
There is a steady increase In the plasmon resonance of
cold with time (which occurs at ca. 575 nm for the films
in air and 530 nm for the films in solution) and indicates
that the particle density increases in the films. What is
interesting is that values of the plasmon resonance wave-
lengths are different in the films in air and in solution.
This indicates that the films in solution swell (this also
establishes a mechanism for cluster diffusion into the
films) and as a consequence, the effective refractive index
of the medium in which the particles are embedded is less
than that of the film in air. This shift may thus be rationa-
lized 1n terms of an effective medium Mie theory35.

The diffusion of 130 A gold colloidal particles into a
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Figure 6. Equilibrium percentage volume fractions of colloidal gold
particles of different sizes incorporated into S00 A thick ODA films as
a function of colloidal solution pH. These values were estimated from
QCM measurements, The inset gives a plot of the pH at which maxi-
mum particle uptake occurs and the width of the fitted Lorenizian
curves as a function of colloidal particle size.
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500 A thick ODA film was also followed with Fourier
Transform Infrared (FTIR) Spectroscopy and the spectra
obtained with time are shown in Figure 8. The methylene
antisymmetric and symmetric vibrational modes at 2920
and 2850 cm™' are shown in Figure 8 a. It is observed that
the intensity of these peaks reduces with time but remains
at the same frequencies. This indicates that the orientation
of the hydrocarbon chains is randomized as the particles
diffuse into the ODA matrix. The —-NH, antisymmetric
vibration at ca. 3300 cm™ is shown in the inset of Figure
8 a and the intensity of this peak steadily decreases with
time without a shift. Thus, the interaction between the
colloidal particles and the ODA matrix is weak and in this
sense, differs from salt formation in amines where a large
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Figure 7. a, UV-vis spectra measured ex-situ of 130 A colloidal
gold—ODA composite films as a function of time of immersion of the
ODA film in the colloidal solution (the time of immerstoa is indicated
next to the corresponding curves); b, UV-vis spectra measured in-situ
of 130 A colloidal gold-ODA composite films as a function of time of
immersion of the ODA film in the colloidal solution (the time of imm-
ersion 1s indicated next to the corresponding curves). The inset shows a
plot of the variation of the surface plasmon resonance intensity with
titme of immersion of the films shown in the main part of Figure 7 b.
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Figure 8. FTIR spectra recorded as a function of time of immersion
of SO0 A thick ODA filims in 130 A colloidal gold sotution in the range
of (a) the methylene antisymmetric and symmcetric vibrations {inset
shows the corresponding spectra in the aming antisymmetnce vibration
mode region) and (&) the nethylene scissoring vibrations,
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<hift in this vibrational mode has been observed™. Figure
8 b shows the methylene scissoring bands at 1465 and
1472 cm ', The spliting of these bands s a sensitive indi-
cator of the crystalline environment of the hydrocarbon
chamns™. It 15 seen from the figure that the splitting in
the bands decreases as the cluster density in the films
increases, suggesting decrease in the packing density of
the ODA hydrocarbon chains. The FTIR data shown in
Figure 8 are consistent with a randomization of the ODA
moiecules due to electrostatic coordination with the nega-
tively charged carboxylic acid groups on the colloidal
particle surface. This leads to the formation of an ODA
surfactant sheath around the particles and has been used
to render the particles hydrophobic and thus soluble in
non-polar arganic solvents®’.

Thus, 1t has been shown that electrostatically controlled
diffusion of colioidal nanoparticies can be achieved by a
simple beaker-based approach and that the composition of
the nanocomposite films can be tailored by variation of
the colloidal solution pH. This method has been success-
fully applied to silver nanoparticles” and quantum dot
CdS (ref. 77) colloidal particles as well and has been ex-
tended to the encapsulation of biomacromolecules such as
proteins very recentlysg‘gq, There 1s much scope for appli-
cation of this technique in assembling biological molecu-
les and this is currently being explored in our laboratory.

Conclusions

A very brief overview of the recent developments in the
area of self-assembly of colloidal nanoparticles has been
attempted and the results of the research efforts from my
laboratory on the use of electrostatic interactions in the
formation of nanoparticle thin fiilms addressed in some
detail. Some of the open questions 1n this area have been
discussed. Possible applications of surface-modified col-
loidal particles currently being pursued by different re-
search groups have been mentioned.
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