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Langmuir-Blodgett (LB) technique is an elegant protocol for the steered assembly of metal nanoparticles, 
the deposition pressure serving as a convenient parameter to tune the assembly.  Adsorption of 
nanoparticles from the subphase to the air-water interface can provide further control on the process.  
Citrate-stabilized gold nanoparticles in the aqueous subphase are shown to assemble into extended 2-
dimensional chain networks following adsorption on a cationic amphiphile Langmuir film at the air-water 10 

interface.  Kinetic investigations show that the process can be visualized as a surface-catalyzed reaction 
and explained in terms of the Langmuir-Hinshelwood mechanism.  The LB deposition proves to be a 
unique route to capture the reaction product together with the amphiphile film.  The deposition pressure is 
used to tune the density of nanoparticle chain networks in the LB film, and their optical extinction 
spectrum.  The unusual blue shift of the extinction observed with increasing deposition pressure is 15 

attributed to the impact of the amphiphile monolayer environment.  The extent of formation of the chain 
network is analyzed in terms of the pathways in the corresponding graph representation, and shown to 
scale with the deposition pressure.  The current investigation highlights the use of a charged monolayer as 
a heterogeneous catalyst surface, provides fundamental insight into the kinetics of nanoparticle assembly 
at interfaces, and demonstrates the utility of the LB technique in tuning the formation of 2-dimensional 20 

nanoparticle chain networks. 

Introduction 

A key attribute of nanoparticles of noble metals such as gold and 
silver is their optical response arising from the localized surface 
plasmon resonance (LSPR).1,2 The application potential of this 25 

unique property stems not only from the associated large 
oscillator strength, but also its sensitivity to the size/shape of the 
particles, the dielectric environment and the interactions in 
particle assemblies.  The latter is particularly relevant as a wide 
range of non-covalent interactions and principles of 30 

supramolecular organization can be brought to bear upon the 
assembly and thus tune the optical responses, without the need to 
modify the synthesis or growth of the nanoparticles.  Metal 
nanoparticles have been assembled as dimers,3 larger aggregates,4 
chains or polymers,5,6 arrays,7 monolayers8  and networks.9  35 

Networks are of special interest because of their relevance in 
percolation problems,10,11 in addition to the tunability of optical 
responses that can be exploited in various applications. 
 A systematic approach to the generation of nanoparticle 
networks would involve a controlled assembly induced by non-40 

covalent forces.  Gold nanoparticle chain networks have been 
implicated as intermediates in the formation of spherical 
nanoparticles by the Turkevich method, suggesting a mechanism 
different from the La Mer nucleation-growth model.12  Chain 
networks form through dipolar interactions triggered by an 45 

asymmetric distribution of adsorbed charges13 or ligand 
segregation14 on the nanoparticle surface.  Metal nanoparticle 
networks can be generated using selected combinations of ligands 
and metal ions as in the case of peptide and 3-mercaptopropionic 
acid functionalized gold nanoparticles with mercuric and cupric 50 

ions respectively.15,16  Examples of template-mediated network 
formations include the DNA-directed assembly of 
trimethyl(mercaptoundecyl)ammonium monolayer coated gold 
nanoparticles17 and the organization of gold nanoparticles on 
peptide nanofibers18,19 and polyelectrolytes.16,20  An interesting 55 

case of nanoparticle network formation exploits dielectrophoresis 
forces induced by a non-uniform electric field.21 
 The Langmuir-Blodgett (LB) technique commonly used to 
fabricate mono and multilayer films of amphiphilic molecules, 
through steered rather than self-assembly, can be used to organize 60 

metal nanoparticles and nanowires in ultrathin films.22  An 
obvious approach is to spread amphiphile-capped nanoparticles at 
the air-water interface to form a monolayer and transfer it as an 
LB film.  Dodecanethiol is a popular choice for the amphiphile;23-

26 other capping agents include amphiphiles with ammonium 65 

headgroups,27,28 mixed amphiphile systems,29,30 liquid crystalline 
molecules31 and polymers.32  A different approach involves the 
introduction of the metal nanoparticles in the aqueous subphase 
which then interact with the amphiphile monolayer and form 
networks.  An amphiphilic derivative of tetrathiafulvalene-70 

tetrafluorotetracyanoquinodimethane complex spread at the air-

Page 1 of 9 Physical Chemistry Chemical Physics



 

2  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

water interface and hybridized with gold nanoparticles formed 
LB films with nanowire structures exhibiting electrical 
conductivity.33  Adsorption of negatively charged gold 
nanoparticles on a Langmuir film of dioctadecyldimethyl-
ammonium bromide at the air-water interface has been shown to 5 

be influenced by the electrostatic interaction between the 
monolayer and the nanoparticles, flow of water in the subphase 
and the mass of the nanoparticles.34  Studies on the interaction of 
positively charged poly(allylamine hydrochloride)-functionalized 
and negatively charged citrate-capped gold nanoparticles with 10 

different lipids in Langmuir monolayers have revealed the crucial 
role of the charge on the capping agent and the impact on the 
elasticity of the monolayers.35  Dendritic nanogold aggregates 
were generated by salt-induced assembly of gold nanoparticles 
mediated by the polyacrylamide - cetyltrimethylammonim 15 

bromide complex at the air-water interface.36  Gels of gold 
nanoparticle aggregates formed in mixed Langmuir films of 
stearic acid and octadecylamine and transferred as LB films, 
developed dendrite-like organic crystals coated with the 
nanoparticles.37  LB film formed with precursor ions adsorbed 20 

from the subphase have been used for the subsequent generation 
of nanoparticle networks.38  An approach investigated in our 
laboratory involved dipping the LB film of N-n-octadecyl-4-[2-
(4-dimethylaminophenyl)ethenyl]pyridinium bromide (ODEP+Br-

) in a solution of citrate-stabilized gold nanoparticles whereupon 25 

the nanoparticles get adsorbed on the LB film.39 
 Possibility of controlling the aggregation of amphiphilic 
molecules to varying extents by tuning the deposition pressure 
makes the LB method a versatile technique for the steered 
assembly of molecules.  The examples of nanoparticle assembly 30 

cited above demonstrate the interaction between the Langmuir 
films and the metal nanoparticles in the subphase; however, they 
do not exploit the LB technique to tune the nanoparticle assembly 
through the process of adsorption on and mediation of the 
Langmuir film.  Modeling the assembly and probing its kinetics 35 

are of fundamental interest.  We have explored the interaction of 
negatively charged citrate-stabilized gold and silver nanoparticles 
present in the aqueous subphase with the Langmuir film of the 
amphiphiles, ODEP+Br- and N-n-octadecyl-4-dimethylamino-
pyridinium bromide (ODP+Br-) possessing cationic head groups.  40 

Detailed studies on the prototypical combination of gold 
nanoparticles and ODEP+Br- are presented in this paper; parallel 
observations on silver nanoparticles/ODEP+Br- and gold 
nanoparticles/ODP+Br- combinations are added in the Supporting 
Information.40  The nanoparticles in solution are found to 45 

assemble into extended network structures through the mediation 
of the monolayer at the air-water interface; the process is 
modeled as a surface-catalyzed reaction following Langmuir-
Hinshelwood kinetics.  The 2-dimensional nanoparticle networks 
along with the amphiphile monolayer can be captured through LB 50 

film transfer.  The extent of network formation, quantified in 
terms of the number and length of paths in the corresponding 
graph representation, is shown to increase with the deposition 
pressure and exhibit unusual trends in their optical responses. 

Results and Discussion 55 

Citrate-stabilized gold nanoparticles were prepared using a 
slightly modified Turkevich method.41 Aqueous solution of the  
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Figure 1. (a) LSPR extinction spectrum and (b) TEM image (scale bar = 

100 nm) of the gold nanoparticles used in the study. 
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Figure 2. Pressure-area isotherms of ODEP+Br- monolayer at the air-

water interface, with pure water and 0.011 mM gold nanoparticles 

solution as the subphase. 

 85 

nanoparticles shows the typical LSPR extinction peak at 520 nm; 
the TEM image of a drop of solution evaporated on the grid 
reveals nearly spherical particles with diameters in the range 13 – 
15 nm (Fig. 1).  Solution of ODEP+Br- in chloroform shows the 
characteristic intramolecular charge transfer absorption with λmax 90 

~ 498 nm.42  π-A isotherm of ODEP+Br- at the air-water interface 
is shown in Fig. 2; the molecular area estimated by extrapolating 
the high surface pressure part is ~ 40 Å2/molecule, suggestive of 
a nearly vertical disposition of the amphiphile headgroup.43 The 
tendency of ODEP+ amphiphile to aggregate at the air-water 95 

interface is well established.44  Electronic absorption of the 
monolayer LB film of ODEP+Br- is quite sensitive to the extent of 
aggregation; in the present study, the spectrum of the film 
deposited at 30 mN/m shows peaks at 464 nm and 270 nm (Fig. 
3) typical of the chromophore monomers.45 

100 

 π-A isotherm of ODEP+Br- monolayer spread on the aqueous 
solution of gold nanoparticles is also shown in Fig. 2.  The 
isotherm shows a clear shift to higher areas and indicates an 
extrapolated area of ~ 50 Å2/molecule.  This is indicative of the 
interaction between the cationic amphiphiles and the citrate-105 

stabilized nanoparticles; either the nanoparticles are inserting 
partly into the monolayer causing it to expand, or the head groups 
adopt a more tilted orientation occupying more of the surface 
area.  Extinction spectrum of a 2-layer LB film deposited at a 
surface pressure of 30 mN/m is shown in Fig. 3.  No significant 110 

absorption is visible at ~ 460 nm where the ODEP+ monomer 
absorbs.  However, the peak observed at 265 nm is characteristic 
of ODEP+ and the shoulder at ~ 350 nm is similar to that 
observed in ODEP+ based LB films,44,45 attributed to the 
chromophore dimer. 42  The other peaks in the spectrum arise due 115 

to the gold nanoparticles; interestingly, the LSPR peak at ~ 520 
nm due to the isolated nanoparticles is considerably diminished  
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Figure 3. Absorption / extinction spectra of LB films of ODEP+Br- 

deposited at 30 mN/m pressure, from subphases of pure water and 0.011 

mM gold nanoparticles solution. 

 15 

and a prominent one appears at ~ 685 nm suggestive of 
nanoparticle assembly; the tail extends into the near infrared 
region.  Before exploring the LB films further, we have probed 
deeper into an interesting observation of significant changes 
occurring in the gold nanoparticle solution subphase itself, when 20 

the amphiphile monolayer is formed at the air-water interface. 
 When the ODEP+Br- monolayer compressed to the close-
packed condensed phase (typically at pressures > 20 mN/m) was 
maintained for several minutes, the subphase color was found to 
gradually change from ruby red (typical of isolated gold 25 

nanoparticles) to purple, violet and eventually blue (typical of 
aggregated nanoparticles).  The nanoparticle solution without the 
monolayer at the surface is perfectly stable for several days with 
no visible color change, as expected; it may be stressed also that 
even if the amphiphiles are spread on the surface, but maintained 30 

at ~ 0 mN/m surface pressure (in the so-called gas phase), the 
subphase shows no noticeable change for several hours.  With the 
compressed monolayer, if the solution at any stage of aggregation 
is separated from the monolayer, it remains stable with no further 
color change, for extended periods of time.  These observations 35 

prove the critical role of the monolayer at the air-water interface 
in mediating the nanoparticle assembly.  Compared to surfactants 
such as those with ammonium headgroups that can form micelles 
in water,46 ODEP+ with its extended aromatic head group is likely 
to be far less soluble, and at the very low concentrations present 40 

at the interface, unlikely to form micelles in the aqueous medium.  
The π-A isotherms (Fig. 2) indicate good stability of the 
monolayer at the air-water interface; the improved stability with 
the gold nanoparticle solution as the subphase40 precludes the 
possibility of the nanoparticles enhancing the solubility of the 45 

monolayer.  All these suggest that the nanoparticle assembly 
occurs catalytically at the air-water interface.  It is interesting to 
view this in the context of the condensation of monolayers at the 
air-water interface in a manner similar to colloidal coagulation47 
and the competitive adsorption of proteins and lipids at the air-50 

water interface48 influenced by ions with different valencies.  
Compared to the well-studied cases of nanoparticle aggregation 
by agents added in solution, the assembly mediated by an 
insoluble monolayer at the air-water interface is likely to be more 
controlled, and result in aggregates that when back in the aqueous 55 

phase, will be free of the aggregating agent.  We have probed this 
situation in detail. 
 Citrate-stabilized gold nanoparticle solution with different 
concentrations was taken in a petri-dish.  A solution of ODEP+Br-  
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Figure 4. Temporal evolution of the extinction spectra (corrected for 

scattering) of the gold nanoparticle solutions with different initial 

concentrations, and an ODEP+Br- monolayer at the surface. 85 

 

in chloroform containing the number of molecules required to 
form a monolayer on the solution in the petri-dish was spread 
slowly and the chloroform allowed to evaporate.  Color changes 
of the subphase were monitored by recording the extinction 90 

spectrum of small samples withdrawn periodically.  Time 
evolution of the spectra for different initial concentrations of the 
gold nanoparticles are shown in Fig. 4.  At low initial 
concentrations (0.01 – 0.02 mM), the peak at ~ 520 nm is found 
to decrease steadily and the peak at ~ 685 nm to increase 95 

concomitantly.  The isosbestic point near 605 nm is indicative of 
a direct conversion process between the ‘reactant’ and ‘product’.  
With intermediate initial concentrations (0.02 – 0.03 mM), even 
though the peak at ~ 520 nm decreases steadily, no clear peak 
emerges at higher wavelength.  On the other hand, the baseline of 100 

the spectrum rises suggesting increasing scattering effects.40  At 
still higher initial concentrations (0.03 – 0.04 mM), growth of a 
small peak at the higher wavelength can be discerned, though it is 
partly masked by the high scattering.  The raw spectra were 
corrected for scattering effects and deconvoluted to extract the 105 

intensity of the extinction with λmax ~ 520 nm.  Intensity of this 
peak at t = 0 min scales linearly with the initial concentration of 
the gold nanoparticle solution as expected (Fig. 5a); standard 
deviations determined from multiple runs are shown.  For each 
initial concentration, a plot of the nanoparticle concentration 110 

(determined from the intensity) against time provides the rate of 
the assembly process from the slope of the early (typically up to 
120 min) linear part.40  Dependence of the rate on the initial 
concentration is shown in Fig. 5b; it increases, then levels off and 
finally decreases with increasing concentration. Surface reactions 115 

that follow the Langmuir-Hinshelwood mechanism typically 
exhibit rates increasing with concentration in the low  
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Figure 5. Plot of (a) the intensity of the extinction due to isolated gold 

nanoparticles (with λmax ~ 520 nm) at t = 0 min versus the initial 25 

concentrations of gold nanoparticles, and (b) the rate of nanoparticle 

assembly versus the initial concentration; standard deviations and fit to 

the rate expression in Scheme 1 are indicated. 

 
concentration regime.  At higher concentration levels, the rate 30 

becomes constant if the reacting species alone is involved in the 
adsorption process, but decreases if a second species competes 
for the adsorption sites on the surface.  In the present case, citrate 
ions present in large excess in the gold nanoparticle solution 
could potentially be adsorbed strongly on the cationic amphiphile 35 

Langmuir monolayer hindering the nanoparticle assembly 
process.  Adsorption of the citrate-stabilized gold nanoparticles 
from the subphase on to the monolayer at the air-water interface 
and their subsequent assembly into chains are shown 
schematically in Fig. 6a.  The plausible mechanism along with 40 

the resulting kinetic equations are presented in Scheme 1.  The 
critical assumptions in the proposed mechanism are : (i) the 
assemblies arise from gold nanoparticles adsorbed on the 
Langmuir film following the Langmuir adsorption isotherm, the 
positively charged film screening the repulsion between the 45 

negatively charged nanoparticles, (ii) the rate determining step in 
the assembly is the dimerization of the nanoparticles with the 
subsequent steps including the desorption  being fast, and (iii) the 
citrate ions which are in a constant and excess proportion with 
respect to the gold nanoparticles (as a fixed ratio between citrate 50 

and gold is used in the nanoparticle synthesis itself) are potential 
poisons for the adsorption sites on the Langmuir film.  The first 
assumption is validated by the observation that the nanoparticle 
assembly or aggregation occurs only when the Langmuir film is 
present at the solution surface.  The second assumption is based 55 

on the likelihood of the chain formation being triggered by the 
distortion of the ligand environment and the resulting asymmetry 
around the nanoparticle due to the dimerization.  Interaction of  
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Scheme 1. Mechanism involving the adsorption of isolated gold 

nanoparticles (M) with equilibrium constant K, dimerization as the rate 

determining step with rate constant k, and the subsequent fast steps.  80 

Kinetic equations that lead to the final rate expression involving the 

fraction of surface sites occupied by the gold nanoparticles and the citrate 

ions, θ and θP respectively, the total number of adsorption sites, N, rate 

constants for the adsorption and desorption of the gold nanoparticles, k1 

and k2 respectively, and the ratio (α) of θP to [M]. 85 

 
citrate with the Langmuir film (exchange between the bromide 
and citrate ions) is manifested in the π-A isotherm of ODEP+Br- 
on an aqueous solution of sodium citrate, and the related area-
time creep plots40 which clearly show the enhanced stability 90 

imparted by the multivalent anion.  Control experiments in which 
a large excess of citrate was added in the gold nanoparticle 
solution before introducing the amphiphile Langmuir film 
showed that the rate of nanoparticle assembly is considerably 
retarded;40 this forms the basis for the third assumption.  Implicit 95 

in the equation for the adsorption-desorption equilibrium is the 
material balance for the surface sites which are either vacant or 
occupied by the monomer, M or the poison, P.  The resulting rate 
expression shows that the rate would increase as [M]2  at low 
concentrations (K[M],  α[M] << 1) and decrease due to the 100 

dominant (1 – α[M])2 term at high concentrations.  Fig. 5b shows 
that the trend in the rates observed is explained quite 
satisfactorily by the rate expression in Scheme 1; the parameters 
which provided the best fit are: the equilibrium constant for the 
Langmuir adsorption of the nanoparticles, K = 0.175 mM-1, the 105 

pseudo rate constant for the dimerization process, k' = 5.63 mM 
min-1 (the true rate constant is not estimated as the exact number 
of adsorption sites is not known) and the ratio between the 
fraction of the adsorption sites poisoned by the citrate and the 
nanoparticle concentration, α = 16.4 mM-1; the correlation 110 

coefficient for the fit is 0.94. 
 The experiment described above shows that the gold 
nanoparticle assembly occurs at the Langmuir film, in a process 
akin to surface-catalyzed reactions.  The LB films (the cationic 
amphiphile monolayer with the negatively charged nanoparticle 115 

assemblies) transferred at different surface pressures demonstrate 
how the density of amphiphiles in the 2-dimensional ultrathin   
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Figure 6. Schematic models of (a) ODEP+Br- at the air-water interface with citrate-stabilized gold nanoparticles in water and the formation of 

nanoparticle chains through the mediation of the cationic amphiphile layer at the interface, (b) red shift of extinction peak and increased scattering due to 75 

nanoparticle chain formation and aggregation, and (c) blue shift of extinction peak with increasing deposition pressure, due to the progressive replacement 

of Na+ ions by ODEP+ around the gold nanoparticle chains (figures not to scale). 

 

film impacts upon the extent of nanoparticle assembly.  
Extinction spectra of 2-layer LB films deposited at different 80 

pressures, with 0.011 mM solution of gold nanoparticles in the 
subphase are collected in Fig. 7.  As in Fig. 4,  the spectra show 
the prominent peak due to the nanoparticle assemblies; in 
addition, the absorption due to ODEP+Br- is visible.  The 
intensity increases with the surface pressure indicating increasing 85 

density of amphiphiles as well as nanoparticles.  Significantly, 
the peak of the LSPR extinction due to the nanoparticle assembly 
shows a small but definitive blue shift with increasing pressure.  
Increase in the extent of aggregation or size of aggregates should 
lead to a red shift of the LSPR peak.  The present observation is 90 

fundamentally different from the case of LB films of CTAB-
stabilized gold nanoparticles that spontaneously aggregate at the 
air-water interface and exhibit increasing red shift of the 
extinction which levels off at the higher deposition pressures.49   

 95 
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Figure 7. Extinction spectra of LB films of ODEP+Br- and citrate-110 

stabilized gold nanoparticles deposited at different surface pressures. 
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Figure 8. FESEM (left, scale = 2 µm) and TEM (right, scale = 100 nm) 

images of monolayer LB films of ODEP+Br- and citrate-stabilized gold 

nanoparticles deposited at different surface pressures: (a, b) 12 mN/m, (c, 

d) 18 mN/m, (e, f) 24 mN/m, (g, h) 30 mN/m. 

 40 

We return to this point below.  FESEM and TEM images of the  
LB films deposited at different pressures are collected in Fig. 8.  
The nanoparticles assemble into extended 2-dimensional 
networks of chains rather than large clusters having multiple 
neighbours around and above each particle.  The two types of 45 

images reveal the similarity of the distribution of the chain 
networks over different length scales and the morphology 
independent of the substrate used, quartz or copper grid. The 
average distance between neighbouring particles in a chain is ~ 1 
nm.  Coupling of the LSPR’s of gold nanoparticles at such 50 

separations is expected to lead to extinctions with λmax ~ 650 
nm50 consistent with our observation.  The extent of connectivity 
increases in films deposited at increasing surface pressure, 
however the average separation between the particles remains 
similar.  The unusual blue shift observed in films deposited at 55 

increasing surface pressure appears to be a consequence of the 
dielectric environment.  As the surface pressure increases, the  
number density of the cationic organic amphiphile increases and  
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Figure 9. Plot of (a) the number of paths with different length in the gold 80 

nanoparticle chain networks in the LB films deposited at different surface 

pressures, and (b) the weighted average path length versus the deposition 

pressure (least square fit line is also shown). 

 

hence the nanoparticle environment will be covered increasingly 85 

by these moieties instead of the sodium ions present in the 
isolated state in solution.  Thus the dielectric constant of the local 
environment possibly decreases leading to a small blue shift.51,52  
Fig. 6b and 6c show schematic models of the nanoparticle 
assembly. Increase in the scattering effects with high initial 90 

concentrations of the gold nanoparticles in the petri-dish 
experiments described earlier, may be attributed to their possible 
coalescence (Fig. 6b).40  Fig. 6c depicts the change in the 
environment of the nanoparticle assemblies due to the amphiphile 
layer of increasing density. 95 

 The extent of chain network formation was analyzed by 
counting paths between any two particles (see Experimental 
section).  We have chosen a cut-off distance of 15 nm (between 
the centres of the nanoparticles) as the criterion for connectivity 
in the chain network, ensuring that only particles (diameter ~ 14 100 

nm) separated by a distance of ~ 1 nm or less are considered to be 
linked.  The computed chain length distribution in the LB films 
deposited at increasing surface pressures is shown in Fig. 9a.  The 
lengths of paths formed as well as the number of paths of 
different length increase as the deposition pressure increases; at 105 

the higher pressures, 24 and 30 mN/m, the distributions are 
similar for shorter paths, but the longest paths emerge only in the 
networks formed at the highest pressure.  The distribution 
provides a quantitative visualization of the extent of chain 
network formation in the nanoparticle assemblies and clearly 110 

demonstrates the utility of the deposition pressure as a tool to 
fine-tune it.  It is interesting that the weighted average path length 
scales almost linearly with the deposition pressure (Fig. 9b).  
Surface coverage of the nanoparticles can be enhanced (Fig. 10) 
by multiple upward strokes of the substrate through the Langmuir  115 

film; there is negligible transfer during down strokes because of  
the essentially hydrophilic nature of the LB film formed by the 
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Figure 10. TEM  images of LB films of ODEP+Br- and citrate-stabilized 

gold nanoparticles deposited at a surface pressure of 30 mN/m : (a) 1-

layer, (b) 2-layer, (c) 3-layer; scale bar = 1 µm.  10 

 
citrate-stabilized nanoparticles.  This method provides a simple 
method to form monolayer films of gold nanoparticle networks 
on a desired substrate.  Further depositions tend to create 
multilayer aggregates with particles on top of each other. 15 

 It is pertinent to compare the current approach of LB 
deposition of the amphiphile monolayer – nanoparticle complex 
following the adsorption of nanoparticles on the Langmuir film, 
with the earlier method that we have developed39 involving the 
dipping of a preformed LB film in a nanoparticle solution.  The 20 

latter procedure does not provide control on the formation of 
nanoparticle clusters.  Further, the concentrations of nanoparticles 
in solution required to effect their deposition are far higher than 
those that we employ in the current approach; control 
experiments in which pre-formed LB films were dipped in 25 

solutions with very low nanoparticle concentrations similar to 
that used in the subphase in the present study, showed practically 
no nanoparticle adsorption even after several hours.  Thus the 
adsorption of nanoparticles at the Langmuir film followed by LB 
deposition at different surface pressures provides an efficient 30 

route to the generation of monolayers with tunable nanoparticle 
chain networks. 

Conclusions 

Extended assemblies of citrate-stabilized gold nanoparticles in 
the form of 2-dimensional chain networks are fabricated through 35 

the LB technique, the surface pressure providing a convenient 
handle to control the density of particles as well as the extension 
of the chains.  The assembly process initiated by the adsorption of 
the negatively charged nanoparticles from the aqueous subphase 
on the Langmuir film formed by a cationic amphiphile monolayer 40 

at the air-water interface can be viewed as a novel mode of 
surface-catalyzed reaction.  Kinetic investigations following the 
changes in the optical extinction of the subphase resulting from 
the assembly, reveal a Langmuir-Hinshelwood mechanism for the 
process.  The LB deposition that captures the network assemblies 45 

provides a unique view of the surface-catalyzed reaction product. 

Experimental Section 

Synthesis 

Gold nanoparticles were synthesized using the citrate reduction 
route.41  1.88 mL of a 0.085 M aqueous solution of trisodium 50 

citrate was added to 100 mL of a 0.24 mM aqueous solution of 
HAuCl4 and maintained at 80oC with vigorous stirring for 1 h.  
The solution turned a clear ruby red.  The gold nanoparticle 
solution obtained was kept at ambient temperature with stirring 
for 12 h.  Analysis of the final nanoparticle solution by ICP-OES 55 

(Varian model 720-ES) showed the concentration of gold to be 

0.267 mM (the minor increase with respect to the starting 
concentration may be attributed to the slight evaporation of the 
solution during the synthesis).  Based on the absorbance of the 
LSPR at 520 nm, the extinction coefficient of the solution is 60 

estimated to be 3.5×103 M-1 cm-1, equivalent to 2.9×108 M-1 cm-1 
with the concentration expressed in terms of mols of 
nanoparticles (14 nm diameter) per liter, consistent with earlier 
reports.53  High purity water (Millipore MilliQ, resistivity = 18.2 
MΩ cm) was used in the synthesis.  ODEP+Br- was synthesized 65 

following reported procedure.44 

Langmuir and LB film fabrication 

A NIMA model 611M LB trough equipped with a Teflon® barrier 
and a Wilhelmy plate for pressure sensing was used to record the 
surface pressure-area (π-A) isotherm and fabricate the LB films; 70 

experiments were conducted in a clean environment with the 
temperature maintained at 22±1oC.  Either high purity water or an 
aqueous solution of citrate-stabilized gold nanoparticles with 
concentration in the range 0.01 – 0.02 mM was used as the 
subphase.  70-80 µL of a 0.897 mM chloroform solution of 75 

ODEP+Br- was spread on the surface.  ~ 2 h was allowed for the 
complete evaporation of the solvent and homogeneous 
distribution of the amphiphiles on the surface.  π-A isotherms 
were recorded at a barrier speed of 30 cm2/min after the 
monolayers were subjected to a few isocycles to ensure 80 

consistency of the isotherm.  The films are found to be quite 
stable up to pressures close to the collapse.  LB films were 
deposited on quartz substrates with a hydrophilic surface (or 
copper grid fixed on glass plate) at selected surface pressures by 
vertical dipping at a speed of 3 mm/min. 85 

Adsorption and assembly of nanoparticles on the Langmuir film 

The experiments were carried out at 22±1oC.  Required volumes 
of a 0.267 mM aqueous solution of gold nanoparticles were 
diluted to 150 mL with high purity water to prepare solutions 
with concentrations in the range 0.01 – 0.05 mM.  Each solution 90 

was taken in a glass petri-dish (18 cm diameter).  85 µL of a 
0.897 mM solution of ODEP+Br- in chloroform was spread on the 
nanoparticle solution surface and the chloroform allowed to 
evaporate; the quantity of amphiphile molecules spread was 
estimated using the molecular area determined from the π-A 95 

isotherm in the LB experiment and the surface area of the 
solution in the petri-dish, so that a compact monolayer was 
formed at the air-solution interface.  Extinction spectrum of the 
subphase was recorded using 3 mL samples collected before 
spreading the amphiphile and every 30 min afterwards, for up to 100 

3 h; samples were collected with a syringe without disturbing the 
monolayer at the surface.  Baseline of the spectrum was found to 
rise with time, especially for the higher initial concentrations of 
the subphase.  The spectra were corrected for scattering and 
deconvoluted to estimate the intensity of the extinction due to the 105 

isolated gold nanoparticles (λmax ~ 520 nm); plot of the 
corresponding concentration against time provides the rates of the 
nanoparticle assembly for the different initial concentrations.40 
Each experiment was repeated at least 3 times. 

Characterization 110 

Extinction/absorption spectra were recorded on a Varian model 
Cary 100 UV-visible spectrometer.  A clean hydrophilic quartz 
plate or high purity water was used as the reference for recording 
the spectra of the LB film or nanoparticle solution respectively.  
TEM images of the LB film deposited on carbon-coated copper 115 

grids were recorded on an FEI Tecnai G2 S-Twin TEM at an 
accelerating voltage of 200 kV.  FE-SEM images of the LB films 
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(c) 

1 µµµµm 

(b) 

1 µµµµm 

(a) 

Page 7 of 9 Physical Chemistry Chemical Physics



 

8  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

on hydrophilic quartz plate were recorded on a Carl Zeiss model 
Merlin Compact 6027 FESEM with a beam voltage of 3.0 kV. 

Analysis of nanoparticle chain networks 

The TEM images were analyzed using the image analysis 
software, ImageJ Ver. 1.41o (W. Rasband, National Institute of 5 

Health, USA; Java 1.6.0_10).  Particles in the image area (1×1 
µm2) were counted using the ‘Cell Counter’ option by marking 
each one and saving the coordinates.  Using these coordinates and 
appropriate length scales, all interparticle distances were 
evaluated using a home-made computer program.  Given a cut-off 10 

distance, the program constructs the particle connectivity list, 
defining the adjacency matrix, A of the equivalent simple 
graph.54  '( = ∑ A+,-  provides the number of neighbors of each 
particle, i.  The program then evaluates various powers of A; the 
smallest power, n for which �A.�(- ≠ 0 defines the length of the 15 

shortest path between the points, i and j connected in the network.  
Distribution of the number of such paths of different lengths 
provides a quantitative representation of the chain network in the 
nanoparticle assembly. 
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Negatively charged metal nanoparticles assemble as chain networks through Langmuir-Hinshelwood kinetics on a Langmuir film of 5 

positively charged amphiphiles.  The extension of the networks captured in Langmuir-Blodgett films is tuned by the deposition pressure. 
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