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Multilayered films starting with silica or polymer particles in the micron-size range have been

prepared using the Langmuir–Blodgett technique. The polymer particles made of highly cross-

linked cores and hydrophilic shells were elaborated through a precipitation polymerization

method that allows formation of particles with a low polydispersity. The influence of the surface

function, the differences between organic and inorganic systems, and the characterization of these

materials by means of reflectance infrared spectroscopy are also discussed.

Introduction

For many years, the Langmuir technique has been thoroughly

used to study the behaviour of molecules at several gas–liquid

interfaces.1,2 However, in the past decades, improvement in

nanosciences and experimental techniques leading to nano-

particles of various natures, sizes and functionalities has

provided a renewed interest in Langmuir technology, that

could bring information on the interfacial behaviour of nano-

particles like clays,3 nanowires,4 quantum dots,5 latexes,6 or

metal oxides.7 For instance, a comparative study could be

helpful in predicting the behaviour of particles at liquid–liquid

interfaces, such as an oil–water interface, and therefore be

useful in the understanding of particle-stabilized systems such

as Pickering emulsions.8–10

Several techniques have been used so far to get colloidal

assemblies such as layer-by-layer,11 vertical,12 or electrophore-

tic deposition13 but these processes could not be extended to

all types of particles. For instance, there is to our knowledge

no example of particulate assemblies made of polymer parti-

cles with a size bigger than 2 mm following one of these

strategies. However, for several years, interesting results have

been achieved in the elaboration of supraparticulate structures

using the Langmuir–Blodgett technique, that could theorically

be extended to various systems and particle sizes.

In recent works, several research groups worldwide have

demonstrated that the Langmuir–Blodgett (LB) technique was

a promising tool in order to elaborate colloidal crystals of

silica particles with a well-defined architecture over large

dimensions.14–21 These previous studies have shown that im-

portant criteria are determining the behaviour of these parti-

cles at the air–water interface and, as a consequence, their

ability to form well-organized particulate films at the water

surface. First, the diameter D of the particles determines the

number of particles that have to be compressed to form a

compact Langmuir film with a given area. Indeed, assuming a

perfect hexagonal arrangement at the interface, the area per

particle is given by the following relationship:

A ¼
ffiffiffi
3
p

2
D2 ð1Þ

and as a consequence, the amount of particles m required to

cover a normalized area of interface (1 m2) is given by:

m ¼ p

3
ffiffiffi
3
p rD

where r (g cm�3) is the volumic mass of the particles. In other

words, it is obvious that minimizing the probability of forming

defects in particulate Langmuir films is easier with big parti-

cles, since less particles, numerically speaking, are required to

cover the interface.

Results and discussion

Due to its easy synthetic routes leading to colloids uniform in

shape and size, silica is a naturally good material candidate to

study interfacial properties of monodisperse particles. As

already observed, the surface chemistry has a strong influence

over the quality of a Langmuir film of silica particles. Indeed,

the spreading step preliminary to the film formation requires

the use of a solvent that is both little-miscible with the

subphase (or with a smaller density) and a good dispersant

for the particles. For this reason, chloroform–ethanol mixtures

are perfect candidates to spread particles at the interface,

assuming these particles are properly functionalized to allow

dispersion in this solvent mixture. The surface modification

versatility of silica, permitted by a sol-gel process implying

functional silane derivatives, is consequently very helpful in

order to overcome this limitation.22,23

As described in our previous works, silica particles with a

diameter in the micron-size range can be prepared following a

modified Stöber procedure where an alcoholic solution of

the silica precursor, tetraethoxysilane, is added in a semi-
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351 cours de la Libe´ration, 33405 Talence Cedex, France

1



continuous fashion into a basic ethanol–water medium.24,25

This strategy allows to control quite precisely the final desired

size of the silica colloids,26 a slow addition rate of the

precursor solution also preventing secondary nucleation of

particles. Silica particles surface can then be modified using

aminopropyltriethoxysilane or allyltrimethoxysilane, thus pro-

moting an appropriate amphiphilic behaviour for the particles’

spreading at the water surface. Then, spreading of a given

amount of particles in a chloroform–ethanol mixture (80/20

v/v) was carried out at the water surface of a Langmuir trough

under nitrogen atmosphere. As shown in Fig. 1, the compres-

sion isotherms of these particles are almost identical to those

of smaller particles, with a similar surface hydrophilicity,

synthesized in a previous work.27 These isotherms are char-

acterized by a very steep slope at low surface pressures,

indicating that the particulate films are already well-organized

and almost perfectly compact at 1 mN m�1. Increasing the

pressure has indeed little effect on the area per particle at the

interface, that only starts to decrease above 18 mN m�1, the

collapse pressure being reached around 30 mN m�1. Accord-

ing to these results, the pressure chosen for the transfer of the

Langmuir film onto hydrophilic substrates was always fixed at

6 mN m�1.

While transferring several layers of particles onto a hydro-

philic substrate, it is then possible to elaborate Langmuir–

Blodgett films with a well-defined and homogeneous thick-

ness,14 as can be seen on the scanning electron microscope

(SEM) pictures presented in Fig. 2. These images were

recorded on a JEOL JSM-840 microscope operating at

10 kV after the samples were gold-sputtered.

However, characterization of these Langmuir–Blodgett

films is easier with spectroscopic means since we are dealing

with materials with a homogeneous thickness. We have

already shown that transmission infrared (IR) spectroscopy

could be helpful to characterize LB films of silica particles with

a size smaller than 1 mm but becomes quite limited for bigger

particles due to the strong absorbance of silica itself. To

circumvent this difficulty, we have taken advantage of the

possibility to transfer our LB films onto reflective substrates

such as silicon wafers in order to record the reflectance signal

of our materials in the IR region.

Reflectance infrared spectra of Langmuir–Blodgett films of

silica particles transferred onto silicon wafers are presented in

Fig. 3. These spectra were recorded at a spectral resolution of

8 cm�1 using a ThermoElectron Nexus 670 FTIR spectro-

meter. The reflectance experiments were performed using an

external reflection attachment at an angle of incidence of 121.

As shown in Fig. 3a, these spectra are first of all characterized

by a main reflectance maximum—between 2 and 2.5

mm—whose position and half-height width are better and

better defined when the number of layers increases. This

maximum corresponds to the Bragg peak whose wavelength

position depends on both the particle size and the mean

refractive index of the medium, neff (close to 1.33 for a periodic

arrangement of silica spheres in the air). Indeed, according to

Bragg’s law:

lB ¼ 2neff

ffiffiffi
2

3

r
D ð2Þ

From the best resolved Bragg peaks in graph 3a (correspond-

ing to the thickest samples), we can estimate that lB =

2.27 mm, what leads to a calculated D value around 1.05 mm,

very close to the diameter estimated by SEM.

As described in some of our previous works, IR spectra of

such LB films can also present some interesting features, as

shown in Fig. 3b. In the wavelength region between 3 and

8 mm, remarkable periodic Fabry-Pérot fringes appear within

the different spectra, thus modifying the IR spectrum of silica

Fig. 1 Compression isotherms of 0.68 mm silica particles functiona-

lized using allyltrimethoxysilane (left) and 1.10 mm silica particles

functionalized using aminopropyl–triethoxysilane (right) at the

air–water interface of a Langmuir trough (temperature: 20 1C).

Fig. 2 SEM pictures of LB films of 1.10 mm silica particles deposited onto glass substrates with 10 (left) and 20 layers (right).
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itself. When the LB film thickness increases, the amplitude and

the period of the fringes decreases in a regular fashion, what

indicates the homogeneity of the particulate deposit thickness,

i.e. its regular layer-by-layer arrangement. In Fig. 4, we have

represented some experimental data depending on the posi-

tions of these fringes (for a given thickness, l0 is the wave-

length of the first fringe and the lm are the positions of the

following ones). For all the samples, the linear fit is almost

perfect with regression coefficients higher than 0.999 whereas

the slopes simply correspond to the LB film thickness. As

shown in Table 1, the experimental values are very close to the

theoretical ones, calculated using the following relationship: 14

yðNÞ ¼ 1þ ðN � 1Þ �
ffiffiffi
2

3

r" #
�D ð3Þ

where y is the film thickness and N the number of deposited

layers. Moreover, the deviation of the experimental value in

respect to the theoretical one decreases rapidly when the

number of layers increases, due to the higher accuracy over

the fringes positions.

Despite the simplicity of the involved chemical reactions,

obtaining monodisperse silica particles with a size bigger than

1 mm through a sol-gel route is a long and time-consuming

process. In order to study the interfacial behaviour of larger

particles, that could also present the considerable advantage of

being easily observed by classical optical microscopy, we were

interested by synthetic procedures leading to micronic and

monodisperse polymer particles, whose surface properties

could be controlled through a well-chosen mixture of mono-

mers. The polymer particles used in this work were prepared

through a two-step polymerization process. First, cross-linked

core particles were prepared through precipitation polymer-

ization of a mixture of monomers, divinylbenzene (DVB) and

ethyleneglycol dimethacrylate (EGDMA), in acetonitrile, fol-

lowing a procedure described elsewhere.28 These highly cross-

linked cores ensure a good chemical resistance in all of the

most common solvents, and chloroform in particular, what is

a necessary prerequisite of the spreading process in the Lang-

muir film preparation. A co-monomer such as chloromethyl-

styrene could also be included in the mixture of monomers,

which provides some chlorine functions at the core particles

surface.29 These reactive groups are then useful in the second

step consisting of an atom transfer radical polymerization of

tert-butylacrylate in presence of a CuBr/pentamethyl-diethy-

lenetriamine mixture catalyst, leading to the formation af a

hairy polymer shell. Following deprotection of carboxylic acid

functions through acidolysis of the tert-butyl groups in di-

chloromethane in presence of trifluoroacetic acid finally leads to

polymer particles with an amphiphilic macroscopic behaviour,

due to the hydrophobic core/hydrophilic shell structure combina-

tion.30 This property is illustrated on the macroscopic scale by the

easy dispersion of the particles in water, ethanol or chloroform.

Polymer bead suspensions with a concentration around

20 mg mL�1 were prepared by weighing a given amount of

particles and dispersing them in a mixture of ethanol and chloro-

form (80/20 v/v). Spreading and compression at the air–water

interface were carried out following an experimental procedure

identical to the one previously described with silica particles.

Fig. 3 Reflectance IR spectra of LB films of various thicknesses onto silicon wafers: (a) IR region of the Bragg peak position; (b) IR region where

Fabry-Pérot fringes appear.

Fig. 4 Calculation of Langmuir–Blodgett film thicknesses starting

from the Fabry-Pérot fringes positions.

Table 1 Values of thickness of several LB films of silica particles

Sample thickness/mm

Number of layers Theoretical Experimental Deviation

10 9.18 10.04 +9.37%
20 18.16 19.26 +6.06%
30 27.15 28.17 +3.76%
50 45.11 44.80 �0.69%
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Compression isotherms pictured in Fig. 5 were recorded

through a manual and stepwise compression of the Langmuir

films of particles at 20 1C and under a nitrogen atmosphere.

The amount of spread particles was identical in both cases (ca.

120 mg) and the area per particle was calculated assuming a

particle diameter around 3.8 mm and a mean volumic mass

around 1.19 g cm�3. The isotherm of the surface hydrophilic

particles (E) is very similar to the isotherm already observed

with silica particles leading to a homogeneous and well-

organized monolayer of particles with a very steep slope at

low surface pressures and a collapse pressure around 30 mNm�1.

On the contrary, the behaviour of non-deprotected particles, i.e.

with a hydrophobic shell (K), is completely different since the

area per particle varies significantly until a pressure of around 20

mNm�1. Moreover, whereas the size and the amount of particles

were the same in both cases, one can notice that the surface area

per particle is more or less 1.5 times higher in the case of

hydrophobic particles, which should indicate that the particulate

film is much less dense compared to the hydrophilic one.

As pictured in Fig. 6, observation of monolayers of polymer

particles transferred onto hydrophilic glass slides illustrates

perfectly the influence of the surface function of a particle on

the two-dimensional organization at the air–water interface.

Indeed, at the same transfer pressure of 6 mN m�1 polymer

particles with tert-butyl ester groups at their surface—i.e.

undeprotected hydrophobic functions—form a ‘‘patchy’’ film.

In this 2D structure, some well-packed and organized—but

small—domains coexist with individual particles as well as non

close-packed areas. On the opposite, polymer particles whose

surface functions have been deprotected through acidolysis,

consequently exhibiting hydrophilic carboxylic acid groups at

their surface, provide a much more dense particulate film. This

result first confirms the macroscopic observation that depro-

tected particles are easily dispersible in water, unlike their unde-

protected analogues. Secondly, it provides a clear demonstration

that the surface function is the main criterium that determines the

formation of a well-organized array of particles, whereas the

density or the hydrophobicity of the core has little influence.

Fig. 5 Compression isotherms of Langmuir films of polymer particles

with different surface functions (with or without deprotection of the

carboxylic acid groups).

Fig. 6 Optical microscope views of monolayers of poly(DVB-EGDMA) particles transferred onto glass substrates at 6 mN m�1. Left: particles

with hydrophobic tert-butyl ester groups at their surface; right: particles with hydrophilic carboxylic acid groups after deprotection through

acidolysis. Particle diameter: 3.8 mm.
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Langmuir–Blodgett films consisting of surface hydrophilic

polymer particles were also successfully obtained by sequential

deposition of the particulate monolayer onto hydrophilic glass

slides. Due to the big particle diameter, it is however not

possible to observe the Bragg diffraction peak by conventional

IR transmission experiments, as we did previously with sub-

micronic silica particles. Indeed, the effective refractive index

neff for a f.c.c. arrangment of polymer particles (nB 1.6) in the

air (n B 1) should be around 1.47. As a consequence, follow-

ing eqn (2), the theoretical Bragg peak position should be close

to 1100 cm�1 (i.e. lB = 9.1 mm), in a wavelength region where

glass absorbs strongly the IR radiation. Fortunately, reflec-

tance IR spectroscopy is again helpful in this precise case since

the strong absorption of IR radiation in this spectral domain

ensures a good reflectance signal of our polymer films depos-

ited onto glass slides.31

As represented in Fig. 7a for three different samples, the

recorded reflectance IR spectra still allow to estimate both the

particles diameter starting from the Bragg peak position (lB B
9.29 mm) as well as the LB film thickness. For the thickest

sample, the Fabry-Pérot fringes are also well-defined and the

linear fit provided in Fig. 7b is almost perfect. From the

calculated slope of 30.65 mm, one could then deduce, using

eqn (3), a diameter D of around 3.67 mm, which is quite close

to the awaited value of 3.8 mm, taking into account the

uncertainties on the exact fringes positions as well as the real

refractive index of our material.

From these results, one can infer that the elaboration of a

multilayered structure of micron-sized polymer particles

through the LB technique has been successful. As said pre-

viously, this achievement was made possible by the appro-

priate amphiphilic behaviour of these particles and their

ability to form a well-organized Langmuir film after compres-

sion. As shown in Fig. 8, particles forming well-ordered arrays

at the air–water interface seem to have similar properties at the

curved interfaces of oil-in-water droplets, as described more

thoroughly by Leal Calderon and co-workers in another paper

of this special PCCP issue.32 Excepted from the Pickering

emulsions area, such particles could also be particularly useful

in order to elaborate 3-dimensional ordered arrays of particles

whose porous replicas, that would present micron-sized voids

after the template removal,33 could be of interest for catalytic

purposes34 or cellular scaffolds,35 which cannot be obtained

using smaller particles as basic units.

Conclusions

In this paper, we have reminded some of the important

parameters involved in the formation of Langmuir films of

particles and detailed more precisely the case of micron-sized

Fig. 7 (a) Reflectance spectra of LB films of surface-hydrophilic poly(DVB-EGDMA) particles of various thicknesses onto glass substrates; (b)

Thickness calculation from the Fabry-Pérot fringes positions for the 10-layers sample.

Fig. 8 Optical microscopy images of a single layer of polymeric particles with a highly cross-linked poly(DVB-EGDMA) core and a hydrophilic

shell: monolayer transferred onto a glass substrate through the LB technique (left); surface-stabilized oil-in-water droplet (right). Particle diameter:

3.5 mm.
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particles. We have demonstrated that the Langmuir–Blodgett

technique might be of high interest in order to elaborate 3D

assemblies of micron-sized particles, since reflectance IR spec-

troscopy results indicate that materials with a thickness up to

50 mm could be obtained through this strategy. Results

obtained with large polymer particles with an appropriate

core-shell structure indicate the extensibility of this strategy

to chemical systems different from silica and, most interest-

ingly, to particles with a size much bigger than those used in

past works.
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