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Abstract: The structure of the multilayer assemblies of yttrium iron garnet nanoparticles (YIG) with
polyelectrolytes was investigated with the emphasis on the control of the particle density in the adsorption
layers. It was found that the growth of YIG films prepared by the layer-by-layer assembly can occur via two
deposition modes: (1) sequential adsorption of densely packed adsorption layers (normal growth mode) and
(2) in-plane growth of isolated particle domains (lateral expansion mode). Importantly, the dependence of the
optical density on the number of deposition cycles remains linear in both cases. Microscopy results indicate
that the origin of the lateral growth is in the interplay of particle/particle and particle/polyelectrolyte interactions
rather than in a substrate effect. The lateral expansion mode is a general attribute of the layer-by-layer deposition
and can be observed for various aqueous colloids. For the preparation of sophisticated multifunctional assemblies
on nanoparticles, the film growth via domain expansion should be avoided, and therefore, one must be able
to control the growth pattern. The switch from lateral to normal growth mode can be effected by grafting
charged organic groups to YIG nanoparticles. Hydrophobic interactions between the hydrocarbon groups of
the modified YIG and polyelectrolyte significantly increase the attractive component of the particle/
polyelectrolyte and particle/particle interactions. The films from modified YIG display densely packed
nanoparticle layers with a greatly reduced number of defects.

Introduction

Advanced materials from inorganic nanoparticles are currently
one of the most dynamic areas of today’s science. They represent
significant fundamental and commercial interest with a wide
range of applications including the next generation optics,
electronics, and sensors.1 Synthetic methods of colloidal chem-
istry afford manipulation of their size, surface structure, and
hence their properties.2 In optical, electrical and magnetic
devices, nanoparticles will be mostly used in the form of thin
films. Currently, such films are typically made by spin coating,3,4

spraying,5,6 or sometimes simple painting7 nanoparticle-matrix
mixtures. The layer-by-layer assembly (LBL) developed by G.
Decher is one of the most perspective new methods of thin film

deposition, which was often used for oppositely charged
polymers.8-10 Recently, it has also been successfully applied
to thin films of nanoparticles and various other inorganic
materials.11-33 Its simplicity and universality combined with the
high quality of coatings and uniform distribution of nanoparticles
opens broad perspectives for this technique both in research
and in industry. Importantly, the LBL prevents phase segregation
of a nanoparticles/polymer mixture, which often occurs for other
methods,3,4,34 and is detrimental for many applications. LBL
can also significantly improve the accuracy of thin film
deposition and lead to the production of stratified films with
alternating layers of different substances of organic or inorganic
nature which was demonstrated in our previous works.11a,26
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The LBL of nanoparticles can be described as the sequential
adsorption of nanoparticles on oppositely charged layers of
polyelectrolytes. The deposition of the films can be performed
in a cyclic manner made possible by overcompensation of
surface charge when polyelectrolytes or other species are
adsorbed at the solid-liquid interface. The facile formation and
stability of the nanoparticle LBL films should be attributed to
the combination of both electrostatic and van der Waals
attractive forces.36,56 While the importance of the Coulomb

interactions for LBL is rather obvious, the van der Waals
intermolecular forces are considered to be weaker and are
sometimes neglected. However, the LBL films made from
uncharged compounds, whose formation was driven exclusively
by the van der Waals interactions, have been recently re-
ported.37,81

Being stimulated by the simplicity and universality of the
assembly procedure, LBL films of nanoparticles are actively
studied for a number of electronic and photonic appli-
cations.11,19,20,31,38-55 At the same time, little is known about
the fundamental regularities of this seemingly straightforward
procedure. Only now are we beginning to understand how to
manipulate different forces acting between polyelectrolytes and
nanoparticles.36,56,57 The importance of control over the film
structure is difficult to overestimate for the functional optimiza-
tion of numerous LBL-based materials and devices.

It is believed that each LBL adsorption step results in the
formation of a continuous (mono)layer and the repetition ofn
deposition cycles yields a composite homogeneous film whose
thickness is proportional ton. This is reflected as a linear
increase of the mass or optical density, OD, of the LBL film
with n. Here, we present the evidence that LBL growth can
occur via two distinct modes. The buildup of LBL films of YIG
and other nanoparticles can proceed as the enlargement of
isolated 2D particle domains expanding laterally and vertically.
Importantly, the dependence of the amount of YIG transferred
to the substrate in each deposition cycle during lateral expansion
still linearly depends onn, and therefore is undistinguishable
from the true layer-by-layer growth when complete (mono)-
layers are formed in each adsorption step, i.e. the normal growth
mode. The lateral expansion mode can occur for particles of
different nature and, most likely, for many organic and inorganic
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colloids as demonstrated here with barium ferrite and latex
dispersions. Different compensation mechanisms are suggested
to contribute to the linearity of the lateral expansion mode.

The possibility of the lateral mode of film buildup must be
taken into account when designing complex multilayer systems.
The order in the stack of the layers with different functionalities
will be disrupted by the irregular nature of the particle domains.
Therefore, we also discuss here the approaches to switching
from the lateral expansion mode to the normal growth mode
when each deposition cycle results in the addition of a complete
layer perpendicular to the normal to the surface. In particular,
this can be achieved by grafting organic moieties to the surface
of nanoparticles. The hydrocarbon groups enhance the van der
Waals component of the attractive force between nanoparticles
and polyelectrolytes. Consequently, the nanoparticles adsorbed
in each deposition step produce a densely packed layer, and
the layer-by-layer deposition resulting in uniform multilayer
assemblies is realized.

Experimental Section

1. Preparation of the YIG Colloid. Nanopowders of YIG and
barium ferrite were purchased from the Nanomaterials Research
Corporation (Logmont, CO). According to the company specifications,
the average diameter of particles was 50 nm as determined by BET
(company’s specifications). Approximately 0.5 g of the nanopowder
was initially suspended in 250 mL of 18.2 MΩ deionized water
(Barnstead, E-pure system) with the pH adjusted to 11.23 with NH4-
OH (Aldrich). The dispersion was ultrasonically agitated in a Whatman
Sonicor SC-50T ultrasound bath for not less than 2 h and the resulting
suspension was allowed to stand for at least 1 h. The heaviest particles
were sedimented by centrifugation at 3800 rpm for 10 min in Centrific
centrifuge (Fisher), and the supernatant containing dispersed YIG
particles was decanted and stored for subsequent use in the LBL
deposition. Suspended particles had an average particle size of 30 nm
as determined by transmission electron microscopy (TEM). The
suspensions of barium ferrite were prepared according to the identical
procedure.

2. Modification of YIG Colloid. About 2 g of YIG powder was
thoroughly dried in a vacuum for 1 day to remove traces of water.
Then, the sample was transferred into a 50 mL hexane 0.5% solution
of 3-aminopropyl trimethoxysilane (Fluka) and the mixture was stirred
in an airtight flask for 24 h. After that, the solid was decanted and
washed with a large amount of dry hexane, acetone, and finally ethanol.
The modified nanoparticles were dispersed in water at acidic pH<4
in an analogous way to the nonmodified nanoparticles. The dispersions
of equal optical density were used in the layer-by-layer assembly
procedure in each case.

3. Layer-by-Layer Assembly.Glass slides and silicon wafers used
as film substrates were cleaned with Nochromix (Fisher) in concentrated
H2SO4, then thoroughly rinsed and allowed to dry in air. An appropriate
substrate was immersed in a 1% aqueous solution of high molecular
weight poly(diallyldimethylammonium chloride), Mw) 400000-
500000 (Aldrich), for 10 min at pH 3.5 and rinsed with deionized 18
MΩ water in three beakers for 1 min each. To remove the excess liquids
from the substrate surface, the samples were dried in a stream of
compressed air. After that, the slide was immersed into a beaker
containing the YIG suspension for 1 h. Upon completion of the
nanoparticle adsorption, the substrate was removed, rinsed in two
beakers of fresh 18 MΩ water for 1 min each, and then dried. To form
multilayers, the entire cycle of PDDA and YIG adsorption was repeated
as many times as necessary to obtain a film of the desired thickness.

Two modifications of the basic LBL procedure described above were
used in this study: (1) YIG was assembled in the presence of NaCl
followed the procedure outlined above with the exception that the stock
20% solution of PDDA was diluted with a solution of NaCl of required
concentration in the amount necessary to obtain a 1% PDDA solution.
(2) The LBL assembly of YIG nanoparticles was also performed after
the deposition of several polyelectrolyte/polyelectrolyte LBL layers
(precursor layers). The first layer of PDDA was prepared as described

above at pH 3.5. After that, a layer of poly(acrylic acid) [PAA, Mw)
1000000] or (polystyrenesulfonate sodium) [PSS, Mw)1000000] was
deposited by immersion of a substrate in 1.0% aqueous solution of the
polyelectrolyte at pH 3.5 for 10 min. The substrates were then rinsed
three times for 1 min in three separate beakers. For preparation of
precursor layers, the polyelectrolyte assembly was repeated until five
(PDDA/PAA) layers topped with a layer of PDDA were made. After
that, the substrate was exposed to the YIG dispersion and YIG/PDDA
alternations continued as usual.

4. Instrumentation. The progress of the nanoparticle assembly on
glass substrates was monitored by using UV-vis spectra on an
HP8453A Hewlett-Packard spectrophotometer. The UV-vis readings
were taken after each assembled layer. The dependence of the adsorption
increment on the number of layers was observed at 350 nm.

YIG films assembled on silicon wafers were analyzed by atomic
force microscopy (AFM). AFM images were taken by using a
Multimode Nanoscope IIIa instrument operating in the tapping mode
with TESP silicon nitride tips. Typically, the surface was scanned at 2
Hz with 256 lines per image resolution and 1.2-4.0 V set-point.

Transmission electron microscopy (TEM) images were taken on a
JEOL JEM 100 CX II scanning transmission electron microscope with
a Noran X-ray system operating at 100 kV. TEM samples were prepared
so that a layer of magnetic nanoparticles was deposited only on one
side of the carbon-coated TEM grid. A 200 mesh copper grid was
carefully brought into contact with the surface of aqueous solutions
and was allowed to float on the air-water interface for the period of
time equivalent to the duration of adsorption in a regular deposition
cycle. Then, the grid was cautiously removed from the solution avoiding
the contact of its backside with the subphase and was transferred onto
the surface of the next solution.

Scanning electron microscopy (SEM) images were taken on a JEOL
JXM 6400 scanning electron microscope with an Oxford exL X-ray
system and cryostage operating at an accelerating voltage of 15-20
kV and a field depth of 8. The samples were coated with gold in a
Denton Vacuum Desk II magnetron sputterer/etcher.

Ellipsometric measurements were made with an AutoEL MS
ellipsometer from Rudolph Research Corp. The measurements are
performed with use of a 632.8 nm line of He/Ne laser incident upon
the sample at 70°. The so-called DafIBM program supplied by Rudolph
Technologies is employed to determine the thickness values.

The ú-potential measurements were performed by using Malvern
Zetasizer 2000 HS operating with the internal 10 mW, 633 nm He-
Ne laser in the right angle geometry. The standard 1× 1 cm cuvette
was used in these measurements.ú-potentials of PDDA, PAA, and PSS
layers were determined by adsorbing the polyelectrolytes on 200 nm
latex particles.58 The latex dispersion was added to the corresponding
polyelectrolyte with pH adjusted to the required value and remained
there for 30 min. After gentle centrifugation and rinsing with water,
the particles were redispersed in water with appropriate pH and the
ú-potential of latex particles was measured in the regular fashion.

Results and Discussion

1. YIG Particles. The starting point of the LBL deposition
of nanoparticles is the preparation of an aqueous dispersion of
the inorganic material. The surface potential of a colloid should
be high enough to overcome attractive forces between the
particles that can be balanced by the electrostatic repulsion of
double electrical layers. For YIG, the isoelectric point is located
at pH 6-7,59 and therefore, both basic and acidic pH should
result in charging of the YIG surface. The most stable
dispersions of YIG were obtained at pH 11.23, where YIG
particles are negatively charged. They were stable for months
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2011-2016.
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without any sign of precipitation. In comparison with silica or
titania of similar particle size forming stable dispersions in
mildly basic or acidic solutions, pH of the YIG dispersions is
somewhat higher, which is likely to be related to additional,
relatively weak magnetic forces between them. As evidenced
by the transmission electron microscopy, prepared dispersions
are fairly polydispersed with particles ranging from 15 to 50
nm in diameter (Figure 1). The average diameter of the particles
was 32 nm. Addition of 0.1% PDDA resulted in formation of
a red sediment, which cannot be further redispersed.

2. Layer-by-Layer Assembly of YIG. Layer-by-layer as-
sembly is based on a cyclic adsorption of positively and
negatively charged species, sayA andB, by dipping a substrate
alternatively into their solutions, which results in a layered blend
of A and B. The only requirement toA and B is to be of
relatively high molecular weight, which makes LBL a very
versatile deposition technique. Heavy mass and multiple points
of attachment toA and B render the absorption sufficiently
irreversible to allow for the deposition of the next layer. Either
A or B is almost always a polyelectrolyte,9 while the other LBL
partner can be a dispersion of nanoparticles, clay sheets, proteins,
dyes, vesicles, DNA, viruses, or other species. The omnipresence
of polyelectrolytes in the LBL assemblies is explained by their
ability to cover irregularities in the surface they adsorb on owing
to rodlike conformation of the charged macromolecules in
aqueous solutions.9,60 It is commonly understood that bothA
and B form a complete (mono)layer on the surface, which is
dense enough to reverse the surface charge in each layer. Indeed,
for many combinations of oppositely charged compounds each
adsorption step produces a thin and uniform layer of a

corresponding compound. However, for many combinations of
polyelectrolytes with compact colloidal species (organic or
inorganic), the growth of the LBL assembly was shown to be
very slow or irregular for reasons which remain poorly
understood and which we hoped to clarify in this work.

An LBL film obtained after n deposition cycles can be
generically referred to as (A/B)n, and this notation will be used
throughout the paper. It is important to note that the (A/B)n

abbreviation describes primarily thedeposition procedurerather
than the actual sequence of the multilayers obtained as a result
of it. The films, where the adjacent layers deposited in one cycle
can be clearly distinguished from each other, are difficult to
obtain because of the strong interpenetration of polyelectrolyte
chains61-63 blurring the border between the adjacent layers
although some advances in this direction have been recently
made.26,64

The layer-by-layer deposition of YIG nanoparticles on glass
substrate was monitored by the increase of the UV-vis
absorbance, OD, when particles were deposited on a transparent
substrate (Figure 2). The stable growth of the LBL assembly,
resulting in the repeatable deposition of layers of polyelectrolyte
and nanoparticles, must yield a linear dependence of OD vs
the number of layers,n, as was reported for many LBL assembly
pairs.11-31,65,66 Interestingly, both smooth saturated log-like
dependencies and curves with multiple inflection points were
observed for YIG nanoparticles in some experiments (Figure

(60) Kotov, N. A.; Haraszti, T.; Turi, L.; Zavala, G.; Geer, R. E.; Dekany,
I.; Fendler, J. H.J. Am. Chem. Soc.1997, 119, 6821-6832.

(61) Decher, G.; Lvov, Y.; Schmitt, J.Thin. Solid. Films1994, 244, 772-
777.

(62) Lvov, Y.; Decher, G.; Mo¨hwald, H.Langmuir1993, 9, 481-486.
(63) Lvov, Y.; Decher, G.; Haas, H.; Mo¨hwald, H.; Kalachev, A.Phys.

Status Solidi B1994, 198, 89-91.
(64) Tarabia, M.; Hong, H.; Davidov, D.; Kirstein, S.; Steitz, R.;

Neumann, R.; Avny, Y.J. Appl. Phys.1998, 83, 725-732.

Figure 1. Transmission electron microscopy image of YIG nano-
particles in aqueous dispersion used for LBL assembly.

Figure 2. (a) UV-vis absorption spectra of (PDDA/YIG)n, n ) 1-20,
films sequentially adsorbed on a glass slide. (b) Dependence of the
optical density of the (PDDA/YIG)n film with 20 min of the YIG
absorption step. (c) Dependence of the optical density of (PDDA/YIG)n,
n ) 1-50, films at 350 nm assembled with 1 h of the YIGadsorption
step. (d) Ellipsometric thickness of (PDDA/YIG)n, n ) 1-10,
sequentially deposited on a glass slide and registered at 632.8 nm. The
thickness increment per YIG layer is 3.5 nm, the precursor layer
thicknessis 4 nm,nYIG ) 1.9, andnprecursor) 1.7.
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2b). The stable linear growth was obtained when the time of
exposure of the substrate to the YIG dispersion was increased
from a few minutes to 1 h (Figure 2c). Elongation of the
exposure time for YIG to 12 h did not significantly affect OD
vs n dependence.

Measurements of the thickness of the LBL films by ellip-
sometry (Figure 2d) reveal that the average film thickness
linearly increases with the number of deposition cycles in line
with the dependence of OD. The thickness increment, which is
being added to the coating by a single PDDA/YIG layer, is 3.5
nm. If we recall the fact that the average diameter of YIG
nanoparticles is 32 nm, then this thickness corresponds to the
average surface density of YIG of one particle per 32300 nm2.
Such a small thickness of absorption layer and a low density of
particles contradict the structure of LBL nanoparticle films found
in previously studied LBL pairs.11,21,23,24,26,27,49,65-69 Considering
the requirement of the surface charge switching,35 the sustained
buildup of the multilayers seen in Figures 2b and 3 becomes
quite surprising and raises the question about the actual
mechanism of the layer-by-layer growth in this case. Note that
the stable growth of YIG/PDDA multilayers is observed for as

long as 50 deposition cycles. The number of layers is large
enough to defy any doubts that it will continue further in the
same fashion.

Scanning electron microscopy investigation of the surface
topography enabled us to resolve this contradiction. The SEM
images revealed that the repetition of adsorption cycles resulted
not in the sandwich-like layering of organic and inorganic strata,
as was observed or assumed to be present for numerous other
LBL pairs,11,21,23,24,26,27,49,65-69 but rather in the growth of fairly
isolated YIG islands (Figure 3). In layer 1, the film consists of
YIG domains 0.5-1.5 µm in diameter (Figure 3a), which
increase to 1-3 µm in deposition cycle 2 (Figure 3b), and 3-4
µm in deposition cycle 3 (Figure 3c). The domains are laterally
expanding along the substrate surface, which is also ac-
companied by the increase of their average height. In the
closeup, one can see that the YIG islands are 3D agglomerates
of YIG nanoparticles (Figure 3d), growing in size with increas-
ing n. The AFM examination of the same film showed that the
surface of the substrate between the YIG domains is coated only
by the polyelectrolyte (Supporting Information). The topography
in the gaps is virtually featureless with very small roughness,
which is characteristic of PDDA. This demonstrates that the
particles deposited in the LBL deposition cycles adhere pre-
dominantly to the existing domains rather than to the bare
PDDA-covered surface, although the total number of domains
may also increase.

The growth pattern of the isolated YIG domains, which for
convenience will be referred to here as the lateral expansion

(65) Schrof, W.; Rozouvan, S.; Vankeuren, E.; Horn, D.; Schmitt, J.;
Decher, G.AdV. Mater. 1998, 10, 338-341.

(66) Gao, M.; Zhang, X.; Yang, B.; Li, F.; Shen, J.Thin Solid Films
1996, 284-285, 242-245.

(67) Mamedov, A. A.; Kotov, N. A.Langmuir2000, 16, 5530-5533.
(68) Rosidian, A.; Liu, Y. J.; Claus, R. O.AdV. Mater.1998, 10, 1087.
(69) Liu, Y.; Wang, A.; Claus, R. O.Appl. Phys. Lett.1997, 71, 2265-

2267.

Figure 3. Scanning electron microscopy images of (PDDA/YIG)n films with (a) n ) 1, (b and d) 2, and (c) 3.
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mode,70 was initially regarded as the result of poor quality
substrate carrying probably hydrophobic patches as was seen
for modified silica surfaces.71 However, for glass slides and
silicon wafers thoroughly cleaned with hot piranha solution for
as long as 30 min as well as for glass slides treated with a
promoter of polyelectrolyte adsorption 3-aminopropylsiloxane,
the identical deposition patterns were observed. Effective
elimination of a potential substrate effect can be accomplished
by precoating it with a (PDDA/PAA)n multilayer to form a
precursor film, which makes the surface virtually uniform in
properties. (PDDA/PAA)n and similar polyelectrolyte pairs were
shown by many authors to form excellent coatings on a variety
of surfaces.72-77 We used acidic pH 3.5 for PAA solution, when
PAA is only slightly ionized, to increase the thickness of the
adsorption layers.73 Five (PDDA/PAA) bilayers were made on

a substrate producing a film of ca. 20 nm and topped with an
additional layer of PDDA. This rendered the substrate hydro-
philic with a contact angle of 37( 3°. Regardless of the very
hydrophilic nature of the (PDDA/PAA)nPDDA film, a new
series of SEM images reveals that the cyclic repetition of
adsorption steps results in the same growth pattern as for the
bare silicon wafers without the precursor film (Figure 4). The
size of the YIG domains expands from 1.5 to 2µm for the first
dipping cycle (Figure 4a) to 3-5 µm for cycle 2 (Figure 4b)
and 5-7 µm for cycle 3 (Figure 4c). Between the YIG islands,
one can see the texture of the underlying precursor layer both
on the low magnification and high magnification images (Figure
4d with Figure 3d); surface relief of the precursor layer is
different from the corresponding background textures in Figure
3.

Thus, one can conclude that the pattern of film growth seen
in Figures 3-5 is a feature of the particle/polyelectrolyte pair
rather than the substrate effect. Since the forces between YIG
and PDDA are of rather general nature, i.e. not specific to the
YIG-polyelectrolyte pair, a similar growth pattern is likely to
occur in other systems involving nanoparticles or other colloids.
Indeed, the similar lateral domain expansion can be seen for
40 nm barium ferrite nanoparticles and 200 nm polystyrene latex
(Figure 5).

Considering the structure of the films in Figures 3-5, it must
be pointed out that there is an aspect of the deposition process
that is quite difficult to rationalize at the moment. The constantly

(70) This term is used with the understanding that concomitant with the
lateral expansion, the domains also grow in thickness accumulating new
layers of particles similarly to the normal growth mode.

(71) Ferguson, G.; Kleinfeld, E.Chem. Mater.1996, 8, 1575-1578.
(72) Joly, S.; Kane, R.; Radzilowski, L.; Wang, T.; Wu, A.; Cohen, R.

E.; Thomas, E. L.; Rubner, M. F.Langmuir2000, 16, 1354-1359.
(73) Shiratori, S. S.; Rubner, M. F.Macromolecules2000, 33, 4213-

4219.
(74) Mendelsohn, J. D.; Barrett, C. J.; Chan, V. V.; Pal, A. J.; Mayes,

A. M.; Rubner, M. F.Langmuir2000, 16, 5017-5023.
(75) Caruso, F.; Furlong, D. N.; Ariga, K.; Ichinose, I.; Kunitake, T.

Langmuir1998, 14, 4559-4565.
(76) Chen, W.; McCarthy, T. J.Macromolecules1997, 30, 78-86.
(77) Lvov, Y.; Ariga, K.; Ichinose, I.; Kunitake, T.Langmuir1996, 12,

3038-3044.

Figure 4. Scanning electron microscopy images of (PDDA/YIG)n films with (a) n ) 1, (b and d) 2, and (c) 3 assembled on a precursor layer
(PDDA/PAA)5PDDA.

1106 J. Am. Chem. Soc., Vol. 123, No. 6, 2001 Ostrander et al.



expanding area of YIG islands is supposed to increase the
amount of material transferred in each deposition cycle, and
therefore should result in a constantly increasing optical density
increment. For all these cases, particularly surprising is the fact
that the OD vsn plot remains linear throughout the deposition
process without any sign of upturn. This indicates that there is
a compensation effect reducing the number of adsorbed particles
as the area of the film expands. There can be several possible
mechanisms of the compensation: (1) partial desorption of
previously adsorbed particles during the adsorption of the next
polyelectrolyte layer; (2) increased electrostatic repulsion
between like charged components as the film grows; and (3)
dependence of the amount of the adsorbed material on film/
substrate roughness.

The presence of the nanoparticle desorption process associated
with the deposition of the new PDDA layers can be clearly seen
in Figure 2b: the reduction of the YIG UV absorbance with
increasingn can only be explained by partial removal of YIG
particles.78 The reduction of the number of free-standing latex
spheres after the second deposition cycle can also be clearly
seen in Figure 6d. The increase of electrostatic repulsion and
the influence of roughness on the amount of adsorbed material
can be predicted on the basis of refs 79. Hence, the compen-
sationmechanisms are to be present in the system. Nevertheless,
the question why the superposition of all these effects results

in a linear growth and not in a higher order curve remains open.
Further discussion of these processes and their relation to LBL
deposition involves special theoretical treatment of the poly-
electrolyte-nanoparticle-substrate system and goes beyond the
scope of this publication.

3. Switching the Growth Modes. For the preparation of
various thin film materials and devices from LBL assemblies
of nanoparticles, it is always desirable to have a complete,
densely packed adsorption layer rather than particle domains
because the multilayers growing laterally do not allow for the
control of the layer-by-layer architecture. Therefore, one needs
to have some means to switch the modes of the LBL growth.
The particle density in the absorption layer can possibly be
increased by screening the electrostatic repulsion between the
nanoparticles, i.e. by elevating the ionic strength,I, of dispersion,
which was shown to increase the thickness of the LBL layers
of polyelectrolytes.61,73 Indeed, with addition of NaCl to YIG,
the slope of the OD vsn plot becomes steeper than that for
pure YIG (Figure 6a). The dependence of∂OD/∂n vs I shows
a significant increase of the number of particles transferred in
each cycle for [NaCl]< 0.2 M. ∂OD/∂n passes through the
maximum at ca. 0.2 M NaCl, leveling off at 0.5 M NaCl (Figure
6b).80 The structure of the film in a maximum of∂OD/∂n at

(78) The substrates with YIG/PDDA films were air-dried between the
deposition cycles. The accelerated drying in the stream of gas was
intentionally avoided.

(79) Hartley, P. G.; Scales, P. J.Langmuir 1998, 14, 6948-6955.
Hoogeveen, N.; Cohen Stuart, M. A.; Fleer, G. J.J. Colloid Interface Sci.
1996, 182, 146-157. Sukhishvili, S.; Granick, S.J. Chem. Phys.1998,
109, 6869-6878. Sukhishvili, S.; Granick, S.J. Chem. Phys.1998, 109,
6861-6868. Wallin, T.; Linse, P.J. Chem. Phys.1998, 109, 5089-5100.

Figure 5. Scanning electron microscopy images of (PDDA/barium ferrite)n films with (a) n ) 1 and (b) 2 and (PDDA/latex)n films with (c) n )
1 and (d) 2.
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[NaCl] ) 0.2 M was investigated by SEM (Figure 7). The
images reveal film morphology analogous to that observed in
Figures 3-5, and hence the increase of ionic strength does not
change the growth mode.

The addition of NaCl reduces the repulsion between the
nanoparticles, but it also reduces the attraction between YIG
and PDDA. Therefore, the increase in ionic strength results in
both positive and negative effects in respect to increasing the
surface density of nanoparticles. A different type of forces
between nanoparticles and PDDA that ought to affect the film
structure are the van der Waals interactions.36 So far, these forces
were paid little attention in the studies of the layer-by-layer
assembled films36,56,57 although they are known to make the
major contribution in the strength of polyelectrolyte com-
plexes.36,56,82In particular, we want to utilize the hydrophobic
interactions, which represent a special type of van der Waals
forces with large entropic contribution.83 They emerge in
aqueous environments between fairly hydrophobic groups and
can make a significant contribution to the overall energy balance

as much as-7.5 kJ/mol per-CH2- group.83 Moreover, the
amplification of hydrophobic interactions will increase the
attraction of the nanoparticlesboth to polyelectrolyteand to
each other unlike the increase of ionic strength.

The surface of YIG is very hydrophilic. To retain the
dispersability of nanoparticles in water and impart the ability
to hydrophobically interact with the polyelectrolyte, one needs
to modify their surface with a charged organic group. The
hydrocarbon chain will result in efficient attraction to similar
organic groups in the polyelectrolyte, while the surface charge
will prevent irreversible coagulation of the nanoparticle colloid.
This was accomplished by grafting a short 3-aminopropyl
hydrocarbon chain through a siloxane bridge to the nanoparticle
surface as described in the Experimental Section.

Since the modified YIG nanoparticles are positively charged,
their thin film assembly was performed with negatively charged
polyelectrolytes such as poly(styrenesulfonate), PSS, and PAA.
For both polymers, the∂OD/∂n is significantly greater than that
for nonmodified YIG. In particular, for assembly with 0.5%
PAA at pH 3.5 and assembly time 1 h, the∂OD/∂n increases 5
times in comparison with naked YIG (Figure 8). SEM also
reveals great improvement of the film structure: the nanopar-
ticles are densely packed after only one deposition cycle (Figure
9a). The size of the aggregates visible in the image is much
smaller than that for nonmodified YIG and does not exceed
0.5 µm in diameter. As the number of deposition cycles
increases, the topography of the film shows little change with
the exception of greater density of the particles and their
aggregates (Figure 9b).

When YIG is modified with 3-aminopropyl siloxane both
electrostatic and van der Waals components of particle-
polyelectrolyte interactions are changed. However, the difference
of the behavior of the modified YIG cannot be attributed to the
difference in the electrostaticattraction between the nanopar-
ticles and corresponding polyelectrolytes. Theú-potentials84 of
the modified YIG and PSS at pH 3.5 are+12 and+15 mV,
while ú-potentials of the naked YIG and PDDA at pH 11 are
-17 and-12 mV. As one can see, the magnitudes of the
potentials are virtually the same for both LBL pairs, and
therefore the long-distance Coulomb interaction between the
nanoparticles and the polyelectrolyte-coated substrate is nearly
the same for both pairs. To this point, it is necessary to add
that the initial approach of both naked and modified particles
at their corresponding pH to the polyelectrolyte covered surfaces
causes electrostaticrepulsion between the particle and the
substrate because theú-potentials are of the same sign for each
pair under the assembly conditions. Apparently, this does not
forbid the layer-by-layer process because the polyelectrolytes
at the physical border between the PDDA or PSS and water
remain largely ionized, whereas theú-potential reflects the
integral potential from the Stern layer and a part of the diffuse
layer. The electrostatic repulsion of the outer layers of the ionic
atmospheres creates the energetic barrier for adsorption, which
is overcome due to the kinetic energy of the heavy nanoparticles
followed by the engagement of short-range attractive inter-
actions.

Thus, the increase in surface density of nanoparticles for
modified YIG we primarily attributed to the attractive interac-
tions between hydrocarbon groups or organic modifier and the
polyelectrolyte chains adsorbed to the substrate. We also
considered that some contribution could also be made by

(80) The addition of low molecular weight salt reduces the strength of
both electrostatic repulsion between the particles and the electrostatic
attraction between the polyelectrolyte and the colloid. Several other Coulomb
pairs in the polyelectrolyte-nanoparticle-substrate system (inclusive
counterions) are also affected. Therefore, high ionic strength can decrease
or increase the surface density of nanoparticles in the adsorption layer.
Besides that, there are also other factors affected by the ionic strength such
as the size of dynamic agglomerates of YIG and collapse of the polyelec-
trolyte brush at the substrate-water interface. All these effects yield the
complex nonmonotonic dependence of the OD increment vs NaCl concen-
tration.

(81) Sukhishvili, S. A.; Granick, S.J. Am. Chem. Soc.2000, 122, 9550-
9551.

(82) Shubin, V.Langmuir1997, 10, 11093-11100. Akari, S.; Matthes,
T.; Sommerhalter, C.; Boneberg, J.; Leiderer, P.Langmuir1997, 13, 4369-
4371. Qaqish, R. B.; Amiji, M. M.Carbohydr. Polym.1999, 38, 99-107.
Thuresson, K.; Lindman, B.J. Phys. Chem. B1997, 101, 6460-6468. Ha,
J. H.; Spolar, R. S.; Record, M. T., Jr.J. Mol. Biol. 1989, 209, 801-816.

(83) Israelashvili, J.Intermolecular & Surface Forces; Academic Press:
London, 1992; pp 129-135.

(84) ú-potential is the effective potential at the sheer surface of the ionic
atmosphere, where ions forming the electric double layer start to move
independently of the particle.

Figure 6. (a) Dependence of optical density at 350 nm for assembly
of YIG from the solution of NaCl with a concentration of 0.0 (1),
0.15 (9), 0.2 (b), and 0.5 M (O). The film was deposited only on one
side of the glass slide. (b) Dependence of the slope of the linear plots
in part a on the NaCl concentration.
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hydrogen bonds.81 However, we have not observed any isotope
effect from replacing H2O with D2O on ∂OD/∂n and/or film
morphology, which indicates that hydrogen bonds are unlikely
to be the primary contributors to the assembly of modified YIG
on polyelectrolytes.

Given the efficient adsorption of nanoparticles, one can further
optimize the film structure. We found that the number of
aggregates can be substantially reduced when carrying out the
assembly of modified YIG on PAA at relatively low pH 2.9. A
film with very uniform and dense packing of YIG nanoparticles
has been obtained (Figure 10). The multilayer assemblies
prepared at these conditions have excellent optical quality while

also displaying strong magnetic properties, which is of signifi-
cant interest for magnetooptical devices.85 At low pH, the
polyelectrolyte chains are not fully ionized and therefore are
more compact than at high pH. It may be suggested that
improved particle packing is related to the reduced tendency of
weakly ionized polyelectrolytes to form loose loops and ends
protruding from the surface into solution and serving as
aggregation points for the nanoparticles, as was seen for the
cross-linked polyelectrolyte molecules.15

Conclusions

The preparation of layered multifunctional assemblies from
nanoparticles is important for both fundamental materials
research and practical applications. Layer-by-layer assembly
opens the way to the relatively easy and universal approach to
the preparation of composite multilayer systems. In summary
of this work, we want to emphasize two points, which appear
to be the most significant for this research area: (1) LBL of
nanoparticles can occur via two modes of deposition, which
are difficult to recognize following the standard optical density
vs number of layers plots. One of the modes allows for the
preparation of the multilayer stacks (normal growth mode), while
the other one does not (lateral expansion mode). (2) Film growth
via the lateral expansion mode can be switched to the sandwich
mode by organic modification of nanoparticles, which supple-
ments the electrostatic interactions between nanoparticles and
polymers with hydrophobic interactions.

(85) Murzina, T. V.; Nikulin, A. A.; Aktsipetrov, O. A.; Ostrander, J.
W.; Mamedov, A. A.; Kotov, N. A.; Devillers, M. A. C.; Roark, J.Appl.
Phys. Lett.2000, accepted for publication.

Figure 7. Scanning electron microscopy images of (PDDA/YIG)n films with (a) n ) 1, (b and d) 2, and (c) 3 assembled from 0.2 M NaCl.

Figure 8. Dependence of optical density at 450 nm for the LBL
assembly of the modified YIG (b) and nonmodified YIG (9) on the
number of deposition cycles. A different wavelength than in Figures 2
and 8 was used to avoid reaching optical densities too high for
measuring with a spectrophotometer.
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The bulk of this research is done with YIG nanoparticles as
a model system, which affords preparation and assembly of both
naked and modified nanoparticles unlike previously used
nanoparticle dispersions. The evidence is also provided that the
structural features observed for the PDDA/YIG LBL pair can
also be seen for other colloids. These findings are important

for understanding the interdependence of forces resulting in the
layer-by-layer buildup, rational selection of the particle/poly-
electrolyte systems, and control of the structure of the multilayer
assemblies and photonic, electronic, magnetic, and biological
materials based on them.
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Figure 9. Scanning electron microscopy images of (PSS/modified
YIG)n films with (a) n ) 1 and (b) 2 assembled on a PDDA/PAA/
PDDA precursor layer.

Figure 10. Atomic force microscopy image of a (PAA/modified YIG)1

film assembled on a PDDA/PAA/PDDA precursor layer.
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