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This paper reports the nucleation and growth of lepidocrocite (γ-FeOOH) crystallites in
supramolecular polymer multilayers. Organized, polymeric thin films were formed by the
layer by layer deposition technique that consisted of adsorbing alternate layers of a polycation
and a polyanion on a quartz substrate. Nucleation of nanoparticles was initiated by absorbing
ferric nitrate in the thin film polymer matrix, followed by hydrolysis with ammonium
hydroxide. Repeating the above process resulted in an increase in the density of the
nanoparticles initially formed and further growth in the dimensions of the crystallites with
the number of absorption and hydrolysis cycles. Analysis of the UV-visible absorption spectra
of the films revealed the formation of lepidocrocites, which was confirmed by FTIR and
selected area electron diffraction (SAED) studies. An important feature of this work is that
lepidocrocite (γ-FeOOH) is formed instead of akaganéite (â-FeOOH), which is generated when
ferrous chloride is used as the starting material and is converted to iron oxyhydroxide through
oxidative hydrolysis as reported in our previous work (Langmuir 1999, 15, 2176). It therefore
seems likely that the initial starting material plays a key role in determining the structural
and morphological characteristics of the iron oxyhydroxides although their chemical
compositions are the same.

Introduction

In recent years, there has been considerable interest
in the nucleation of inorganic nanoparticles and the
study of the growth in various matrices exhibiting
constrained geometries such as zeolites, membranes,
micelles, vesicles, cells, Langmuir-Blodgett (LB) films,
and polymers.1-3 While one standard approach involves
the development of chemical methods for synthesizing

inorganic solids of desired composition, structure, and
morphology, an alternative simple and unique approach
involves in-situ nucleation of nanoparticles in highly
organized supramolecular assemblies1-6 and their sub-
sequent controlled growth into highly organized crys-
tallites. The controlled growth and the formation of
crystallites and even metallic particles of definite mor-
phology and dimensions are possible today.6 These
studies have not only paved the way for a better
understanding of the crystallization processes in orga-
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nized biological systems but have also attracted the
attention of the physicist, chemist, and materials sci-
entist alike as the optical and electronic properties of
these nanodimensional systems are different from their
bulk properties that make them extremely important
in designing the nanotechnology-based optical and
electronic devices of the future.7,8 Recent studies have
established that, by fine-tuning the size and local
environment of ordered supramolecular assemblies such
as reverse micelles and vesicles, size dependent quan-
tization/quantum confinement effects may be realized,
resulting in significant changes in the optical and
electronic properties of these systems, and the ability
to fine-tune them for desired applications makes such
systems extremely attractive.7,8

Oxides of iron, nickel, and cobalt exhibit interesting
magnetic properties that find considerable technological
applications in the area of recording devices, memory
storage units, and color-imaging processors.8 Extensive
studies have revealed that at least 16 different oxides,
hydroxides, and oxyhydroxides of iron are possible, and
the final products depend on the pH, rate of oxidation,
reaction conditions, and local microenvironment in
which the reaction occurs.9

Interestingly, the crystal morphology, crystallinity,
surface properties, and hence optical and electronic
properties are largely dependent on the methodology
employed for synthesis of these metal oxides.9 It was
therefore thought that inducing the formation of the
oxides and/or hydroxides in a geometrically constrained
environment such as that in an ordered supramolecular
layer by layer polymer network10 composed of alternate
layers of polycations and polyanions could result in the
formation of morphologically different crystallites of iron
oxides having superior optical and magnetic properties
compared to those of oxides prepared by other conven-
tional means.

In this work, we have studied the nucleation and
growth of lepidocrocite crystals in an organized su-
pramolecular thin film polymeric network generated as
a result of a layer by layer adsorption of polydiallyldim-

ethylammonium chloride (PDDA) and polystyrene-
sulfonate sodium salt (PSS). This is in line with our
previous studies on iron oxyhydroxide (FeOOH) nanoc-
rystallites formed in polymer thin films9 and self-
assembled monolayers (SAMs).11 Interest in the lepi-
docrocites stems from the fact that they are paramagnetic
at room temperature, having a low Neel temperature
of 77 K, and are easily converted into other industrially
important magnetic oxides, namely maghemite and
hematite, upon heating.12

Experimental Section

Poly(diallyldimethylammonium chloride) and polystyrene-
sulfonate (sodium salt), abbreviated as PDDA and PSS,
respectively, were purchased from Polyscience Inc. (War-
rington, Pa) and used as received. Ferric nitrate, ammonium
hydroxide (29.6%), and hydrochloric acid (HCl) were products
of Fisher scientific and used as received. PDDA (20 mM)
solutions were prepared by dissolving it in deionized water
obtained from a Millipore water purification system. PSS (20
mM) was however dissolved in a 0.1 M NaOH solution, and
the pH was finally adjusted to 4.5 by dropwise addition of HCl
(12 N).

Fluorescence grade optically flat quartz slides were used as
the substrates for depositing polymeric multilayers. Prior to
the deposition of the multilayers, the quartz slides were
cleaned in Piranah solution (H2O2/H2SO4 3:7 v/v) maintained
at 80 °C in a hot water bath and then washed thoroughly in
deionized water. The Piranha solution treatment removes all
traces of organic materials sticking to the quartz surface in
addition to making the surface hydrophilic, as described in
detail elsewhere.9b Extreme caution must be exercised
while using Piranha solution, as H2O2 forms an explo-
sive mixture with H2SO4 and is extremely corrosive.

Polymer thin films of alternate layers of PDDA and PSS on
quartz slides were obtained by the layer by layer deposition
technique that consisted of dip coating the slides alternately
with PDDA and PSS solutions. Briefly, the previously cleaned
substrates were kept dipped in the polyionic solutions for 15
min, thereby allowing sufficient time for the adsorption of the
polyions onto the quartz surfaces. The slides were dried and
then rinsed with pure deionized water and HCl before dipping
them in the second polyion solution. A drying time of about
20 min was allowed between two consecutive dips. Absorption
of metal ions within the polymer network was achieved by
dipping the polymer film-coated slides in freshly prepared
solutions of ferric nitrate (10 mM) taken in Schlenken tubes
for 1 min. After the films were rinsed in deionized water and
dried, they were dipped in an aqueous solution of ammonium
hydroxide to undergo oxidative hydrolysis and form nanopar-
ticles. In an effort to eliminate the effects of oxidation produced
by dissolved gases, all solutions were thoroughly degassed by
bubbling nitrogen through them for several hours prior to use
and also during the hydrolysis process to provide a nitrogen-
rich environment.

UV-visible absorption spectra of the thin polymer films
deposited on quartz slides were recorded on a Cary-13 absorp-
tion spectrophotometer. FTIR measurements in the transmis-
sion mode were acquired on a Nicolet Protégé 460 spectropho-
tometer. For recording the FTIR spectrum, the polymer films
were prepared on standard zinc selenide substrates.
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Transmission electron microscopy (TEM) of the polymer
films deposited on conventional electron microscope copper
grids (300 mesh) coated with Formvar was used. A Hitachi
H-600 transmission electron microscope was used for imaging
the iron oxyhydroxide particles formed in the multilayered
films and for structural analysis using selected area electron
diffraction (SAED) analysis. Instead of the 10M concentration
of ferric nitrate used for UV-vis absorption measurements,
we have used a much lower concentration of ferric nitrate (2
mM) to obtain better quality images. For SAED measurements
a gold layer (50 nm) was deposited on the grids such that the
lattice parameters for gold may be utilized for instrumental
calibration and quantitative interpretation of the diffraction
patterns and hence identify the nature of the species formed
by comparison with standard samples.

Results and Discussion

The layer by layer deposition technique used to build
multilayers has emerged as a simple, yet elegant and
reliable, means of building ordered multilayers of
polymers on substrates. Briefly, the hydrophilic end
groups attached to the polymer are adsorbed on the
hydrophilic substrate through hydrophilic interactions
and the polymer-coated surface gets charged. Using a
counter polyion, layer by layer assemblies can be built
up as shown in the schematic of Figure 1. Extensive
works by Decher et al.10a-c have established that as
many as 100 layer pairs may be reproducibly and
reliably built on supports, thereby constituting a robust
and highly stable multilayered system.

Figure 2 shows the normalized absorption spectra of
a pristine polymer film composed of alternate layer pairs
of PDDA and PSS. The UV-visible absorption spectrum
in the 200-500 nm region shows a band at 225 nm that
arises from the aromatic group present in the PSS
molecule. It was confirmed from the absorption spec-
trum of a cast film of PDDA on quartz that this band
does not arise from PDDA. Monitoring this band at 225
nm, it was confirmed that the absorbance increased
linearly with the number of layer pairs transferred onto
the quartz substrates (figure not shown). A maximum

of six layer pairs were studied in this work, and the
linear increase in absorbance with the number of layer
pairs transferred onto the quartz substrates confirms
that indeed the layers are reproducibly transferred onto
the substrates. In this context, it is worthwhile to point
out that PDDA was used instead of PAA (polyally-
lamine), as PAA/PSS films were found to be unstable
and tended to be washed off after repeated dipping
cycles. On the other hand, PDDA/PSS films are found
to be robust and stable.

Figure 2 also shows the absorption spectrum of the
polymer film after undergoing six consecutive cycles of
ferric nitrate absorption and hydrolysis with ammonium
hydroxide. The spectral profile is clearly different from
that of the pristine polymer film, confirming the pres-
ence of iron hydroxides and/or oxides in the film. The
plots of absorbance versus the number of absorption-
hydrolysis treatment cycles to which the films have been
exposed are shown in the inset of Figure 2. The straight-
line profile of the curves confirms that the process of
absorption of ferric nitrate in the polymeric films and
its subsequent conversion to the oxyhydroxide is indeed
a reproducible process. Although the reaction process
is not clear, the first step probably involves the binding
of the iron species9b with the sulfonate groups in the
PSS, which is then followed by the oxidative hydrolysis
of these species.

Figure 3a shows the absorption spectrum of a layer
by layer film of PDDA and PSS doped with 20 mM ferric
nitrate solution and subjected to 20 hydrolysis cycles.
Careful inspection of the absorption spectrum reveals
a strong buildup in absorbance in the 250-500 nm
region, owing to the formation of ferric oxyhydroxide.
The broad band profile with a knee at about 350 nm
confirms the presence of ferric oxyhydroxide and is in
excellent agreement with published data.9 In this
context, it must be pointed out that iron oxides and
oxyhydroxide may have different chemical compositions
depending upon the method of preparation and such

Figure 1. Schematic diagram of the formation of the layer
by layer structure of PDDA and PSS on quartz substrates.
Inset shows the molecular structures of PDDA and PSS.

Figure 2. Absorption spectra of (a) a 3.5 layer pairs film of
PDDA and PSS deposited on a quartz slide by the layer by
layer technique (dotted line) and (b) the same film treated
consecutively with ferric nitrate and ammonium hydroxide (6
cycles) (solid line). The concentration of ferric nitrate was 10
mM. The inset shows the plot of absorbance corresponding to
the absorption bands at 290 nm (filled circles) and at 320 nm
(filled squares), respectively, versus the number of absorption
and hydrolysis cycles. Each complete cycle consists of absorb-
ing ferric nitrate in the polymeric films followed by a water
rinse and hydrolysis using ammonium hydroxide.
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parameters as pH, presence of ions, local environment,
temperature, and aging times.9a Moreover, their mor-
phological structures also depend on all these factors,
which makes exact identification of the species difficult,
as all these above factors cause considerable changes
in the electronic spectra of these materials.9,11 The
structures region (250-350 nm) probably consists of
overlapping bands corresponding to different electronic
transitions that may be resolved by derivative spectros-
copy. Extensive works by several authors9a,c have dem-
onstrated that indeed derivative spectroscopy does
provide much insight in identifying the various compo-
nents present in an assortment of different species, as
in mineralogical samples. The first derivative of the
absorption spectrum shown in Figure 3b reveals peaks
at 210, 240, 304, 359, 434, and 485 nm. While the band
at 210 nm correspond to the charge-transfer (CT)
transition, the bands at 240 and 304 nm corresponds
to the 6T1u-2t1u and 6A1-4 T1 transitions.9a The other
three bands at 359, 434, and 485 correspond to the well-
known transitions 6A1-4 E, 6A1-4A1, and 2(6A1)-2(4T1),
and these are in excellent agreement with those re-
ported in the literature9a for standard lepidocrocite (γ-
FeOOH) samples. These results confirm that indeed
lepidocrocite (γ-FeOOH) is formed in the layered poly-
meric films.

Figure 4 represents the transmission FTIR spectra
of a thin film of PDDA and PSS subjected to alternate
absorption with ferric nitrate solution and subsequent
hydrolysis with ammonium hydroxide. The spectrum
shows a band at 3181 cm-1 corresponding to the OH
stretching mode, and the bands at 1171 and 1012 cm-1

corresponds to the OH in-plane bending mode of the B2u
and B3u transition moments. The peak at 762 cm-1 very
likely corresponds to the out of plane bending moment
of the B1u transition. These results are in agreement
with the vibronic structure for iron oxyhydroxide re-
ported by Lewis and Farmer.9d The observed differences
in the spectral profile and shift of the band maximum
position probably arise from the highly ordered struc-
ture of the iron oxyhydroxide aggregates produced in

the supramolecular polymer network.5 Cast films of
lepidocrocite produced by dip coating slides with iron
oxyhydroxide show bands (spectra not shown) that
correspond with those reported by Lewis et al.,9d con-
firming that the differences in the spectral profile
originate from the high degree of crystallinity of lepi-
docrocite crystallites embedded in the polymer matrix.

Transmission electron microscopy (TEM) has emerged
as a versatile technique used routinely to explore
microscopic structures in detail down to the nanometer
length scale. Panels a-d of Figure 5 show the TEM
images of a 3.5 layer pairs of PDDA and PSS exposed
to alternate cycles consisting of ferric nitrate absorption
and its subsequent hydrolysis with ammonium hydrox-
ide. Panel A represents the image corresponding to the
initial stages of iron oxyhydroxide formation. The ferric
nitrate concentration was maintained at 1 mM, and the
film was exposed to only two cycles of absorption and
hydrolysis. This micrograph (panel 5A) reveals dark
patches corresponding to large agglomerates of iron
oxyhydroxide that probably exist as nanoparticles.
Increasing the magnification from 25K× to 100K× did
not improve the resolution of the micrographs. It is
possible that the sizes of the nanoparticles exceed the
resolution of the electron microscope used in this work.
Figure 5B demonstrates the effect of increasing the
ferric nitrate concentration from 1 mM (Figure 5A) to 2
mM. In addition to the formation of a large number of
densely packed crystals, a close look at the image
reveals small isolated crystals in the background. These
small clusters correspond to the crystallites of iron
oxyhydroxide formed in the polymeric network, indicat-
ing systematic and organized growth of the nanopar-
ticles into crystallites. Increasing the number of absorp-
tion-hydrolysis cycles also results in an increase in the
size of these nanocrystallites, as demonstrated in Figure
5C. It is interesting to note that, in addition to the large
well-defined crystallites formed, the understructure
shows the formation of smaller crystallites at different
stages of their growth process. Increasing the concen-
tration further results in the formation of larger crys-
tals. Careful examination of the crystallites shows that
the ratio of the length to the width increases. In this
context, it is worthwhile to point out that initially
nanoparticles are generated that act as the nucleation
center for the formation of crystallites. It may be further

Figure 3. (a) Absorption spectra of (a) iron oxyhydroxide
formed in the polymeric network generated by the layer
deposition of PDDA and PSS on a quartz slide. (b) First
derivative of the absorption spectrum shown in part a. The
concentration of ferric nitrate was 20 mM.

Figure 4. FTIR spectrum of lepidocrocite crystallites in a 3.5
layer pairs film of PDDA and PSS. The film was prepared on
ZnSe substrates and subjected to six cycles of absorption and
hydrolysis. The ferric nitrate concentration was 30 mM.
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pointed out that although the formation of crystallites
with a high degree of crystallinity indicates extensive
local microscopic ordering, there seems to be little
correlation between the alignment of the different
crystallites in the polymeric network. One plausible
explanation seems to be that nucleation of nanoparticles
is a statistical phenomena that probably occurs ran-
domly within the cavities; however, growth of the
nanoparticles formed proceeds exponentially in time,
resulting in the formation of microcrystallites. The
growth and the shape of the crystallites may be con-

trolled by the structure of the “nanoreactors” or voids
in which nucleation and growth of the crystallites occur.
Physical restrictions offered by the walls of the polymer
cavities prevent growth of the crystallites in certain
specific directions depending upon the nature of the
cavities. In a polymeric network, the voids are usually
interconnecting, and long channel-like cavities are
formed that allow the crystallites to grow preferentially
along the length of the channel, which probably accounts
for an increase in the axial ratio of the crystallites, as
observed from the TEM micrographs (Figure 5C and D).

Figure 5. TEM micrographs of a 3.5 layer pairs film of PDDA and PSS at different stages of the crystallization process: (a) 1
mM ferric nitrate, two absorption-hydrolysis cycles, M ) 100K×, bar size 1 cm ) 100 nm; (b) 2 mM ferric nitrate, two absorption-
hydrolysis cycles, M ) 25K×, bar size 1 cm ) 400 nm; (c) 2 mM ferric nitrate, eight absorption-hydrolysis cycles, M ) 10K×, bar
size 1 cm ) 1000 nm; (d) 4 mM ferric nitrate, four absorption-hydrolysis cycles, M ) 25K×, bar size 1 cm ) 400 nm.
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Eventually, as the number of reaction cycles is increased
and the particles grow, there is a point at which the
particles will start to deform the film because of their
thicknesses.

Figure 6 shows the selected area electron diffraction
(SAED) pattern of the ferric oxyhydroxide crystallites
as shown in Figure 5D. The presence of the concentric
rings with bright spots confirms a high degree of
molecular ordering in these crystallites. Utilizing the
mathematical relation, λL ) d(D/2), where λ is the De-
Broglie wavelength for the accelerated electron, L is the
length of the camera, d is the lattice spacing, and D is
the diameter of the diffraction ring, we have evaluated
the lattice parameter d. The De-Broglie wavelength of
the electron accelerated at 100 kV is 3.7 × 10-3 nm, and
the camera length used in this work was 0.8 m.
Comparing the d values obtained experimentally with
that predicted theoretically by the electron microscopy
simulation software program developed by CIOLS-
Laussanne (Table 1), it is evident that indeed the
crystallites do represent lepidocrocites. The theoretical
calculations using the software program assume an
ideal lepidocrocite crystal to be orthorhombic, having a
) 0.3880 nm, b ) 1.2540 nm, and c ) 0.3070 nm, and

the space group corresponds to D17
2h Cmcm. Lepidocroc-

ite has a typical layered structure in contrast to the
tunnel-like structures of other iron polymorphs, namely
géotheite (R-FeOOH) and akaganéite (â-FeOOH).9 In
this connection, it is worthwhile to point out that
attempts were made to match the data obtained by us
with the standard data of akaganéite and géotheite.
Careful comparison showed a complete mismatch; in
addition, several specific lines characteristic of the two
different species were found to be missing, providing
compelling evidence that our data do not resemble those
of either of the two.13 On the contrary, an excellent
match was obtained with that of lepidocrocite, suggest-
ing its formation in the polymer matrix.

It is worthwhile to note here that although lepi-
docrocite crystallites are formed when ferric nitrate
undergoes oxidative hydrolysis in the PDDA-PSS su-
pramolecular assemblies, akaganéite crystallites are
formed when ferrous chloride is used, as demonstrated
in our previous work.9b These findings clearly demon-
strate that the starting material and, in particular, the
anion play a crucial role in determining the morphologi-
cal structure of the iron oxyhydroxide finally formed in
the polymer matrix. The akaganéite structure contains
tunnels, which are stabilized by chloride ions.9a In fact
akaganéite is found naturally only in chloride-rich
environments such as hot brine springs and acid mine
waters.9a

Conclusions

We have studied the formation of iron oxyhydroxide
nanoparticles in organized supramolecular polymer thin
films. These films were successfully prepared by absorb-
ing a polycation and a polyanion alternately on quartz
substrates, giving rise to a robust and porous supramo-
lecular matrix. Nanoparticles of iron oxyhydroxide are
formed by absorbing ferric nitrate in these films followed
by hydrolysis with ammonium hydroxide. Detailed
spectral analysis of the films using UV-visible absorp-
tion spectroscopy reveals bands that correspond with
that of lepidocrocite, confirming its presence in these
films. FTIR and SAED studies also substantiate these
findings. The morphology of the films in which the
growth of the iron oxyhydroxide particles has been
induced was studied as a function of ferric nitrate
concentration and the number of absorption and hy-
drolysis cycles. It is evident that, with increasing ferric
nitrate concentration and the number of absorption and
hydrolysis cycles, the size of the crystallites increases,
in accordance with the nucleation and growth theory.
A comparison of these results with our previous studies,
where akaganéite was generated as a result of oxidative
hydrolysis of ferrous chloride,9b clearly demonstrates
that the morphology of the end products is dependent
on the route of the reaction process.
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(13) For crystal structure of iron oxides see Internet site http://
cimewww.epfl.ch/CIOLS.

Figure 6. Selected area electron diffraction (SAED) pattern
of ferric oxyhydroxide nanocrystallites formed in a 3.5 layer
pairs PDDA-PSS films exposed to 4 mM ferric nitrate and
subjected to four absorption-hydrolysis cycles.

Table 1

hkl dcalc dtheo Dcalc Dtheo expt error (%)

2,2,0 0.1874 0.1853 31.59 31.94 1.09
0,8,0 0.1563 0.1568 37.88 37.75 0.34
1,9,0 0.1329 0.1311 44.53 45.15 1.37
2,4,2 0.1133 0.1124 52.28 52.66 0.72

0,14,0 0.0904 0.0896 65.42 64.34 1.67
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