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a b s t r a c t

Nickel arachidate (NiA) Langmuir–Blodgett (LB) films have been deposited on hydrophilic Si(0 0 1) sub-
strates by three (up–down–up) and five (up–down–up–down–up) strokes. During deposition, substrates
were kept inside the water subphase for different times after each down stroke. Structural information of
all the LB films have been obtained from X-ray reflectivity (XRR) studies. One and two symmetric mono-
layer (SML) was deposited on top of the asymmetric monolayer (AML) in three and five stokes respec-
tively. All the preformed LB films were then used to go through the air–water interface with the same
speed that was used at the time of film deposition. Structural information obtained from the XRR studies
show that mainly the top layer density decreases after passing through the air–water interface but the
layered structure remains the same. Information obtained from both the XRR and atomic force micros-
copy (AFM) studies suggest that molecules peeled from the top SML layer do not reincorporate with
the LB film through tail–tail hydrophobic interaction. Our study shows that NiA LB film has better stabil-
ity compared with cadmium arachidate LB film inside the water subphase without forming any out-
of-plane molecular reorganization.
1. Introduction

Metal–organic Langmuir–Blodgett (LB) films [1,2] having well-
ordered structure and controlled thickness are subject of intense
research for testing basic physics in low dimension [1–4] and for
having their promising applications in various fields including
microelectronics, nonlinear optics, biosensors, catalysis and nano-
technology [1,5–7]. Moreover, nickel arachidate (NiA) LB films
have been used to immobilize proteins and protein–DNA com-
plexes on some solid substrate [8] through Ni–histidine interac-
tion. This Ni–histidine interaction is commonly used in
immobilized metal ion affinity chromatography (IMAC) for the
purification of His-tagged proteins and peptides [9]. Although
there are very few studies on NiA LB films, like all others metal–or-
ganic LB films, defects [10] and instabilities [11,12] in the structure
are the main obstacles behind their proper applications. Defects,
which are mainly observed in the LB films, are the ‘‘pinhole” type
defects [10], which are formed due to the lack of deposition of
the film-forming molecules and depends strongly on the subphase
pH and dissolved metal ions [10,13]. This defect can partially be re-
moved by increasing pH [14,15] of or by dissolving different metal
ions [2] in the water subphase. For better understanding, like in the
dry state, structure and stability of LB films have also been studied
in presence of water. The stability of LB films at the air–water
interface and in the water subphase have been evaluated [16] by
observing the frequency changes of a piezoelectric crystal (used
as a dipping substrate). Using this technique it has been shown
that in the water subphase, water molecules go inside the LB films
and when exposed into air the adsorbed water molecules evapo-
rates [16]. It has also been reported that Cadmium Atearate LB
films flake partially when the substrate is passed through the
air–water interface [17]. In the presence of subphase water, spon-
taneous molecular reorganization in the cadmium arachidate LB
film has been observed [18,19] and regions of different heights,
i.e., different number of layers form. However, the investigation
on such reorganization process has not been carried out by using
others divalent ions. Detailed study on the structural modification
of different metal–organic LB films in interaction with the air–
water interface such as in a dipping process from water surface
and the stability of such films inside the water subphase have
not been fully explored.

In this paper, our aim is to investigate the effect of water
subphase and the air–water interface on the stability of nickel
arachidate (NiA) LB films. The structure of the NiA LB films and
its modification has been monitored using complementary X-ray
reflectivity (XRR) and atomic force microscopy (AFM) techniques.
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It appears from our present study that NiA LB film show better sta-
bility inside the water subphase unlike Cd ions as for Ni ions
molecular reorganization in the LB film does not take place and
mainly the top layer density decreases after passing through the
air–water interface but the layered structure remains the same.
In case of NiA LB films molecules peeled from the top layer do
not reincorporate with the LB film which would lead to formation
of extra layer. This result is important because it gives the effect of
water and air–water interface on the structural modification of LB
films that are necessary if the desired LB film is required to pass
through the air–water interface and/or is kept inside the water
subphase for some sensor applications or to study some basic
properties like swelling, melting, buckling, etc. in confined geome-
tries and in presence of water.
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Fig. 1. (a) X-ray reflectivity data (open circles) and analyzed curves (solid lines) of
3s-NiA LB films before (I, III and V) and after (II, IV and VI) passing through the air–
water interface. Curves are shifted vertically for clarity. Films were deposited at
pH � 8.5. (b) Corresponding electron-density profiles (EDPs) showing the structure
of LB films before and after passing through the air–water interface. Substrates
were kept inside the water subphase for 0 (sample-I), 30 (sample-III) and 60
(sample-V) min after down stroke.
2. Materials and method

Arachidic acid (CH3(CH2)18COOH, Sigma, 99%) molecules were
spread from a 0.5 mg/ml chloroform (Aldrich, 99%) solution on
Milli-Q water (resistivity 18.2 MX cm) containing nickel sulfate
(NiSO4�2H2O, Merck, 99%) in a Langmuir trough (Apex Instru-
ments). The pH of the water subphase containing 0.2 mM nickel
sulfate was maintained at �6.5 and �8.5 using sodium hydroxide
(NaOH, Merck, 98%). Higher subphase pH was used to complete
the dissociation of arachidic acid. No buffers were used to maintain
the pH of the subphase. Nearly 6 h were spent for pH stabilization
including initial magnetic stirring.

Prior to deposition, surface pressure-specific molecular area
(p�A) isotherm of NiA Langmuir monolayer on water surface
was recorded. p was measured with a paper Wilhelmy plate and
the monolayer was compressed at a constant rate of 2.5 mm/
min. All depositions were done at p = 30 mN/m and at room tem-
perature (22 �C). Depositions were carried out at a speed of
2 mm/min and the drying time allowed after each up stroke was
10 min. Prior to the deposition, Si(0 0 1) substrates were made
hydrophilic after keeping it in a mixed solution of ammonium
hydroxide (NH4OH, Merck, 30%), hydrogen peroxide (H2O2, Merck,
30%), and Milli-Q water (H2O:NH4OH:H2O2 = 2:1:1, by volume) for
5–10 min at 100 �C [4,11,15].

LB films on hydrophilic Si(0 0 1) substrates were deposited
using different numbers of down and up strokes of substrates
through the Langmuir monolayers. Two types of NiA LB films were
deposited: one type by three strokes (up–down–up) and other type
by five strokes (up–down–up–down–up), referred as 3s-NiA and
5s-NiA, respectively. During deposition, substrates were kept in-
side the water subphase for different length of times after each
down stroke. For three 3s-NiA samples, three different delay time,
i.e., 0, 30 and 60 min were used after down stroke. For 5s-NiA sam-
ple, 30 min delay time was used after each down stoke. One 3s-NiA
LB film was also deposited at pH � 6.5 and for 60 min delay inside
the water subphase after down stroke. The growth of the film at
pH � 6.5 allows us to compare the observation with Cd-A films
which were also grown at this pH [18,19]. All preformed LB films
were passed through the air–water interface by using one down-
up cycle (down/up speed was 2 mm/min) to see the effect of air–
water interface. In down-up cycle the substrate/sample will go
from air to water through the air–water interface during down
stroke and will come again into the air during up stroke of the sam-
ple holder and forms one complete cycle.

X-ray reflectivity measurements were carried out using a versa-
tile X-ray diffractometer (VXRD) setup. VXRD consists of a diffrac-
tometer (D8 Discover, Bruker AXS) with Cu source (sealed tube)
followed by a Göbel mirror to select and enhance Cu Ka radiation
(k = 1.54 Å). The diffractometer has a two-circle goniometer (h–2h)
with quarter-circle Eulerian cradle as sample stage. Scattered beam
was detected using NaI scintillation (point) detector. Data were taken
in specular condition, i.e., the incident angle (h) is equal to the re-
flected angle (h) and both are in a scattering plane. Under such con-
dition, a nonvanishing wave-vector component, qz, is given by (4p/
k)sinh. The wave vector has been measured with a resolution of
0.0014 Å�1. For X-ray there is a positive critical angle ac (or a crit-
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Fig. 2. (a) X-ray reflectivity data (open circles) and analyzed curves (solid lines) of
3s-NiA LB films before (I) and after (II) passing through the air–water interface. Film
was deposited at pH � 6.5. Curves are shifted vertically for clarity. (b) Correspond-
ing electron-density profiles (EDPs) showing the structure of LB films before and
after passing through the air–water interface. Substrate was kept inside the water
subphase for 30 min (sample-I) after down stroke.
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Fig. 3. (a) X-ray reflectivity data (open circles) and analyzed curves (solid lines) of
5s-NiA LB films before (I) and after (II) passing through the air–water interface.
Curves are shifted vertically for clarity. Film was deposited at pH � 8.5. (b)
Corresponding electron-density profiles (EDPs) showing the structure of LB films
before and after passing through the air–water interface. Substrate was kept inside
the water subphase for 30 min (sample-I) after each down stroke.
ical wave vector qc) such that for any a � ac total external reflec-
tion takes place as the refractive index of the material in the X-
ray regime is slightly less than unity. Analysis of XRR data has been
carried out using Parratt’s formalism [20] where the film is consid-
ered as a stack of multiple homogeneous layers with sharp inter-
faces. To analyze the XRR data, surface and interfacial roughness
has been included [4,21]. For a film of finite thickness d over a sub-
strate, the reflectivity as a function of qz is given as RðqzÞ ¼ r0r�0,
where

r0 ¼
r1;2 þ r2;3

1þ r1;2r2;3
; ð1Þ

with r1,2 and r2,3 being the reflectance for the air-film and film-
substrate interfaces respectively. The above calculation can be
extended for N such thin stratified layers of thickness dn and one ar-
rives at a recursive formula in terms of Fresnel reflectance given by
[20]

rF
n�1;n ¼

rn;nþ1 þ Fn�1;n

1þ rn;nþ1Fn�1;n
expð�iqn�1;ndn�1Þ; ð2Þ

where

Fn�1;n ¼
qn�1;z � qn;z

qn�1;z þ qn;z
: ð3Þ

In the nth stratified layer the corresponding wave vector is de-
fined as qn;z ¼ ðq2

z � q2
n;cÞ

1=2
:

The Fresnel reflectance for the interface between nth and
(n � 1)th stratified layer is modified to include the roughness rn
of the nth stratified layer and one can finally write the reflectance
of a rough surface as [4,21]

rn�1;n ¼ rF
n�1;n expð�0:5qn�1;zqn;zr2

nÞ: ð4Þ

Electron-density variation, i.e., the electron-density profile
(EDP) in a particular specimen is determined by assuming a model
for the same and comparing the simulated profile with the exper-
imental data. EDP is extracted from the fit [4,22], which gives in-
plane (x � y) average electron density (q) as a function of depth
(z) with high resolution [22]. Thus, from XRR analysis it is possible
to estimate film thickness, electron density, and interfacial
roughness.

Surface topography of the films were collected through an AFM
(CP II, Veeco Instruments Inc., New York) in contact mode using sil-
icon nitride cantilever (with low spring constant, 0.05 N/m) and
pyramidal tip. Scans were performed in constant force mode over
several portions of the film for different scan areas from
2 � 2 lm2 to 10 � 10 lm2 and to minimize the damage of the or-
ganic films low constant force (�1 nN) was used.

3. Results and discussion

X-ray reflectivity data and analyzed curves of 3s-NiA LB films
before (profiles I, III and V) and after (profiles II, IV and VI) passing
through the pure air–water interface are shown in Fig. 1a. Profiles I,
III and V are obtained from three 3s-NiA LB films for which three



different delay time, i.e., 0, 30 and 60 min were used after down
stroke. Profiles II, IV and VI are obtained from those three 3s-NiA
LB films after passing through the pure air–water interface by
using one down-up cycle. Corresponding EDPs obtained from the
fit of the reflectivity curves are shown in Fig. 1b. EDPs confirm
the presence of SML on AML in all three NiA LB films. The sche-
matic of the AML and SML are shown in Figs. 1b and 2b. As Ni-
bearing heads have higher electron density than hydrocarbon,
observing the variation of electron density in different layers it is
possible to distinguish between AML and SML. In the lower molec-
ular layer, NiA molecules are attached to the Si substrates through
Ni-bearing heads and formed asymmetric monolayer (AML, i.e.,
molecules in asymmetric configuration [22] with hydrophilic Ni-
bearing head in one side and hydrophobic tails in other side),
whereas in the upper layer molecules formed symmetric mono-
layer (SML, i.e., molecules in symmetric configuration [22] with
Ni-bearing head in the middle and hydrocarbon tails are in both
sides). Thus, AML + SML structure is formed in all three samples
although during deposition substrates were kept inside the water
subphase after down stroke for 0, 30 and 60 min respectively. X-
ray reflectivity data and analyzed curves of 3s-NiA LB film depos-
ited at pH � 6.8 and for 60 min delay after down stroke are shown
in Fig. 2a, where profiles I and II are obtained before and after pass-
ing the LB film through the pure air–water interface respectively.
Corresponding EDPs are shown in Fig. 2b. EDPs confirm that
AML + SML structure is formed and no out-of-plane structural
modification takes place for keeping the substrate inside the water
subphase for 60 min after down stoke during deposition. These
observations are quite different than that observed in CdA LB film.
For CdA LB film it was observed that if the film is kept for 30 min in
the water subphase between down and up stroke it reorganizes
and form different heights in step [18,19]. The driving force for
such reorganization was attributed to be the formation of head-
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Fig. 4. Atomic force microscopy images of 3s-NiA and 5s-NiA LB films after passing thro
profiles are shown below the images.
group–headgroup interfaces stabilized by the strong interaction
of Cd ions at the expense of headgroup-substrate and head-
group–water interface [18,23]. Thus, unlike cadmium arachidate
LB films, in NiA LB films out-of-plane molecular reorganization
does not take place for keeping the film inside the water subphase
at the time of deposition. After passing through the pure air–water
interface, for each LB film, reflectivity profile changes keeping the
main features unchanged. EDPs, shown in Figs. 1b and 2b, indicate
that AML + SML structure is still maintained after passing through
the air–water interface but the values of the layer thickness, elec-
tron density and interfacial roughness changes. Mainly the SML
density decreases after passing through the air–water interface
and the values of the interfacial roughness changes. X-ray reflectiv-
ity data and analyzed curves of 5s-NiA LB films before (profile I)
and after (profile II) passing through the air–water interface are
shown in Fig. 3a. Corresponding EDPs are shown in Fig. 3b. EDPs
confirm that AML + 2SML structure is formed and mainly the upper
SML density decreases after passing through the air–water inter-
face. No out-of-plane structural modification takes place for keep-
ing the substrate inside the water subphase for 30 min after each
down stoke during deposition. If the modification occurs we would
obtain multiple steps of SML heights and the higher total thickness
from the EDP as observed for CdA LB film [18,19] from AFM line
profiles. For NiA LB film such reorganization does not take place
even for keeping the film inside water subphase for one hour after
down stroke. Hence, NiA LB film shows better stability inside the
water subphase in comparison with the CdA LB film.

Morphologies of the 3s-NiA (60 min delay in water) and 5s-NiA
LB films after passing through the air–water interface are shown in
Fig. 4. AFM images show that ‘pinhole’ defects are present in the LB
films. The heights of these holes are nearly 60–90 Å as obtained
from the AFM line profiles. Thus, for 3s-NiA film, the ‘pinhole’ de-
fects are SML thick and for 5s-NiA film, the ‘pinhole’ defects are
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(a)

(b)

Fig. 5. Schematic representation of the peeling of LB film-forming molecules during
the down stroke of the preformed LB film through the air–water interface. Dotted
V-shaped lines show the typical ‘pinhole’ defects. Molecules peeled from the (a)
lower and (b) upper portion of the ‘pinhole’ region are shown and then move on the
air–water interface.
2SML thick. Here it is necessary to mention that the height of SML
(�55Å) is double of that of AML (�27Å). All the line profiles are
shown below the corresponding figures.

From comparison of the data for NiA films and the published
data for CdA films it appears that the possibility of structural
reorganization strongly depends upon the specific ions. According
to Irving–Williams series [24] of electronegativity, the electroneg-
ativity of Ni is 1.91 whereas that of Cd is 1.65. Small difference in
the electronegativity of the divalent ions can modify the head-
group–headgroup interaction, which can control these in-plane
and/or out-of-plane reorganization of molecules [18,19,23]. EDPs
show that films are not fully compact as the hydrocarbon tail den-
sity is always less than its compact value of 0.32 electrons per Å3

[1]. Hence, ‘pinhole’ type defects are present in all the LB films.
3s-NiA LB film for which no delay time was used after down stroke,
the AML and SML density decreases by �6.4% and �27.4% respec-
tively after passing through the air–water interface. 3s-NiA LB film
for which 30 min delay time was used after down stroke, the AML
density changes by�1.5% but the SML density decreases by�23.5%
for the same treatment. 3s-NiA LB film for which 60 min delay time
was used after down stroke, the AML and SML density decreases by
�13.5% and �28.2% respectively after passing through the air–
water interface. 3s-NiA LB film deposited at pH � 6.5 and for which
60 min delay time was used after down stroke, the AML and SML
density decreases by �2.2% and �27.1% respectively after passing
through the air–water interface.

It is clear that for all four films of NiA, on the average, the top
SML density decreases by �26%. On the other hand, like SML,
AML layer density also decreases after passing through the air–
water interface but in random way. Thus, the decrease in film den-
sity probably depends upon the film quality not on the delay time,
as for SML, decrease in density is nearly constant and for AML,
there is no systematic variation with time. For 5s-NiA LB film,
the AML density remains nearly constant but the first and second
SML density decreases by �1.5% and �50% respectively after pass-
ing through the air–water interface. On the average, the SML den-
sity decreases by 26% for 3s-NiA LB films but decreases nearly
twice that for the 5s-NiA LB films. Thus, it appears from the anal-
ysis of the EDPs that for all LB films the upper SML density de-
creases after passing through the air–water interface, although
AML density decreases in some cases.

We propose that the change in EDP is due to ‘‘peeling off” of the
molecules from the LB films. The ‘‘peeling off” is related with the
‘pinhole’ defects at the surface layers. In LB film ‘pinhole’ defects
are V-shaped holes and the height of this V increases with increas-
ing the layer number. Molecules surrounding the ‘pinhole’ defects
have metal-bearing headgroups which are open in air. During the
dipping of the substrate, as shown in Fig. 5a, those molecules can
go at the air–water interface as the hydrophilic interaction be-
tween the metal-bearing headgroups and water surface is rela-
tively stronger than the hydrophobic tail–tail interaction [25].
Hence, all the molecules surrounding the ‘pinhole’ defects can go
easily at the air–water interface during the down stroke of the sub-
strate as shown in Fig. 5a and b. During up stroke through the air–
water interface, molecules will not be able to peel off as due to the
presence of the substrate inside the water subphase the ‘pinhole’
defects are already surrounded by the water and there is no bare
metal-bearing headgroups to interact with the water surface. The
molecules peeled from the LB film in down stroke can not attach
immediately with the film-forming molecules through the tail–tail
hydrophobic interaction during the same down stroke, probably the
peeled molecules move on the water surface. Moreover, the mole-
cules peeled in the down stroke cannot redeposit during the next
up stroke of the LB film as the metal-bearing headgroups cannot at-
tach with the hydrophobic tail although the density of the peeled
molecules on the water surface is very less. This is verified from
the total thickness of the film obtained from the EDPs, which is
�80 Å for 3s-NiA LB film and �135 Å for 5s-NiA LB film. AFM line
profiles give that the height of the pinholes as �60 Å for 3s-NiA
LB film and �90 Å for 5s-NiA LB film. Thus it gives the heights of
the films above the AML thickness. This difference in height (ob-
tained from X-ray and AFM) can be understood by considering
the convolution effect of the AFM tip with the small size (in-plane)
pinhole defects. It is expected that if the size of the pinhole defects
becomes larger, more molecules will peel as more molecules are
present along the larger size of the pinhole defects. This is also ver-
ified from our study. As the size of the ‘pinhole’ defects is larger for
5s-NiA LB film than 3s-NiA LB film, relatively more molecules have
peeled from the top layer of 5s-NiA LB film. Variation in the peeling
amount will depend actually on the optimum size and number of
the ‘pinholes’. Thus, to minimize the material loss, defect free LB
films are more suitable if the film is required to pass through the
air–water interface many times.
4. Summary

NiA LB films have been deposited on hydrophilic Si(0 0 1) sub-
strates by three and five stokes. During deposition, substrates were
kept inside the water subphase for different times (0, 15, 30 and
60 min) after each down stroke. X-ray reflectivity studies show
that one and two symmetric monolayer (SML) was deposited on
top of the asymmetric monolayer (AML) in three and five stokes



respectively. No molecular reorganization takes place for such time
delay, which shows that NiA LB film has better stability compared
with cadmium arachidate LB film inside the water subphase. All
the preformed LB films were then used to go through the air–water
interface with the same speed that was used at the time of film
deposition. Structural information obtained from the X-ray reflec-
tivity studies show that mostly the top layer density decreases
after passing through the air–water interface but the layered struc-
ture remains the same. Information obtained from both the XRR
and AFM studies implies that molecules peeled from the top SML
layer cannot reincorporate with the LB film forming extra layer.
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