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Abstract. Effect of mixing dodecanethiol-capped Au nanoparticles (AuNPs) on the critical point of the liquid ordered
(L o ) to liquid disordered (Ld ) phase transition of myristic acid (MyA) Langmuir monolayer has been studied through
quantitative evaluation of the two-dimensional patterns of AuNP clusters created through de-mixing and observed through
Brewster angle microscopy. The critical temperature (Tc ), marked by the emergence of a Bethe lattice-like (BLL) pattern
of ‘fingers’ and ‘arms’, was brought down from 38◦ C in pristine MyA monolayers to 28 and 10◦ C for 20 and 40% w/w
AuNP concentrations. Analysis of the BLL at the length scales of these ‘fingers’ and ‘arms’ showed that the lowering of Tc
follows two different paths for the two concentrations, through a repulsive force for the lower and an attractive force for the
higher concentration at the ‘fingers’ length scale, while at the scale of ‘arms’ the force between NPs is always repulsive.
Based on the observations that the repulsive force operates at larger interparticle separation and the attractive one acts at
smaller separations, we tentatively assign the first to be a dipolar repulsion and the second to be lipophilic force of quantum
mechanical origin. We have also indicated qualitatively how this realignment of forces between nanoparticles can affect the
lipophilic force between the hydrocarbon chains of the NP capping and those chains in the monolayer.
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1. Introduction
In pristine fatty acid/lipid Langmuir monolayers, where the
short-ranged van der Waals attraction between the lipophilic
tails of the molecules competes with the longer ranged
repulsion between their dipolar head groups causing mesoscopic phase separation, pattern formation is the result of
competing interactions acting at different length scales [1–
10]. In two-dimensional (2D) binary mixtures, such as,
mixed monolayers, an additional competition exists between
the forces of integration and segregation of mixture components [11–17]. In binary films of hydrophobic dodecanethiol (C12 H25 SH)-capped gold nanoparticles (AuNPs)
and amphiphilic fatty acids (Cn H2n O2 ), for instance, the
lipophilic adhesion between the dodecyl capping of the
AuNPs and alkyl tails of amphiphiles competes with the cohesive forces within the mixture constituents. Here, we present
the evolution of such 2D patterns in a complex binary fluid
of AuNPs and the 14-carbon fatty acid, myristic acid (MyA,
C14 H28 O2 ), self-assembled at the air–water interface.
This is a system driven away from equilibrium through
lateral compression, exchanging both energy and matter with
the subphase. Previously, we reported the long term dynamics,
from one steady state to another, of patterns of AuNPs in
fatty acids (14 < n < 25) on water, where the final pattern
morphology was determined by line tension [18–20]. For the
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present work, we have employed the n = 14 fatty acids, MyA
that leads us to novel patterns distinct from those formed in
the monolayers of higher fatty acids.
Such distinct patterns formed in AuNP-doped MyA monolayers can be attributed to the critical point Tc of the liquid
disordered (L d ) to liquid ordered (L o ) phase transition of the
pristine MyA monolayer located at 38◦ C. The terms ‘order’
and ‘disorder’ refer to the presence or absence of bond ordering in the hydrocarbon chains of the fatty acid, i.e. whether all
the C-atoms are in the same plane (all ‘trans’ conformation)
or some of them are out of this plane (‘gauche’ conformation). This phase transition is hard to observe for higher fatty
acid monolayers such as stearic acid (StA, C18 H36 O2 ), since
the liquid disordered phase in fatty acid monolayers occur at
∼10◦ C higher temperature for every added methylene group
in the chain. In the critical regime of the pristine MyA monolayer, as was reported in our previous paper [21], a fall in
line tension (as an exponent of the reduced temperature) was
associated with the formation of non-circular L o domains
showing finger like protrusions, which evolved towards extensive Bethe lattice-like [22,23] (BLL) dendritic morphology at
Tc (figure 1).
In studies on the AuNP-doped MyA monolayers presented
here, the NPs were found to be partitioned into the L d phase,
thereby acting as markers highlighting the L d phase relative
to the darker nanoparticle-deprived L o phase. We report here
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the surface of each NP and these, in turn, are affected by the
MyA hydrocarbon chains in the BLL pattern.
Here, we address the fundamental question as to how the
NPs affect the critical point of the self-assembled monolayers,
in an attempt to expand our understanding on 2D criticality.
Further, similar amphiphilic systems, such as lipid bilayer is
an important constituent of cellular membranes and therefore, the effect of addition of nanoparticles of Au that are
employed for various therapeutic and diagnostic purposes on
the thermodynamic phase space of the amphiphilic system
has biological significance.
2. Experimental
2.1 Sample preparation

Figure 1. Isotherms (top) at 20◦ C (black), 28◦ C (green) and 38◦ C
(cyan) and Brewster angle microscopy (BAM) images of domains
for a pristine myristic acid (MyA) monolayer as a function of temperature, the liquid ordered (L o ) phase (bright grey) coexists with
the liquid disordered (L d ) phase (dark grey) of the monolayer (a)
away from Tc at 20◦ C, (b) closer to Tc at 28◦ C and (c) at Tc = 38◦ C.

that in addition to acting as markers enhancing the contrast
between the two coexisting phases, the AuNPs significantly
modified Tc of the order–disorder transition.
Pattern formation associated with the critical regime in the
AuNP-doped MyA monolayers with AuNPs as the minority
constituent (<1 mol%), was studied as a function of three variable parameters, namely surface pressure π , temperature T
and AuNP concentration C. The concentration of AuNPs was
found to play a significant role in deciding the temperature of
onset of BLL pattern morphology associated with the critical
regime in the monolayers.
Such AuNP-decorated BLL patterns, transferred onto solid
substrates via the Langmuir–Schaeffer technique have already
been reported to induce a large decrease in the band gap of
titanium dioxide thin films [24]. The decrease is not only sixfold relative to their NP-doped spin-coated counterpart, but
more than double of that caused by the non-BLL patterns
obtained with other fatty-acid monolayers and even with the
MyA–AuNP monolayer below Tc . This underlines the importance of the strongly correlated, but aperiodic perturbation on
the titanium dioxide band structure. Specifically, it was found
in that work that the BLL pattern induces a structural change
in the titania film. This is tentatively assigned to a large distortion that produces a change in the Ti–O bonding leading
finally to the band gap reduction.
It is to be noted that the AuNPs interact with the titania not
directly, but through the dodecanethiol capping that sits on

Dodecanethiol-capped AuNPs are synthesized by the Brust–
Schiffrin (BS) two-phase synthetic method [25] consisting
of the reduction of chloroauric acid (HAuCl4 ) by sodium
borohydride (NaHBr) to obtain the NPs and the subsequent
capping by transfer to a solution of C12 H25 SH in tetraoctylammonium bromide (C32 H68 BrN). On visualization with
transmission electron microscope, the AuNPs were found to
be spherical with core diameter ∼
= 3 nm.
2.2 Spreading and probing monolayers
2.2a Monolayer spreading: Binary solution of these
AuNPs and MyA in chloroform, where the concentration of
AuNPs (C) varied as 0, 20 and 40% w/w, are prepared for our
studies. The desired solution is then spread dropwise using
Tarson micropipette on the surface of pure and aspirated water
(MilliQ, resistivity 18 Mcm) in a Langmuir trough (Nima
Technologies).
2.2b Monolayer probing: The trough barriers are moved
in quasi-statically at 0.5 cm min−1 for film compression and
the surface pressure π ≡ γw − γm , where γw (γm ) is
the surface tension of bare (monolayer covered) water surface, is monitored. The temperature (T ) is regulated with a
temperature controller (Julabo GmbH, Germany) and temperature studies for the films are subsequently carried out
at variable temperatures. An imaging ellipsometer [26–28]
(Accurion GmbH, Germany) is employed in the Brewster
angle microscopy (BAM) mode for visualization of the films
on the surface of water, on a scale of few hundred µm at an
in-plane resolution = 0.455 µm.
3. Results
3.1 BAM
In fatty acid monolayers, where the fatty acid tail length is
<16 carbon atoms, the monolayers show a first order transition from a ‘liquid disordered’ or L d phase with tails having
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short range tilt order, but with both ‘trans’ and ‘gauche’
conformations of the CH2 groups in the tails to a ‘liquid
ordered’ or L o phase, where the tails are all in ‘trans’ conformation and have long range tilt orientation order. In a pristine
MyA (C-14) monolayer, the critical temperature Tc for the
L d –L o phase transition lies at 38◦ C. The results pertaining to
a pristine MyA monolayer were reported in an earlier publication [21]. The temperature regimes, each associated with a
distinct domain pattern, obtained for pristine and NP-doped
MyA monolayers are presented below.
3.1a Pristine MyA monolayer: T < 25◦ C: At T << Tc ,
the domains of the ordered L o phase are circular and ∼
=100 µm
in diameter (figure 1a). The L o phase, being the more closely
packed, denser phase appears bright relative to the L d monolayer phase.
25◦ C ≤ T ≤ 38◦ C: As the critical regime is approached,
the L o domains no longer remain circular and develop BLL
fingers into the coexisting L d phase (figure 1b). This is a direct
consequence of the lowering of line tension as the critical
point of the phase transition is approached. The non-circular
domains become more stable as Tc is approached and finally
develop into BLL dendrites at Tc (figure 1c).
3.1b Monolayer with AuNPs (C = 20%): T < 20◦ C
(figure 2 left): At 15◦ C, segregation of the two mixture components occurs at the outset and an AuNP-poor phase B, most
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T = 20◦ C (figure 2 centre): The film segregates into circular
phase B domains surrounded by an AuNP rich phase A, as
observed at lower T = 15◦ C. However, close to 22 mN m−1 ,
the phase boundaries no longer remain sharp and with further
increase in π , ‘finger’-like intrusions form in certain regions
along the circular arcs of the phase boundaries separating
phase A from B. This marks the entry of the film into the
critical regime as the temperature is increased from below.
T > 20◦ C (figure 2 right): The film exhibits a homogeneous de-segregated single phase of AuNPs in MyA till
π = 20 mN m−1 . π = 21 mN m−1 marks the onset of phase
segregation in the film when phase B forms as small number
of random circular domains, those are darker than the surrounding phase and of mean diameter ∼
=10 µm. These phase
B domains grew both in number and size with further increase
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likely MyA in the L o phase, first appear as dark, elongated
domains at π = 17 mN m−1 and later assume nearly circular shape at π = 18 mN m−1 with phase A, the AuNP rich
phase with MyA in the L d phase, forming an interconnected
network enclosing the phase B domains within its gaps. It
may be noted that contrast reversal occurs with respect to
the pristine MyA monolayer and unlike pristine MyA, the L o
phase appears darker for the binary AuNP–MyA films. Upon
increasing π , phase B grows, while phase A continuously
shrinks in coverage leading to narrower arms of the network
before finally snapping at π = 21 mN m−1 .

(a)

π (mN/m)

Bull. Mater. Sci.

20

22
20

18

18

16

16

30 35 40 45 50 55 60 65 70 75 80

0HDQ DUHD SHU PROHFXOH

2

 )

(a)

20 25 30 35 40 45 50 55 60 65 70
2

Mean area per molecule ( )

Figure 2. Mixed monolayer of MyA and dodecanethiol-capped Au nanoparticles (AuNP) w/w concentration (C) =
20%. In each frame, (a) shows surface pressure (π )–mean molecular area ( A) compression isotherm. Left: T = 15◦ C;
BAM images at (b) 20, (c) early 21, (d) late 21, (e) 22 and (f) 23 mN m−1 . Centre: T = 20◦ C; BAM images at
(b) 20, (c) 21, (d) 22, (e) 23 and (f) 24 mN m−1 . Right: T = 25◦ C; BAM images at (b) 17, (c) 18, (d) 19, (e) 20 and
(f) 21 mN m−1 . The bright domains correspond to the AuNP rich L d phase, while the dark regions correspond to AuNP
deprived L o phase. Scale bar ∼ 50 µm.
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∼20 µm. Beyond this, the domains
in π , reaching diameter =
no longer remain circular, but start developing with π , BLL
protrusions into the surrounding phase A. By 22 mN m−1 ,
further growth occurs resulting in an increase in size and formation of BLL pattern of the darker phase into the brighter
one. Finally, by 23 mN m−1 , the BLL arms merge into one
another yielding a bi-continuous phase.

are plotted in figure 4. On increasing the concentration of
nanoparticles, the following observations are made:
(1) Lowering the temperature of onset of BLL structures is
noted. As the formation of BLL structures is attributed
to the lowering of line tension, a signature of criticality, the addition of nanoparticles apparently shifts the
critical regime of the monolayer to lower temperatures
(figure 4a).
(2) The lowering of Tc corresponds to a lowering of the
barrier to the order–disorder transition in the twodimensional liquid phase of the monolayer. The low(p)
ering, quantified by E = kB (Tc(m) – Tc ), where
(m)/(p)
Tc
corresponds to the critical temperature for the
mixed/pristine monolayer, as shown in figure 4b. The
curve shows a nonlinear trend with E ∼ C 2 . This is
an indication of a change in the character of the microscopic interaction.

3.1c Monolayer with AuNPs (C = 40%): At higher concentration C of AuNPs, BLL pattern of phase B appear for
T > 10◦ C, while at T = 10◦ C, phase B appears as dark
circular domains, which grow in diameter though remaining
circular (figure 3).
3.2 General observations on AuNPs addition
The results regarding the temperature of onset of the critical
regime for the MyA monolayers as a function of concentration
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Figure 3. Mixed monolayers of MyA and dodecanethiol-capped Au nanoparticles (AuNP) w/w concentration (C) =
40%. In each frame, (a) shows surface pressure (π )–mean molecular area ( A) compression isotherm. Left: T = 10◦ C,
(b, c) BAM images at 17 and 18 mN m−1 , respectively. Centre: T = 15◦ C, (b, c) BAM images at 23 and 25 mN m−1 ,
respectively. Right: T = 25◦ C, (b, c) BAM images at 24 and 26 mN m−1 , respectively. Scale bar ∼ 50 µm.
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Figure 4. Variations of critical point of the L o –L d transition of MyA monolayer with AuNP con(p)
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centration. (a) Tc and (b) E = kB (Tc – Tc ), as a function of C. See text for details.
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Figure 5. In-plane log–log spatial profiles of mean square intensity fluctuation of BAM images of
(a, b) C = 0, (c, d) C = 20% and (e, f) C = 40% monolayers averaged over randomly chosen typical
lines along the images. For each C the first profile is away (circular domains) from and the second
is at the critical point (fractal domains). Values of T and π are: (a) 20◦ C, 17 mN m−1 ; (b) 38◦ C,
27 mN m−1 ; (c) 10◦ C, 14 mN m−1 ; (d) 25◦ C, 21 mN m−1 ; and (e) 15◦ C, 24 mN m−1 . Red lines are
fits to the different linear regions. Please see text for details.
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(3) A decrease in the width of the BLL pattern ‘arms’ as
well as an increase in the length and number of arms
take place. Secondary arms appear in addition to primary ones.
(4) On comparison with a pristine monolayer, it may be
pointed out that the pre-critical regime i.e. observed in
pristine MyA monolayers is absent in the AuNP laden
films. This pre-critical regime corresponds to a large,
but finite correlation length for fluctuations between
the chain ordered (L o ) and disordered (L d ) states of the
2D liquid, while in the critical regime, this correlation
length diverges to infinity. Thus, the AuNPs introduce
a long ranged correlation in the 2D liquid providing a
new path to the critical point.
For further analysis, the density or concentration correlation
of the AuNPs in the patterns with time is obtained, which
translates into intensity correlations in the BAM images. To
this end, we obtained the mean square intensity fluctuations
for the patterns at different length scales for the three AuNP
concentrations, away and close to Tc , where spatial variation
of intensity along a typical line in each of the observed patterns
is taken to vary as the spatial variation of AuNP density in
the BAM images. The mean square (ms) intensity fluctuation
[29], f (r ), where r is the separation between points along the
typical lines, is given by
f (r ) = [I (r ) − I (r )]2 ,
where I is the reflected intensity and I (r ) = I (ro + r ) −
I (ro ), ro being the position of the reference point.
The in-plane spatial profiles of f (r ) away from and at the
critical points for the pristine MyA and the two AuNP–MyA
mixed monolayers are shown in figure 5. The log–log plots of
f (r ) show two length scales of 10 and 100 µm, corresponding
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roughly to the ‘fingers’ and ‘arms’ of the BLL patterns, over
which linearity can be obtained. The corresponding slopes
yield the Hurst exponents H given by f (r ) ∼ r 2H , where
H = 0.5, H < 0.5 and H > 0.5 correspond to, respectively,
uncorrelated, anti-correlated and correlated spatial patterns.
Of course, at criticality, these values of the exponent merge
over the entire length scale. The linear region has been divided
primarily into two slopes over which the average Hurst exponent values are <0.5 and >0.5, signifying anticorrelated and
correlated domains, respectively. It may be pointed out that
the local slopes, though, may slightly vary over the correlated
and anticorrelated regimes.
We have presented the values of this exponent as functions of temperature and AuNP concentration for the ‘fingers’
and the ‘arms’ in figure 6a and b, respectively. These figures clearly show that (i) at the ‘arms’ scale, the value of
the exponent, though raised over that for the pristine monolayer, remains ≤0.5 for both AuNP concentrations, but (ii)
at ‘fingers’ scale, while at C = 20%, H ≤ 0.5, and at C =
40%, H > 0.5. While the presence of different behaviours at
different length scales point to the essentially complex nature
of the system, the different values of the exponent at the ‘fingers’ scale for the two AuNP concentrations indicate distinct
paths to criticality brought about by the nanoparticles at these
concentrations.
In general, an uncorrelated pattern signifies the absence of
forces during the growth of the pattern, whereas correlated
and anti-correlated patterns point to the presence of attractive
and repulsive forces, respectively, among AuNPs. Also, the
amount of deviation from an uncorrelated pattern, given by the
deviation of the value of Hurst exponent from 0.5, is a measure
of the magnitude of the corresponding force. Thus, while at
the large, i.e. the ‘arms’ scale the system dynamics is always
driven by repulsive forces, at the smaller (‘fingers’) scale, it is
repulsive at lower AuNP concentration and attractive at higher
concentration [30–32].
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We may notice that the repulsive force tends to occur
at larger average spatial separation between the nanoparticles, whether between the ‘arms’ or between ‘fingers’ at
lower AuNP concentration, while the attractive force occurs
at higher AuNP concentrations at the smaller length scale, i.e.
at small inter-NP separations. Due to the known dipolar nature
of AuNPs and the fact that the most common long-range repulsion at mesoscopic scales is the dipole–dipole repulsion, we
tentatively assign the lowering of H -values below 0.5, to the
presence of dipolar repulsion between the AuNPs.
The attractive force at short range is most likely the
lipophilic attraction between the hydrocarbon chains in the
thiol capping of the nanoparticles. We have shown them to be
essentially van der Waals forces in a previous work and have
discussed their role in the dynamics of mixed monolayers of
fatty-acids and AuNPs away from any critical point.
As mentioned earlier, the order–disorder transition referred
to in our case corresponds to the ordering and disordering of
the hydrocarbon skeletal bonds of MyA, i.e. whether all the
C–C bonds in the hydrocarbon chains of the fatty-acid are in
the same plane (all-‘trans’) or not (‘gauche’). It is observed
(figure 4) that the AuNPs are destabilizing the bond order and
this entropic force is synergistic or cooperative in nature and it
grows quadratically with nanoparticle concentration. It should
be noted that this force (FMN ) acting between the hydrocarbon
chains of the thiol capping on AuNPs and the hydrocarbon
chains of MyA is distinct from M between the AuNPs. The
former is essentially a short range, lipophilic, entropic force
and attractive in nature, which reduces the barrier between the
all-‘trans’ and ‘gauche’ conformations, while the latter has a
repulsive part active at long range and an attractive part active
at short range, and is responsible for the enhancement of the
features of the patterns due to the de-mixing of the ordered
and disordered phases (‘decorations’).

4. Conclusion
We have studied, using BAM, the effect of dodecanethiolcapped Au nanoparticles on the transition between the L o and
L d phases of a Langmuir monolayer of the amphiphilic fattyacid, myristic acid, where ‘ordered’ refers to an all-‘trans’
conformation of the hydrocarbon chains and ‘disordered’
means presence of ‘gauche’ conformations. Specifically, we
have studied the effect of the nanoparticles on Tc , the critical temperature of the transition, where the two-dimensional
complex fluid shows a dendritic, Bethe lattice-like pattern of
the two phases with ‘fingers’ and ‘arms’ at length scales of
10 and 100 µm, respectively. We have studied the effect at
two AuNP concentrations.
We have found that the AuNPs, partitioning into the L d
phase with lower surface density, always lower the Tc and
the lowering varies as the square of the AuNP concentration.
Hence, their major role is to provide an additional force to
cause ‘gauche’ conformations through the attraction between
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the hydrocarbon chains of the fatty-acid molecules and the
dodecanethiol molecules capping the NPs.
However, the paths to this lowering are different at different
length scales at these two concentrations due to the evolution
of forces between NPs. While the dynamics at both ‘fingers’
and ‘arms’ scales are driven by repulsive forces at the lower
AuNP concentration thus, driving the dynamics at ‘fingers’
scale is attractive and that at ‘arms’ scale is repulsive for the
higher NP concentration.
This two-dimensional binary mixture of complex fluids
thus provides a way of tuning the dynamics at different length
scales by changing the concentration of one component. The
simplest way to extend this to a more realistic system is to
replace the fatty acid by a phospholipid like dipalmitoyl phosphatidylcholine (DPPC), which is an important component of
cell membranes and, in the next step, replacing the AuNPs by
cholesterols.
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