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Bimodality and re-entrant behaviour in the
hierarchical self-assembly of polymeric
nanoparticles†

Sarika C. K.,a Gaurav Tomar,b J. K. Basu*c and Uwe Thielede

We show that a film of a suspension of polymer grafted nanoparticles on a liquid substrate can be employed to

create two-dimensional nanostructures with a remarkable variation in the pattern length scales. The presented

experiments also reveal the emergence of concentration-dependent bimodal patterns as well as re-entrant

behaviour that involves length scales due to dewetting and compositional instabilities. The experimental

observations are explained through a gradient dynamics model consisting of coupled evolution equations

for the height of the suspension film and the concentration of polymer. Using a Flory–Huggins free energy

functional for the polymer solution, we show in a linear stability analysis that the thin film undergoes

dewetting and/or compositional instabilities depending on the concentration of the polymer in the

solution. We argue that the formation via ‘hierarchical self-assembly’ of various functional nanostructures

observed in different systems can be explained as resulting from such an interplay of instabilities.

1 Introduction

Nature abounds in sophisticated functional materials created
through self-assembly of nanoscale structures.1,2 In part, this
has motivated much effort in understanding the mechanisms
that control self-assembly and self-organisation at multiple
length scales.3–5 On the other hand, precise control of such
hierarchical self-organisation would offer elegant and efficient
bottom-up strategies to create artificial, complex multifunctional
materials with varied optical, electronic or magnetic properties.6,7

Drying-mediated assembly of nanoparticles has been shown to
allow for the formation of well-ordered large-scale two-dimensional
(2D) arrays.8–10 Diverse 2D patterns of nanoparticles can be
generated also by dewetting of nanoparticle laden thin films.10–13

However, a complete theoretical understanding of the phenomenon,
and thus its control, is lacking primarily due to the complexity
that results from the combination of dewetting, decomposition,
evaporation and adsorption processes. In this study we report
the formation of hierarchical 2D assemblies of clusters of metal

nanoparticles grafted with polymers created at the air–water inter-
face. Experiments for a range of concentrations reveal qualitatively
different patterns in the deposited thin film of nanoparticle
suspensions including the emergence of unique bimodal spatial
patterns with widely separated lateral length scales, within a range
of intermediate concentrations. In the process we also observe
the appearance of an interesting re-entrant behaviour of pattern
formation above some critical concentrations. We obtained similar
transitions in the pattern length scale with increasing concen-
tration for un-grafted PS solutions. Performing a linear stability
analysis (LSA) of coupled evolution equations for solute concen-
tration and height of the thin film, we show that a small length
scale compositional instability within the film can interact with a
large length scale dewetting instability of the film. The interplay is
predicted to result in the formation of a laterally patterned film
with a bimodal length scale distribution. The model predicts the
experimentally observed transition from unimodal to bimodal
structuring, the corresponding disparate lateral length scales and
the re-entrant behaviour. Overall, it provides a framework to obtain
morphological phase diagrams for the spontaneous creation of
hierarchical arrangements of soft polymer based nanostructures at
an interface through self-assembly and self-organisation processes.

2 Materials and methods

The experiments reported here are performed using thiolated-
polystyrene (PST) grafted spherical gold nanoparticles (PGNP)
synthesized by the grafting-to method (see the ESI† for details
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of synthesis and characterization). Detailed specification of the
relevant parameters of the PGNPs used in this work is provided
in Table 1.‡ The reported results are primarily based on PST3K
and PGNP3K samples with supporting data for PGNP53K as
well. To prepare thin suspension films, we first formed a
suspension of different concentrations of PGNPs in chloroform,
typically B0.1–2 mg ml�1. A total volume of 30 ml of the
respective solutions is uniformly spread onto an air–water inter-
face in a Langmuir–Blodgett (LB) trough (KSV NIMA) of area
140 cm2 using a Hamilton syringe in steps of 2 ml transferred at
an interval of a few minutes at different locations of the LB
trough. The total volume of solution to be transferred was chosen
so as to obtain a reasonable density of PGNPs on the surface.
Since chloroform has an extremely high spreading coefficient on
water, the transferred PGNP solution spreads across the surface of
the LB trough to form a uniform film of chloroform suspension of
respective PGNPs. Evaporation of chloroform leaves a PGNP layer
at the air–water interface which is compressed by moving the
LB barrier with a speed of 5 mm min�1 and surface pressure
is measured using a Wilhelmy plate. At a surface pressure of
5 mN m�1, the compression is stopped and the film is trans-
ferred to the appropriately cleaned glass substrate by with-
drawing the substrate, vertically, from the water subphase
through the PGNP layer with a speed of 0.5 mm min�1, to
avoid distortion of this layer morphology formed on water. The
temperature of the LB water subphase was maintained at 25 1C
during the entire process. After evaporation of water in the
transferred PGNP films, they were imaged by atomic force
microscopy (AFM, NT MDT) operating in the tapping mode to
ensure minimal distortion of the morphology.

3 Results and discussion
3.1 Experimental results

Fig. 1a–d show a series of AFM images of the transferred PGNP
films for different spreading concentrations of PGNP3K solutions.
For very low concentrations (B0.05 mg ml�1), the lateral pattern
length scale is B800 nm–1 mm as seen in Fig. 1a. With increasing
concentration we observe a transition in the morphology that
becomes dominated by an emerging smaller lateral length scale
(B30–60 nm) related to the size and distance of spheroidal clusters
of particles (Fig. 1b and c). The large scale perforated arrangement
of the clusters is governed by a much larger length scale (also cf.
Fig. S9 of the ESI†). The corresponding pair correlation function,
g(r), shows a pronounced peak at a distance r B 50 nm, i.e. at the

length scale of cluster size and spacing. The height of these
structures is similar to the diameter of individual PGNPs
(B7–9 nm) within the clusters, clearly indicating the formation
of PGNP monolayers. For larger concentrations (1.6 mg ml�1),
we observe an interesting re-entrant behaviour with large
lateral length scale patterns reappearing (Fig. 1d). At these high
concentrations, the patterns consist of thicker multilayer struc-
tures in contrast to the monolayer patterns observed at lower
concentrations.

To study the distribution of the individual PGNPs and their
clusters, we prepare the films on TEM grids. The TEM image
of PGNP3K film is shown in Fig. 1e and the corresponding
pair correlation function, g(r), of PGNPs is given in Fig. 1f. The
self-assembly of the PGNPs is clearly visible from their regular
arrangement within individual clusters that in turn are organized
on a larger length scale implying hierarchical structuring. The
pronounced maximum in g(r) at 6 nm, corresponds to the particle
spacing within the individual clusters, while the less pronounced
peak at a larger distance of 50 nm (marked by an arrow pointing
downwards) indicates the spacing between the clusters. The inter-
particle distance is close to the expected value of the melt diameter
of the PGNPs as extracted from small angle X-ray scattering (SAXS).

Table 1 Characteristics of the PGNPs used for the preparation of thin
films

Sample index Mw (g mol�1) dc (nm) s (nm�2) dmelt (nm) Rh (nm)

PGNP53K 53 000 3.1 1 17 27
PGNP3K 3000 3.1 1.33 7.4 8

Fig. 1 (a)–(d) AFM images of films prepared from PGNP3K solutions of
different spreading concentrations, (a) 0.05 mg ml�1; (b) 0.5 mg ml�1;
(c) 0.75 mg ml�1; (d) 1.6 mg ml�1. The white lines in (a) and (d) indicate the
large length scale of patterns. Pair correlation functions g(r) of clusters are
shown in the insets of (b) and (c). (e) TEM image of the PGNP3K film
prepared from 0.5 mg ml�1 solution. (f) g(r) of individual PGNPs plotted in
the linear-log scale where the arrow indicates the peak corresponding to
the distribution of clusters.

‡ Mw: molecular weight of the grafted polymer chains, dc: diameter of the gold
nanocore, s: number of polymer chains per unit area of the core, dmelt: diameter
of PGNPs in the melt state and Rh: hydrodynamic radius.
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However, the actual value of the PGNP diameter could be
underestimated since both TEM and SAXS measure the core–
core separation and in case of chain interpenetration the
diameter will turn out to be less than the actual value. Since
the gold content in the prepared PGNPs is B0.24% which is
below the required 0.5 vol% for hexagonal ordering,14,15 we
believe that the mechanism of pattern formation observed in
our experiments is due to the intrinsic nature of grafted PST
chains. To verify this, we prepared a set of films from bare PST
of the same Mw as the grafted chains (PS3K), following the same
procedure. Interestingly, qualitatively similar features were
observed in the morphology of the transferred films for both
bare PST and PGNPs. Fig. 2 clearly shows the switch over from
larger length scale patterns at low concentrations to smaller
length scales and also the re-entrant behaviour for higher
concentrations. Similar morphological transitions are also observed
for the PGNP53K suspension as well (see Section 3 of the ESI†).

The independence of pattern formation of transfer surface
pressure (see the ESI,† Section 4) implies that without the
solvent chloroform there are no significant forces that can lead
to self-assembly. It thus becomes clear that the observed
pattern formation is driven by instabilities within the chloro-
form suspension on water, as it evaporates. Modeling of the
entire hydrodynamic process of a highly volatile thin film
suspension is fairly complex and has not been successfully
attempted to the best of our knowledge. However, the time and
length scales for the onset of instabilities in thin non-volatile
single component films have been well studied.16–20 It is well
known that the growth rate of the fastest growing mode of
instability in unstable thin liquid films is b B h�5, where h is
the film thickness.20 However, for a highly volatile solvent like
chloroform b will be largely dominated by the evaporation rate
and hence dewetting is unlikely to set in unless the film thins
below a certain thickness. This of course will only lead to a
single instability length scale corresponding to dewetting and is
usually found to be in the range of a few mm.18,20 Neither the
concentration-dependent crossover to a much smaller length
scale nor the re-entrant behaviour observed in our experiments
can emerge from such a model. An additional length scale can
only emerge if there are additional instability mechanisms
apart from dewetting. In our case, this mechanism is the bulk
decomposition of the polymer (or PGNP) suspension. Polystyrene
in chloroform is under good solvent conditions and is unlikely to
lead to any instabilities in the bulk. Again, evaporation plays a
critical role since when the film thickness becomes comparable to

either the chain dimension or the average interparticle (inter-
chain) spacing then the polymer segments become exposed to
either water or air both of which are poor solvents for PS. Thus,
bulk decomposition mediated instabilities are also expected to
be effective only below a certain thickness of the suspension
film. Hence, to understand the physics of the lateral pattern
formation, essentially length scale switch-over and the re-entrant
behaviour, observed in experiments, we make the following
simplifying assumptions: (i) evaporation essentially facilitates
only the reduction of the initial suspension film thickness and
can be decoupled from dewetting or bulk-decomposition for
thinner films and (ii) since the experimental pattern transitions
are engendered through composition variation, the suspension
behaviour can be captured at fixed film thickness although in
experiments the onset thickness for instabilities to set in could
vary slightly with concentration. We argue that this is justifiable
since the bulk compositional instabilities are likely to take place
only in the thickness regime of 20–50 nm which we believe
dictates the onset of the confinement regime since average
interparticle spacing is estimated to be in this range (at the
experimental suspension concentrations).

Thus, we employ here a thin film hydrodynamic model to take
into account only the dewetting and compositional instabilities. We
use this simplified linear model to capture an otherwise complex
non-linear hydrodynamic process with the sole intention of
providing a physically intuitive minimal framework which
captures the major experimental observations: (a) onset of a
nanoscale pattern from a microscale dewetting pattern and (b)
emergence of re-entrant behaviour.

3.2 Theoretical analysis

We investigate the dewetting and compositional instability of
thin films as described by the gradient dynamics model for the
coupled evolution of the film thickness h and local vertically
averaged polymer concentration (volume fraction) f.21–24 In
particular, using the theoretical model described below, we
demonstrate the physical phenomenon, of transition in wave-
length observed in experiments, using a film thickness of 30 nm.
We model the thin film of polymer solution/nanoparticle
suspension on water by considering the liquid substrate to be
immobile and the solution as a binary mixture consisting
of polystyrene (PS) and chloroform. The polymer–polymer and
polymer–chloroform interactions are taken into account in the
total free energy of the film.

For our binary mixture film, the governing free energy
functional can be written as,22

F ½h;f� ¼
ð

g
2
rhj j2þf ðh;fÞ þ hfBðf;rfÞ

h i
dA; (1)

where the first term accounts for the local surface energy where
g is the solution–air interface tension, f (h, f) is the wetting
energy of the film on water and fB(f,rf) is the bulk film energy.
For the wetting energy in the partially wetting case, we assume
the simple form due to van der Waals forces25 with the effective
Hamaker constant of the polymer solution, A(f), calculated from
the Lifshitz theory within the effective medium approximation.26

Fig. 2 AFM images of PS3K thin films for spreading concentrations,
(a) 0.05 mg ml�1, (b) 0.5 mg ml�1 and (c) 3 mg ml�1.
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For a thin film of the PS–chloroform mixture on a water
substrate, A(f) = A0(1 + M1f) where A0 = 1.08 � 10�20 Nm and
M1 = 1.34 (see the ESI†). As the considered mean film thick-
nesses are well above 10 nm, we neglect the polar interactions
due to the aqueous substrate which play a significant role only
at smaller h.27 The bulk free energy of the polymer solution
consists of the Flory–Huggins energy and the energetic cost
resulting from polymer concentration gradients,28,29

fBðf;rfÞ ¼
kBT

a3
gFHðfÞ þ kðfÞ rfj j2
� �

; (2)

gFHðfÞ ¼
f
N
lnðfÞ þ ð1� fÞ lnð1� fÞ þ wfð1� fÞ: (3)

The Flory–Huggins energy, gFH(f), incorporates the conforma-
tional entropy of polymer chains (first term in eqn (3)), the
translational entropy of solvent molecules (second term) and
the interaction energy between the polymer and the solvent
(last term). Here, N is the degree of polymerization and w is the
Flory interaction parameter. The latter is small for polymers
dissolved in a good solvent, reaches 0.5 for an ideal solvent and
increases further for poor solvents.28 For PS in chloroform
w = 0.4 and for PS in water it is w = 4.30 For our experimental
system, we therefore expect that the evaporating un-grafted
polystyrene (and similarly PGNP) suspension in chloroform on
water has due to confinement effects an effective Flory interaction
parameter, wfilm, that drifts from 0.4 to 4, the latter value corres-
ponding to the PGNPs at the air–water interface after the complete
evaporation of chloroform. Similar variations in the effective
interaction have been suggested previously for evaporating solution
films.8,31 Unlike for a colloidal solution, the coefficient of the
concentration gradient term in the free energy, k, is a function of
concentration, the Flory parameter and the range of energetic

interactions between monomers (r0),32 kðfÞ ¼ wr02

6
þ a2

36fð1� fÞ.

This is due to the constraint on monomers in a polymer chain
because of their connectivity. The coupled evolution equations for
height h and effective polymer layer thickness (c = hf) are,21

@h

@t
¼ r � Qhhr

dF
dh
þQhcr

dF
dc

� �
; (4)

@c
@t
¼ r � Qchr

dF
dh
þQccr

dF
dc

� �
; (5)

where Q is the mobility matrix, which is given by,

Q ¼
Qhh Qhc

Qch Qcc

 !
¼ 1

3Z

h3 h2c

h2c hc2 þ a3c
2pRh

0
B@

1
CA: (6)

Here, a is the monomer length and Rh is the hydrodynamic
radius of polymer chains. We note here that, for a given system,
Q essentially modifies only the timescales but does not affect
instability thresholds and the corresponding critical length
scale of the instabilities. We expect a small influence of the
substrate characteristics (solid vs. liquid) on the fastest growing
wavelength.

We perform LSA of the evolution equations (eqn (4) and (5))
to obtain the dispersion curves, i.e. the dependence of the
largest growth rate of fluctuations on their wave number, k. The
corresponding wavelength, l, indicates the length scale that is
most likely to emerge in the pattern formation. We note here
that, although the nonlinear growth of instabilities may possibly
involve vertical packing and local organization of the solute that
is not accounted for in the present mean field continuum model,
the system is arrested in the energy minimum corresponding
to the LSA wavelengths and therefore would result in little
variations in the final pattern lengthscales.

First, we analyze the influence of w in the earlier deduced
physically plausible range A (0.4, 4). Fig. 3 shows dispersion
curves for un-grafted polystyrene solution (PS3K) at fixed polymer
concentration f = 0.1 and film thickness h = 30 nm with the varying
Flory interaction parameter. Other model parameters for PS
solution are discussed in Section 5 of the ESI.† At low values of
w(wo 0.7292), we obtain dispersion curves with a single maximum
that corresponds to the large length scale, lh, related to dewetting.
Here, lh E 7 mm, i.e. of the order of the experimentally observed
length scale B1 mm at low and high concentrations (see Fig. 1 and
2). At the critical value wc = 0.7292, the dispersion curve becomes
bimodal, i.e., a second maximum emerges at a smaller length scale
(lf B 60 nm { lh). This switch over of the length scale from large
to small captures the experimental observations shown in Fig. 1a
and b for PGNPs and Fig. 2a and b for un-grafted PS. Also, the order
of change in the length scale is in agreement with the experimental
observations, i.e. from Bmm to around 50 nm. This occurs when
the effective solvent–solute interaction overcomes the entropic
Brownian motion. For increasing w, the scale lf slowly decreases
while the corresponding growth rate increases and the composition
mode becomes dominant.

LSA results for a range of f values are given in Fig. 4 and
agree, as explained next, with the experimental observations.
Note, that bimodal dispersion curves are not observed for
binary mixtures if their bulk free energy is purely entropic
and hence no bulk decomposition can occur.22 However, for
our experimental systems, the interaction energy plays an
important role since the solvent quality is changing drastically
as the film thickness decreases due to evaporation. In the bulk
free energy, there is a competition between entropy (Brownian
forces) and enthalpy (effective solvent–solute interaction).
When the Flory interaction parameter is large enough, the thin

Fig. 3 Dispersion curves of the PS3K thin film for h = 30 nm and f = 0.1
for w ranging from 0.729 to 0.7302.
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film solution becomes unstable and the phases separate. So the
appearance of a smaller length scale can be ascribed to the
decomposition of the polymer solution that is unstable when
qffgFH r 0 and stable otherwise. Based on the above argument,
Fig. 4a gives the phase diagram for the polymer solution
indicating the boundary of the compositional stability of a
polymer solution. For each polymer concentration f, there is
a critical value of the Flory interaction parameter wc above
which the dispersion curve becomes bimodal. The competition
between polymer entropy, solvent entropy and interaction
energy determines how wc varies with f. As chloroform evapo-
rates, the concentration of the PST increases and due to
stronger confinement the effective w increases and the system
crosses the phase boundary in Fig. 4a. Note that the exact value
of w for a particular h and f is not known, however, the variation
in length scales with concentration can be studied. Interestingly,
the above phase diagram also suggests the possibility of the
suppression of the phase separation as indicated by the right
arm of the phase boundary in Fig. 4a. To investigate this further,
we perform LSA for a range of concentrations such that both the
initial switch over from the large to small lengthscale, as well as
the re-entrant behaviour suggested by the phase-diagram are
captured. As an example, Fig. 4b shows how the small length
scale appears and again disappears when increasing the concen-
tration over a range similar to the experimental one (stated above
for h = 30 nm and w = 0.73, also cf. labels I to IV in the inset of
Fig. 4a). For increasing concentrations at the constant w the
dispersion curves first exhibit a transformation from unimodal
to bimodal, due to the onset of the compositional instability (see
Fig. 4b). Then, at higher concentrations, a re-entrant unimodal
dewetting instability occurs due to the reduced effective solvent–
solute interaction. The variation in the ratio of the growth rates
at lh and lf is given in the ESI.† It should be noted here, as has
been alluded to earlier, the model uses an effective representa-
tion of the actual experimental system in terms of the assump-
tion of constants h and w for a range of concentrations. In actual
experiments w is likely to be a function of h and the h at which
the suspension film becomes unstable might depend on f.

However, within the range of experimental value of f used the
interparticle spacing changes by a very small amount and it is
unlikely that the onset of film thickness and hence w will vary
significantly with f in the experimental parameter range. As
similar calculations for a different film thickness (h = 50 nm) and
w show (see the ESI†), the overall nature of the f dependent
phase diagram is unaltered by the use of these slightly different
h and w values – only the ratio of growth rates bf and bh changes.
Thus the simplified LSA model seem to be fairly successful in
capturing the essential physics behind the two major experi-
mental observations – (a) dramatic concentration dependent
pattern formation length scale transition and (b) reemergence
of a single large length scale for higher concentration.

In this study, we have presented experimental observations
of interesting evaporation-mediated formation of hierarchical
patterns in binary mixtures. For low concentrations a large
dewetting length scale is observed and with an increase in
concentration a switch over to patterns with smaller length
scales occurs. At even higher concentrations, an interesting
re-entrant behaviour in the pattern length scale is observed and
patterns with larger dewetting length scales Bmm are obtained.

We employed a thin film model to understand the underlying
mechanisms of pattern formation in binary mixture films observed
in our experiments. Linear stability analysis of our mesoscopic
model well captures the occurring pattern length scales, in
particular, the possibility of two disparate length scales separated
by one to two orders of magnitude whose occurrence depends on
the concentration of the polymer in the confined solution. It also
captures the re-entrant behaviour at larger concentrations.

Although LSA predicts the conditions at which dewetting
and decomposition instabilities become equally likely what
results in bimodality, the exact experimental realization of such
conditions is difficult. For instance, with increasing w the
growth rate of the small length scale increases resulting in a
weaker modulation of the small scale structure on the large
length scale. Nevertheless, one sees clear evidence for the
bimodal nature of the structures, e.g., in large area scan images
(see the ESI†). For very high concentrations, wc is large such that
wfilm o wc during the entire evolution leading to the formation
of pure dewetting patterns. In this way, the experimentally
observed re-entrance can be clearly described. We emphasize that
the phase separation is not merely due to high concentration but
essentially due to confinement effects resulting from progressively
thinning films sandwiched between bad solvents.

4 Conclusion

We have shown that a film of a suspension of polymer grafted
gold nanoparticles at the air–water interface can be utilized
to create two-dimensional nanostructures with a remarkable
variation in the pattern length scales, including bimodal patterns
and re-entrant behaviour. We explain the observed hierarchical
patterns in terms of a gradient dynamics model consisting of
coupled evolution equations for the height of the suspension film
and the concentration of polymers. We believe that the discussed

Fig. 4 (a) Compositional stability diagram of PS3K in the space spanned
by f and w. The inset gives a zoom of the stability onto the values of f for
which dispersion relations are calculated. (b) Dispersion curves of PS3K for
4 different concentrations 0.01 (I), 0.1 (II), 0.2 (III), 0.5 (IV) at w = 0.73 and
h = 30 nm as the log–log plot, showing the transitions in the dominating
instabilities.
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competition between dewetting and decomposition instabilities
is quite generic and will occur in many situations where films of
solutions undergo a decrease in solvent quality due to confine-
ment effects.
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