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Abstract 
As a step towards the bottom-up construction of magnonic systems, this paper demonstrates 

the use of a large-amplitude surface-pressure annealing technique to generate 2-D order in a 

Langmuir-Blodgett monolayer of magnetic soft spheres comprising a surfactant-encapsulated 

polyoxometalate. The films show a distorted square lattice interpreted as due to geometric 

frustration caused by 2-D confinement between soft walls, one being the air interface and the 

other the aqueous subphase. Hysteresis and relaxation phenomena in the 2-D layers are 

suggested to be due to folding and time-dependent interpenetration of surfactant chains. 

Introduction 
The study of magnetism in 2-dimensional structures is of particular interest for the field of 

‘magnonics’: logic elements that exploit magnetic spin waves as an approach to overcome the 

limitations imposed on conventional electronics by power dissipation1.  Whilst magnonic 

elements are conventionally fabricated by ‘top-down’ methods of lithography, deposition, and 

etching, there is interest to explore ‘bottom-up’ methods 2 that might provide smaller-scale 

structures and hence higher switching frequencies 1, 3, 4. One such possible method is the 

Langmuir-Blodgett (L-B) deposition 2 of 2-D layers of surfactant encapsulated magnetic 

clusters.  Surfactant-encapsulated polyoxometalate clusters 5, 6 (POMs) are of particular 

interest in this regard. Magnetic interactions in polyoxometalates can be tuned by changing 

their composition 7. The spherical keplerate [V30W72]18- is a stable species and an unusual 

magnetic system: an undistorted spherical Kagomé lattice of spins 8, 9. It has a ground state S 

= 0 7, 8, 10, 11 because of antiferromagnetic coupling of the magnetic VIV centres. The molecule 

also has a large number (~ 80) of singlet states of energy close to the ground state 8, 11. The 
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magnetic moment increases strongly with temperature increasing to room temperature. In this 

paper, we report on the formation of 2-D layers of surfactant-encapsulated [V30W72]18- and 

specifically on ‘geometrical frustration’ as a phenomenon determining the structure and the 

ordering that can be achieved. 

Frustrated interaction is ubiquitous and has proven to be an important feature in magnetism12. 

‘Frustration’ is a phenomenon where particle interactions compete such that all possible most 

favourable interactions cannot simultaneously be satisfied. Frustration leads to systems with 

a wide range of states of different structures but almost equal energy.  Frustration in magnetic 

systems has opened avenues to a wide range of new and unpredictable behaviours with many 

studies unveiling numerous new phenomena 13-16.  An analogous ‘geometrical frustration’ 

appears in the structures formed upon compression of layers of hard spheres confined 

between hard walls, which have been studied for some time. The original experiments, 

performed with colloidal crystals confined in a wedge, revealed a series of structural 

transitions, triggered by the variation of spacing between the walls 17. When the available 

thickness is equal to the diameter of the spheres, the densest structure is a triangular 

monolayer. In contrast, in 3-D, the closest packed arrangement is the square (face-centred 

cubic) lattice. With increase of available thickness, if only motions perpendicular to the walls 

are allowed, then the closest packed layer continuously transitions through a buckled 

rhombohedral structure to a 2-layer square lattice. The analogy with magnetic interactions in 

an anti-ferromagnetic Ising model has been made.  For example, Yair et al. 18 demonstrated 

that monolayer buckling can generate geometric frustration that is similar to the frustration 

observed in the antiferromagnetic Ising model. Like the frustrated magnetic systems, these 

geometrically frustrated systems show a large number of states with almost the same energy 

and cannot be iterated to a unique final stable state even upon very extensive shaking19.  

 

If either the particles or the walls are soft, then in theoretical studies a more complex picture 

emerges. For soft particles (described by a Gaussian potential) confined between hard walls, 

Kahn et al.20 showed a sequence of complex structures where competing lattices 

interchanging through a buckling transition are characterised by minute energy differences.  

For hard particles confined between soft walls (with interaction energy described by a spring 

constant) Curk et al.21 deduced that the phase behaviour depended strongly on the spring 

constant describing the particle- wall interaction. The same sequence of triangular to square 

lattices was obtained.  Additionally, if the particle-wall spring constant was large (stiff walls), a 

phase separation could be found with increasing density whilst if it was small (soft walls) then, 

with increasing density, a transition through a liquid phase could be observed. As the walls 

became softer the density required to obtain a crystalline phase increased, and the first ‘solid’ 

phase formed with increasing density could be square rather than triangular.  Recent 



experimental studies, using gel particles whose stiffness varies with temperature, and oil-

water interfaces, have to some degree confirmed these predictions 18, 22, 23. The expectation is 

that, in magnetic devices exploiting the properties of 2D layers the behaviour observed will be 

sensitive to the structure of the layer24 . Hence understanding how to control structures in L-B 

films is of importance for any such potential application. 

 

In the case of surfactant-stabilised particles, the interaction of the surfactant chains on 

neighbouring particles would be an effect of importance to the aggregation and assembly of 

particles at the interface. Hórvölgyi et al.25, 26 have described a model for a Langmuir 

monolayer of hydrophobic particles in which the rise of surface pressure upon compression 

corresponds to a 2-D gel point: the formation of an infinite percolating cluster of a random 

network of connected particles. They showed that the area/particle at the gel point increased 

with increasing particle hydrophobicity, corresponding to increasing particle interaction energy 

such that the network did not thermally rearrange. The rearrangement of the network into a 

regular 2D crystal could be difficult to achieve. The structures formed upon compression in a 

Langmuir monolayer of surfactant-capped nanoparticles indeed depend upon the type and 

length of the surfactant relative to the diameter of the nanoparticle. Most studies have been 

on alkane thiol-capped gold systems, for which this ratio is generally around 1, more or less 

(12 carbon dodecane thiol chain length ~ 1 nm). Comeau and Meli 27 studied the effects of 

alkyl chain length and temperature on the compression of alkanethiol-capped, 2-3 nm 

diameter, gold nanoparticle Langmuir films, demonstrating that with chain lengths less than 

15 carbons, the work of monolayer compression was less than 20 kJ/mole of nanoparticles, 

whereas for longer chain lengths this work increased to more than 100 kJ/mol. They deduced 

that the effects were due to chain-disorder in the shorter capping chains. They also showed 

the formation of random foam-like networks in sub-monolayer films. Vegso et al. 28 used 

grazing-incidence small-angle X-ray scattering to study the coalescence upon compression of 

kinked C18 oleyl-coated 7 nm silver particles. At zero excess surface pressure, they showed 

agglomeration into islands with translational mobility, which coalesced upon compression to 

form a continuous close-packed monolayer with local hexagonal order, which on further 

compression reorganised to form local, vertically correlated bilayer islands. Strong hysteresis 

in the surface pressure-area (Π-A) isotherm upon re-expansion corresponded to hysteresis in 

the size of coherently scattering domains: the bilayers disintegrated into needle-like islands 

that only slowly relaxed back to monolayers.  Bera et al.29 showed reversible buckling in 

monolayers of dodecane thiol-capped 2 nm gold nanoparticles spread on water. The buckling 

could be annealed out by raising the temperature. Compressed films transferred at 16oC to a 

surface showed an open random network structure; with the sub-phase at 33oC, the 



transferred films showed circular island structures. Banerjee et al.30 showed slow (hour 

timescale) 2D short-range structural reordering of a Langmuir-Blodgett (L-B) monolayer of 

thiol-capped 3 nm diameter Au nanoparticles, following transfer from water to a silicon 

substrate. The transferred layer shrank, presumably through loss of water, and transitioned 

from triangle (hexagonal) through buckled to a square lattice.   

Polyoxometalates have been identified as candidates that can serve as building blocks in the 

fabrication of molecular devices 2, 31-34 and magnetic polyoxometalates are candidates for 

magnonic devices1 . Integration as thin films remains a challenge. Their high solubility in water 

is an obvious problem which makes it impossible to obtain POMs as monolayers on water that 

can be transferred to a substrate as L-B films, and a significant amount of work has been 

channeled towards its advancement 35-39. However a POM enclosed in an organic surfactant 

can be easily spread directly on water to form stable 2-D Langmuir monolayers 37. Xu et al.6 

studied Langmuir films of surfactant-encapsulated clusters (SEC) in which the cationic 

surfactant dimethyldioctadecylammonium (DODA) replaced the counter cations of Keggin-

type polyoxometalate (POM) clusters, AW12O40
z- (A, z = P, 3; Si, 4; B, 5; Co, 6). The collapse 

pressure of the Langmuir monolayer increased systematically with increase of the number (3 

– 6) of DODA surrounding the core. Monolayer agglomerates formed at low excess surface 

pressure; at higher surface pressure, bilayer structures were deduced. Kurth et al.40, in their 

original description of SEC, showed the preparation of multilayers by transferring monolayers 

from the air-water interface onto quartz or Si substrates with the Langmuir-Blodgett technique. 

The films grew uniformly in thickness with each added monolayer and showed evidence of 

crystallinity. The resulting surfaces were hydrophobic, demonstrating how efficiently the 

DODA layer screens the underlying hydrophilic cluster.  Films cast from chloroform solution 

and annealed at elevated temperature for 15 h in vacuum showed a six-fold axial symmetry 

in transmission electron microscopy. A body-centred cubic structure of scattering centres 

embedded in a disordered matrix was deduced.  Doughty et al.41 showed shifts in vibrational 

band positions of the surfactant that indicated a notable effect of charge of the POM core on 

the surfactant coating and on the local organisation of water surrounding the SEP assembly 

at the air interface. They deduced that the surfactant chains were disordered at the periphery 

as a consequence of the curvature of the spherical POM.   

One focus of this work is to extend research into engineering ordered two-dimensional 

arrangements of the polyoxometalates approaching macroscopic scale. To this end, control 

over the structure in the layer is important. Other authors have discussed the dynamics of 

rearrangement of surfactant-coated nanoparticles at an air-water interface: interfaces 

stabilised by nanoparticles have much more complex dynamics than those stabilised by simple 

surfactants, with an important effect of the friction between the subphase and the interface as 



the area is changed 42. Choi et al. have shown that the propensity to form long-range ordered 

structures of polymer brush-coated nanoparticles depends on the grafting density and length 

of the brushes in relation to the particle radius: on 8 nm polystyrene particles, short brushes 

behave as stretched chains and the resulting particle behaves as a hard sphere, whereas 

longer chains form disordered coils at the periphery and the resultant particle behaves as a 

soft sphere 43, 44. Kim et al., studying the relaxation of surface pressure in Langmuir films of 

ligand-coated 5 nm gold particles, and the structures formed after successive small relaxation 

steps, showed an annealing of defects in the resultant LB films and deduced an important 

effect of interdigitation of the ligand chains as a result of the relaxation procedure 45. The 

surfactant-encapsulated POMs are soft spheres and the sub-phase of a Langmuir trough is a 

soft wall. Hence consideration of the consequences of geometrical frustration in a system of 

soft spheres confined between soft barriers comes into view: specifically how the formed 

structure might be affected by the energetics of interaction of the particles with one another 

and with the sub-phase and interface, and how the structure might be annealed to achieve 

longer-range order. Here, we show effects on the structure of the layer which we interpret as 

due to both the particles and the ‘wall’ (the liquid sub-phase in which the particles are insoluble) 

as being ‘soft’. We show hysteresis in surface pressure-cycling of the layer and the formation 

of a square lattice in 2-D films, which we interpret as the result of geometrical frustration in a 

layer with a soft wall. We demonstrate the effect of large-amplitude surface pressure cycling 

as an “annealing” technique 46 for the interfacial film.  

 

 

Experimental 

Polyoxometalate salt [K20[(W)W5O21(SO4)]12(VO)30(SO4)(H2O)63]18-, in which the anion is 

represented as [V30W72]18-, was prepared by literature methods 1, 7. The POM has a net 

magnetic moment at room temperature of 14.02 µB, which we determined by NMR 

spectroscopy using the Evans method 47.  The surfactant-encapsulated dimethyl-

dioctadecylammonium salt [DODA]18[V30W72] was prepared by treating an aqueous solution of 

the POM cluster [V30W72]18- with a stoichiometric quantity (1:18) in chloroform solution of the 

surfactant dimethyl-dioctadecylammonium bromide (C38H80BrN, [DODA]+Br-) followed by 

constant stirring for 30 min. Successful encapsulation was confirmed by a change in colour of 

the organic phase from colourless to green (the colour of the POM cluster in water). The 

organic coloured solution containing the DODA18 [V30W72] cluster salt was extracted, washed 

several times with water, and dried through solvent evaporation 48, 49.   



The Langmuir trough was Kibron MicrotroughX from Kibron Inc., Finland. The initial area was 

106.2 cm2 and the volume of the sub-phase was approximately 125 mL in all experiments. 

The instrument specification for the Wilhelmy plate sensor sensitivity is 0.01 mN m-1 and of 

the precision of measured area between the barriers is 0.1 %.  Langmuir monolayers were 

formed on a pure water subphase (Milli-Q 18 Mohm). Before monolayer formation, the Teflon 

trough containing water was thoroughly cleaned using ethanol and Milli-Q water 39. The 

air/water interface was vacuum cleaned by moving a tip attached to a vacuum set-up across 

the surface. Surface pressure–area (П-A) isotherms were recorded during compression after 

each cleaning until a surface pressure change of less than 0.2 mN/m was achieved, indicating 

an uncontaminated interface.  The Langmuir film was formed by spreading 20 µL of a 

chloroform solution of DODA18 [V30W72] (4 wt %) onto the water subphase. The chloroform 

was allowed to evaporate for approx. 20 – 30 min before compression and the surface 

pressure-area isotherm was recorded at a rate of 6.9 Å2/molecule/sec. Measurements were 

made at room temperature (20 oC). Langmuir-Blodgett (L-B) films were formed on carbon-

coated transmission electron microscope grids and examined in a Tecnai 12 electron 

microscope operated at 120 kV. 

 

 

Results and Discussion  
Figure 1 shows the surface pressure-area (П-A) isotherm of the surfactant-

encapsulated POM. The isotherm is reproducible and indicates stable monolayer formation 

with characteristic lift and collapse pressures of 3 mN/m and 41 mN/m, respectively. The form 

of the isotherm, consistent with previously reported work 50, can be interpreted as the initial 

formation of a random network 2D gel25, 26 then the development of a 2-phase mixture of gel 

and soft 2D solid, then the compression of the soft solid.  

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2(a) shows the compression/expansion isotherm over 10 cycles with 180 secs 

waiting time between individual isotherm cycles, and Figure 2(b) shows the surface 

pressure- area (П-A) isotherm representing the 1st and 10th compression/expansion 

cycle of the Langmuir film.  A hysteresis loop was observed during the first cycle, which 

then changed slightly in subsequent cycles: Figure 2(b).  

 

Observation of a hysteresis loop during the first cycle can be interpreted as the 

formation of an aggregate upon compression.  When the hysteresis remains over 

subsequent cycles, this indicates that the aggregates disassemble upon expansion, on 

a timescale that is similar to that of the expansion and compression. The result is 

consistent with the model of Vegso et al.28. Since the compressibility in each phase, 

and the range of the two-phase region remains almost the same for each cycle, the 

dissociation of aggregates would seem to be complete on the time scale of the pause 

Figure 1: Surface pressure-area isotherm of Langmuir film of DODA18 [V30W72] (inset: 
Schematic drawing of the chemical structure of the spherical shaped hybrid composing of 
V30W72 polyoxometalates (inner core) and the surrounding DODA organic surfactant). Surface 
pressure is shown as the change from a base of 72.8 mN m−1. Area/molecule is the apparent 
area assuming that all of the added DODA18 [V30W72] is adsorbed at the interface. 
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at excess pressure of 0 mN/m between cycles (180 s).  If there was no pause at 0 

mN/m, or if the cycle was reversed at a surface excess pressure greater than 0 mN/m, 

then there was a significant change in the hysteresis over the 10 cycles: Figure 3. 

Figure 3(a) shows the effect of no pause at 0 mN/m with cycling only through the 2-D 

gel into the 2-phase region.  The gel point area increased on each cycle, indicating 

larger and larger aggregates forming on each cycle. The hysteresis diminished on each 

cycle, indicating the persistence of these aggregates.  

 

 

 

 

 

 

 

 

 

 

 

 

However, after the first few cycles, the magnitude of the change from one cycle to the 

next decreased, in both gel-point area and hysteresis, and the surface pressure and 

area/molecule for the transition from 2-D gel to 2-phase region decreased: Figure 3(c). 

An interpretation is that the random-structured gel aggregates rearranged and stiffened 

if no time was allowed for their dissociation. With the cycle reversing without pause at 

15 mN/m, towards the high-pressure end of the assumed 2-D gel region, again the 

molecular area for a given surface pressure decreased on each cycle, and the area 

range for the two-phase region decreased resulting in the hysteresis also decreasing. 

(a) (b) 

 

Figure 2: Result of compression/expansion cycle. (a) Surface pressure-area isotherms 
of 1st – 10th cycles while fully expanding barriers, with pause time of 180 s at maximum 
expansion. (b) 1st and 10th cycle. Area/molecule is the apparent area assuming that all 
of the added DODA18 [V30W72] is adsorbed at the interface. 
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The molecular area corresponding to the transition from 2-phase to soft solid steadily 

decreased with continued cycling: Figure 3(c). An interpretation is that, on pressure 

cycling, without allowing time for aggregates to dissociate, the 2D gel aggregates 

undergo a structural rearrangement such that the area of an individual aggregate 

decreases and they become more like the soft solid assumed at higher surface 

pressure. Figure 3(b) illustrates another subtle point: the dependence of the film 

dynamics on the detail of the initial state of the system. In this case, the film was first 

compressed from a fully open state to a surface pressure of 15 mN/m. Then there was 

a pause of approximately 5 min to adjust the instrument controls. Then the cycling 

started. It is clear that, during the pause, the 2-phase film had rearranged back to a gel 

that was stiffer than previously. These complex dynamics are consistent with 

observations by other authors on other surfactant-stabilised nanoparticle systems 42, 45, 

51.  Sagis et al.42 have deduced three mechanisms for surface relaxation (and hence 

hysteresis in Π-A measurement): mass transfer between surface and bulk (applicable 

to simple water-soluble lipid systems); lateral rearrangement; and friction between the 

bulk and surface as the area changes.  Given the long time scale and the insolubility of 

the SEC in water, we deduce that lateral rearrangements within the adsorbed 

monolayer are the cause of the hysteresis. We deduce that the large amplitude of the 

surface area cycle allows time for dissociation and reorganisation of surface 

aggregates, which distinguishes this procedure from the small-amplitude perturbations 

used by other authors 45, 46. Martín-García and Velázquez 52 have also shown the 

benefit of using large strain amplitudes to induce surface rearrangements, and have 

similarly deduced the importance of aggregate rearrangement, and of component 

movements inside each aggregate . 

 

 

  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Polymers have been known slowly to undergo rearrangement at air-aqueous interfaces 
53-55. With this in mind, we reason that one element influencing the structural 

rearrangement and dissociation dynamics of aggregates is the time- and surface 

pressure-dependent interpenetration of the polymer chains of the surfactant molecules 

on different particles 43, 44, as also indicated by Kim et al. 45.  Thus the diminishing of 

the hysteresis loop observed upon pressure cycling and the stiffening of the 2-D gel 

upon holding at constant pressure can also be a result of steric repulsion operating as 

the film is compressed into the 2-D gel and solid phases. We hypothesise that the 

polymer chains tend to fold and not interpenetrate as the particles initially come into 

contact, then interpenetrate slowly and dissociate from the interpenetrated state slowly. 

However, on pressure annealing, the interpenetration of polymer chains is more 
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Figure 3: Results of surface pressure cycling, 
changing the pause time between cycles, and 
minimum pressure at which the cycle is 
reversed. (a) Surface pressure cycling between 
0 mN/m – 15 mN/m with no pause at either 
extreme. Increasing cycle number from 1 to 10 
is shown by the arrow at the top of the curves. 
(b) Surface pressure cycling between 15 mN/m 
– 30 mN/m, with no pause at either extreme. 
There was a pause of ~5 minute at 15 mN/m 
before the cycling started. (c) Area/molecule at 
which the change in slope occurred vs cycle 
number. Surface pressure is shown as the 
change from a base of 72.8 mN m−1.  
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effectively achieved, and the dissociation is therefore even slower so the 'solid' phase 

persists to lower surface area. 

 

The floating Langmuir film was readily transferred onto the carbon-coated grids at a 

constant pressure of 30 mN/m after a single compression for the un-annealed film and 

the same pressure after the surface-pressure cycling for the annealed film. Both film 

morphologies were investigated using transmission electron microscopy (TEM).  We 

assume that the structure observed is that of the original Langmuir film and is not 

changed as a consequence of the formation of free surface over the grid holes or by 

interaction with the grid substrate .  Figures 4(a) and 4(b) show TEM micrographs of 

the un-annealed and annealed films respectively, both showing domains existing as a 

two-dimensional square packing of the POM particles, more evidently regular in the 

case of the annealed film. The anionic POM cluster appears as a dark spot embedded 

in a bright matrix of the DODA+ cations. The average diameters of the dark particles 

obtained from the micrograph of the annealed and un-annealed film are both 

approximately 2.4 nm, with an average centre to centre distance of 3.6 ±0.2 nm. These 

values are in close agreement with the diameter (2.5 nm) reported for [V30W72]18- 

polyoxometalate and the average chain length of 2 DODA.Br molecules (3.8 nm)7,48, 49, 

56. The magnetic dipole interaction energy between the POMs would be negligible in 

comparison with thermal energy at room temperature a.  While the expected closest packing 

in a 2-D system is a triangular (hexagonal) lattice, the square lattice observed in this system 

is unusual in an L-B film. As noted in the Introduction, the air-water interface is not a system 

confined by hard boundaries and so falls between a 2-D and 3-D system. In such a system, 

dependent on the energetics of interaction with the solvent, the energy may be minimized by 

buckling of the layer, giving rise to the observed square packing, as also seen in similar 

systems differently prepared 1, 18, 57. 

 

A comparison of the length scales of ordering shown in the TEM micrographs of the annealed 

and un-annealed films was obtained by comparing the 2-D Fast Fourier Transformation (FFT) 

of areas of different sizes. If the 2D crystals were much smaller than the selected size scale 

and randomly oriented within the observation window, then the FFT would show a ring pattern 

only. If the 2D crystals were of comparable size to, or larger than the observation window, then 

the FFT would show spots. Figures 4(c) and 4(d) show the magnified image of a (100 nm ×100 

 
a The interaction energy between two parallel magnetic dipoles, with dipole moment µ 
and spacing r is 𝐸𝐸 =  𝜇𝜇0𝜇𝜇2 4𝜋𝜋𝑟𝑟3⁄ . With µ = 10 µB and r = 1 nm, E = 8.6 ×10-25 J . Thermal 
energy at room temperature ≈ 4 ×10-20 J . The steep decline of energy with distance 
means that the energy is not significantly increased by doing a lattice sum. 



nm) square and the corresponding FFT, for the pressure cycle-annealed and un-annealed 

films. The annealed film (Figures 4(c)) exhibits a single-domain square lattice diffraction 

pattern corresponding to a 2D square ordering of the SECs on the 100 nm scale. On this size 

scale, the unannealed film also shows a spot pattern, but slightly broadened (Figures 4(e)). 

Further increasing the size scale to 150 nm × 150 nm, the ordering is less evident for the 

annealed film ((Figures 4(d)), and almost absent for the un-annealed, ((Figures 4(f)),  

indicating that the 2D crystals were much smaller than the 150 nm size scale.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The shift towards the lower molecular area region and gradual collapsing of the 

hysteresis loop during the cycles observed in Figure 3 can also be indicative of film 

(b) 

(d) (c) 

(a) 

(e) (f) 

Figure 4: TEM micrograph of a Langmuir film of DODA18 [V30W72] transferred after: (a) multiple 
compression/expansion (b) a single compression (high resolution image as inset); (c) 100 nm × 100 nm 
dimension magnification of (a) (scale bar = 50 nm); (inset: spot patterned FFT); (d) 150 nm × 150 nm 
dimension magnification of (a); (inset: ring and spot-patterned FFT) (e)100 nm × 100 nm dimension 
magnification of  (b) (scale bar = 50 nm); (inset: ring and spot-patterned FFT) (f) 150 nm × 150 nm 
dimension magnification of (b); (inset: ring patterned FFT). 

 

 

 



annealing through rearrangement of the hybrid molecule at the interphase, perhaps 

associated with buckling of the adsorbed layer as a consequence of the geometrical 

frustration effect. 

 

Conclusion  
 

We have demonstrated the formation of a stable and compact 2-D array of hybrid soft spheres 

existing in a square lattice arrangement. We highlighted the relevance of the large-amplitude 

surface-pressure cycling as an “annealing” technique for achieving ordering of particles. We 

have thus expanded the toolbox for the creation of long-range ordered LB films of POMs which 

will aid in the exploration of functional devices exploiting their properties. This procedure may 

be extended to the generation of organized LB film of other interesting materials with desirable 

properties and diverse functionalities.   

.  If the particle-particle interaction energy were to be described by a Gaussian function 20, 

then chain disorder at the periphery 41, 43 would be expected to alter the range of this function.  

Thus, following  Kahn et al.20, particles comprising a hard core with a polymer shell, such as 

the surfactant-encapsulated POMs, should show effects on 2-D structural ordering in LB films 

of the radius of the core in relation to the length of the polymer chains, that are simply a 

consequence of geometrical frustration. While the square packing of spheres that we have 

observed is unexpected, we interpret this phenomenon as a geometrical frustration effect that 

causes the buckling of the monolayer.  This is a fundamental phenomenon, which, though the 

sequence of the various structural transformations may be modified, occurs regardless of the 

details of the potential energy functions.  
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