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Samples of polymeric materials generally have no 

intrinsic shape; rather their macroscopic form is 

determined by external forces such as surface tension 

and memory of shear (for example, during extrusion, 

moulding or embossing). Hence, in the molten state, 

the thermodynamically most stable form for polymer 

(nano)particles is spherical. Here, we present the fi rst 

example of polymer nanoparticles that have an intrinsic 

non-spherical shape. We observe the formation of 

high-aspect-ratio ellipsoidal polymer nanoparticles, 

of controlled diameter, made from main-chain liquid 

crystalline polymers using a mini-emulsion technique. 

The ellipsoidal shape is shown to be an equilibrium 

(reversible) characteristic and a direct result of the material 

shape memory when a liquid crystal nanoparticle is in its 

monodomain form.

Liquid crystalline polymers and elastomers have received 
considerable attention because of their remarkable 
macroscopic properties that result from the alignment of rigid, 

rod-like segments at the monomer level coupled to the average 
conformation of polymer chains1,2. Among the many intriguing 
effects demonstrated by these and related materials are ‘shape 
memory’ leading to mechanical actuation (the conversion of light 
or thermal energy into mechanical energy)2,3, and ‘soft elasticity’ 
(the ability of an elastic medium with microstructure to deform 
without a stress response)2,4.

Here we study the properties of main-chain liquid crystalline 
polymer (MCLCP) nanoparticles. We demonstrate, for the fi rst 
time, that within a certain range of particle sizes their shape 
becomes naturally ellipsoidal, with a signifi cant aspect ratio. This 
shape is determined by the quasi-equilibrium shape memory of 
entangled MCLCP and changes reversibly back to spherical on 
heating the polymers into the isotropic phase. The ability to fi x the 
anisotropic shape of the nanoparticles and reversibly change it by 
stimuli such as temperature or light (in photochromic materials) 
makes this effect important for nanotechnological applications 
such as nanoactuators.

Macroscopically, traditional amorphous polymeric materials 
have no preferred shape. Individual polymer molecules generally 
adopt an isotropic ‘random coil’ conformation in the melt or 
solution. Hence polymer particles (with sizes ranging from several 
nanometres to several micrometres) are spherical in shape as a result 
of minimizing surface tension. Over the past decades, research has 
gone into assembling such particles into colloidal suspensions with 
a variety of interparticle interactions, and the formation of colloidal 
crystals, with applications such as photonic crystals5,6. The assembly of 
regularly shaped non-spherical particles would greatly expand these 
and many other applications7. Submicrometre particles of inorganic 
materials ranging from needles to spheres can be synthesized by 
carefully controlled crystal growth conditions8,9, or by anisotropic 
deformation under ion irradiation of certain amorphous inorganic 
materials10. Non-spherical polymeric particles have been prepared 
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previously, but only by elaborate multistep procedures11,12, and they 
have to be frozen in their non-equilibrium shapes by the glassy nature 
of the polymers13. The approach and the particles that we describe 
below provide the fi rst example of polymer materials with intrinsic 
shape selection (that is, their equilibrium shape is spontaneously 
determined by the translation of local molecular structure and 
anisotropy into meso- and macroscopic length scales). Our 
nanoparticles prepared from MCLCPs spontaneously adopt prolate 
ellipsoidal shapes with high aspect ratio. In addition, this shape can 
be controlled and manipulated by changing the underlying nematic 
order (by altering the temperature, as in our reported experiments, 
or by other means such as ultraviolet irradiation).

In this work we used the polymers shown in Fig. 1, but we will focus 
our attention on particles formed from the main-chain polyether14 

(Fig. 1a), which has well-characterized properties and reasonably 
accessible glass (Tg) and nematic (TNI) transition temperatures, 
ensuring that the particles are in equilibrium. However, we also used 
two different polymers, F8BT and PFO, shown in Fig. 1b and c, which 
have much higher Tg and clearing point (transition into isotropic 
state), making them glassy at room temperature. All polymers have 
been reported to display a liquid crystal phase15. No values for the 
clearing points of F8BT and PFO are known, as these are high and 
often accompanied by decomposition. Polymer nanoparticles were 
prepared by the mini-emulsion route16. By varying the relative 
amounts of surfactant and polymer, different sizes of particles can 
be obtained. Briefl y, the MCLCPs were dissolved in chloroform and 
mixed with water and surfactant. After ultrasonication for 5 min, 
a stable mini-emulsion formed and evaporation of chloroform 
resulted in a stable suspension of MCLCP nanoparticles, with 
typical sizes in the range 30–150 nm. This relatively straightforward 
preparation technique gives moderately polydisperse particles which 
are suffi cient for our present work. In future work, we will control 
the polydispersity to a greater extend by improving the conditions for 
the mini-emulsion technique. Typical nanoparticles obtained using 
the main-chain polyether are presented in Fig. 2. Clearly, particles 

in the size range 100–200 nm as shown in Fig. 2b and c are not 
spherical but prolate ellipsoids. Similar preparation procedures used 
on non-liquid-crystalline polymers such as TFB and polystyrene 
(see Supplementary Information) gave similarly sized but spherical 
particles (as classical colloid science dictates). This result clearly 
indicates that the formation of ellipsoidal particles is a specifi c 
property of the liquid crystalline polymer and does not result 
from other factors such as surfactant behaviour. Additional studies 
confi rmed that the nature of the surfactant (cationic or anionic) 
has no apparent infl uence on the particle shape (see Supplementary 
Information for different surfactants used).

When studying the size anisotropy in more detail, a clear 
relationship is observed between particle size and the aspect ratio 
(major versus minor axis) of main-chain polyether ellipsoids. The 
scanning electron microscope (SEM) images in Fig. 2 show that the 
particle morphology changes from spherical to ellipsoidal and to 
spherical again. When the particle size is below 30 nm (Fig. 2a, small 
particles), particles tend to be spherical. With increasing size, particles 
show an ellipsoidal shape with aspect ratio of about 1.5, with major 
and minor axes around 138 nm and 90 nm respectively. The aspect 
ratio decreases to 1.2 when the particle size increases to 200 nm, and 
particles become completely spherical when the diameter reaches 
1,000 nm. The results show that there is a pronounced variation 
in behaviour with the average size of the particles. In outline the 
trend is as follows: small particles are spherical, intermediate-sized 
particles are ellipsoidal and larger particles are again spherical.

The ellipsoidal shape of main-chain polyether nanoparticles 
must refl ect the current state of nematic ordering in the underlying 
polymer chains, which must have an equilibrium conformation 
that is not an isotropic, random coil arrangement but a prolate 
ellipsoid. Accordingly, heating the nematic polymers above the 
nematic to isotropic transition temperature TNI should turn the 
ellipsoidal particles into spherical ones. This temperature effect 
was investigated by cycling the temperature of the particles through 
their TNI by annealing and cooling a suspension of main-chain 

Figure 1 Chemical structures of the polymers used in this study. a, Main-chain polyether (Tg 28.1 °C, TNI 95.1 °C, Mw 13,000) ; b, poly(9,9-dioctylfl uorene-co-
benzothiadiazole) (F8BT) (Tg 121.8 °C, Tcryst 152.6 °C, Tm 240.2 °C, Mw 203,000); c, poly(9,9-dioctylfl uorene) (PFO) (Tg 78.0 °C, Tcryst 98.6 °C, Tm 149.0 °C, Mw 79,000).
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Figure 2 SEM images of main-chain polyether nanoparticles with different morphologies and sizes. a–d, The aspect ratio of main-chain polyether particles changes with size. 
a, Aspect ratio of 1.0 in the case of 28-nm spheres (small particles); b, 1.5 for 140-nm-long ellipsoids; c, 1.2 for 200-nm-long ellipsoids; and d, back to 1.0 for 1,000-nm spheres. 
The white bar represents 200 nm in each case.
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polyether nanoparticles in water. The suspension was annealed for 
40 s at 101 °C and then rapidly quenched in liquid nitrogen (not 
allowing the equilibrium nematic order, and the associated particle 
shape anisotropy, to develop). Figure 3a shows that nanoparticles 
frozen in their high-temperature conformation are spherical. At 
101 °C, the main-chain polyether is in the isotropic phase. No chain 
alignment inside the particles takes place to counteract surface 
tension, and particles change from ellipsoids to spheres as in all 
classical colloids. However, when the annealed suspension is allowed 
to cool to room temperature slowly, the nanoparticles return to a 
non-spherical shape (Fig. 3b), demonstrating that the shape change 
is a reversible process and that the particle shape is their equilibrium, 
intrinsic property. It should be noted that the Tg of this polymer is 
28.1 °C, but that the ellipsoidal shape is persistent up to the clearing 
temperature (TNI ≈ 95 °C). This demonstrates that even when the 
polymer melt has suffi cient mobility, the particles do not deform, 
and the ellipsoidal shape is indeed the equilibrium shape.

A theoretical model explaining these observations, based on 
the physics of the underlying liquid crystalline polymer, will be 
presented in detail elsewhere. This will include an explanation 
of the subtle variations of aspect ratio with particle size and 
material, as suggested by our results. Here we present a qualitative 
picture that could account for the observed behaviour. There is 
a clear parallel between our findings and the equilibrium shape-
memory properties of nematic elastomers (see ref. 2 for details). 
However, there are three challenges to address. (i) The polymers 
forming the nanoparticles are not deliberately crosslinked; why 
then does the material behave like a shape-memory nematic 
elastomer? (ii) What determines the lower ‘critical size’ below 
which the particles are spherical? (iii) What happens above the 

upper ‘critical size’, when the particles become spherical again 
before becoming irregular?

First, let us deal with the issue of effective crosslinking, which 
is the central point of this argument. We propose that the origin of 
the observed effects lies in the main-chain nature of these nematic 
polymers. Such chains are known to fold into hairpins in the nematic 
phase17 and the size of hairpins is particularly small (localization 
effect) in chains that contain rigid rod segments connected with 
fl exible spacers, as in our main-chain polyethers. In the dense melt, 
the lateral mobility of chain segments is restricted by the neighbours, 
which effectively confi ne each individual chain in a narrow tube 
with only the reptation motion along the tube remaining as the 
mechanism of equilibration: viscoelastic polymer melts are very far 
in their mechanical properties from an ordinary liquid18. Typical 
tube diameters have been reported in the range of 2–4 nm. When the 
reptation tube that confi nes the motion of a MCLCP in the nematic 
phase is folded into a corresponding hairpin, there is a regime of 
suffi ciently small tube diameter and hairpin radius at which the 
rigid-rod molecular moiety will not be able to negotiate the turn, 
and chain reptation effectively freezes (chain diffusion ceases 
altogether). In this new dynamical regime, only present in hairpin-
folded main-chain nematic polymers, thermal reptation motion 
is only allowed between hairpins, which therefore play the role of 
effective network crosslinks. The effective rubber modulus of such a 
dynamically constrained polymer melt is, accordingly, proportional 
to the hairpin density, which is a known function of nematic order 
parameter2,18. It has been experimentally demonstrated that the 
restricted chain mobility of MCLCP melt in the nematic phase 
leads to physical properties closely resembling those of permanently 
crosslinked nematic rubber19,20. We believe this is also responsible 

a b

Figure 3 SEM images of main-chain polyether nanoparticles. Particles are shown after being annealed at 101 °C for 40 s and (a) quickly quenched in liquid nitrogen; 
(b), slowly cooled to room temperature. The white bar represents 200 nm.

Figure 4 SEM images of F8BT nanoparticles with different shapes and sizes. The apparent trend of shape dependence on particle size confi rms that seen in MCLCP. 
a–c, The F8BT nanoparticle shape changes from (a) spheres (30 nm) to (b) ellipsoids and back to (c) spheres (70 nm). The aspect ratio varies from 1.0 to 2.2 and to 1.0 
correspondingly. d, Irregular particles with size larger than 120 nm. The white bar represents 100 nm.

a b c d
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for ‘locking’ the ellipsoidal shape memory of MCLCP particles, and 
ultimately of other nematic polymers.

Let us now consider the lower size limit on the ellipsoidal 
range. As the particles become smaller the relative contribution 
of the surface compared with the volume increases significantly. 
Interfacial tension will always be present as the energy penalty 
and will therefore increasingly drive the particles to be spherical 
as they become smaller. The particles at this size range will be 
expected to be nematic monodomain (see later) and hence the 
equilibrium shape, without taking into account the surface 
tension, would be prolate ellipsoidal. The interfacial tension 
will need to elastically distort the equilibrium ellipsoids back to 
spheres as the particles reduce in size. Elementary calculations 
comparing the elastic energy cost (reflected in the effective 
rubber-elastic modulus, μ) of distorting the ellipsoids with the 
change in interfacial energy (tension γ) indicate that the lower 
critical radius R scales as:

   R ∝ γ/μ

A typical value of the modulus of these materials is 105 to 
106 N m–2. This estimate, and the whole concept of a ‘rubber 
modulus’, relies on the effective constraints on chain reptation 
motion imposed by tightly folded hairpins. The interfacial 
tension of mini-emulsions has been determined by Landfester 
to be ~6 × 10–2 N m–1 for a number of organic materials with 
sodium dodecylsulphate (SDS) as a surfactant21. Hence the lower 
critical radius below which we expect spheres is about 60 nm. 
Considering the qualitative level of this estimate, the order-of-
magnitude agreement with our observations is very satisfactory.

The upper size limit of the ellipsoidal range has to be explained 
by referring to the characteristic size of aligned nematic domains in a 
main-chain polyether melt. To show an ellipsoidal shape that depends 
on the order parameter, the particles need to be monodomain, 
uniformly aligned nematic liquid crystals. But it is well known that 
the macroscopically polydomain state is the equilibrium in nematic 
elastomers, because of the effect of quenched orientational disorder 
imposed by network crosslinks22. In our MCLCP system, the tightly 
folded hairpins present exactly the same quasi-equilibrium effect as 
has been demonstrated in a study of polydomain melts19,20. Hence 
the upper limit on the ellipsoidal range is set by the natural domain 
size of the liquid crystalline polymers, ξD. If the particle is smaller 
than a typical domain size it will be an orientational monodomain 
and of ellipsoidal shape. If the particles are much bigger than a 
domain size ξD, then each will contain several domains in different 
orientations, resulting in a macroscopically isotropic, spherical 
shape. The domain size in a liquid crystal of this type has been 
shown2,22 to be of the form 

ξD = k2/ρg2

where k is the Frank elastic constant for the polymer (a 
function of the material and the nematic order parameter), ρ 
represents a measure of the sources of quenched disorder in the 
system (hairpins in our case, whose density is also a function 
of nematic order) and g is the coupling energy between these 
disrupting regions and the director field (less is known about 
this parameter, although some estimates are given in the quoted 
literature). Previous work has shown that the typical domain size 
for liquid crystalline polymers of the type used here, ξD, is about 

Figure 5 SEM images of PFO nanoparticles with different shapes and sizes. a–c, The aspect ratios of (a) spheres (25 nm), (b) ellipsoids and (c) ellipsoids are 1.0, 1.45 
and 1.8 respectively. d, The nanoparticles are irregular in shape when the size is over 200 nm. The white bar represents 100 nm.

a b c d

a b

Figure 6 SEM images of annealed PFO nanoparticles. a, After annealing the suspension at 101 °C for 40 s and subsequent quenching in liquid nitrogen; b, after 
annealing at 101 °C for 40 s and slowly cooling to room temperature. The white bar represents 100 nm.
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1 μm or slightly less19. One has to bear in mind that the concept 
of aligned ‘domains’ due to the random quenched disorder is 
only a property of correlation functions—there are no uniform 
regions separated by sharp walls, instead there is simply a 
gradual loss of correlation in nematic director alignment over 
a distance ~ξD. Therefore, our experimental observation that the 
‘upper critical size’ of our particles is several times smaller than 
1 μm is still reasonable. In fact, we are encouraged by this crude 
estimate that the two characteristic sizes are in the right relation 
to each other and in the right order of magnitude. As part of 
the predictions produced by this model, we could say that the 
observed ellipsoidal shapes should not be observed in side-chain 
LCPs (owing to the absence of hairpin constraints). Of course, 
if one formed particles of weakly crosslinked nematic elastomer, 
they would show shape memory as well. From other studies19 we 
know that the nematic domain size grows as the temperature rises 
towards TNI. Accordingly, the upper critical size should become 
higher. It is interesting that the lower critical size (determined 
by the hairpin density, through the effective rubber modulus) 
should be a non-monotonic function of temperature: there are 
no hairpins near the nematic–isotropic transition, but equally 
the MCLCP chains in the melt would straighten more and thus 
reduce the hairpin density when the nematic order became very 
high at low temperatures.

To illustrate the generality of the formation of intrinsically 
non-spherical particles, we now present a range of particles 
prepared from two other liquid crystalline polymers, F8BT 
and PFO, best known in studies of semiconducting polymers. 
The results shown in Fig. 4 for F8BT again clearly illustrate 
the dependence of particle aspect ratio on average particle 
size, going from spherical particles for sizes below 30 nm to 
ellipsoidal shapes for larger diameters. Some of the largest 
anisotropy was observed in particles with ~40 nm minor axis 
(maximum aspect ratio slightly over 2.0; major and minor axes 
of 78 nm and 36 nm, respectively). Some larger particles (around 
120 nm) have irregular shapes, although this may be a result of 
deformation caused by drying on the surface while the scanning 
electron microscopy images were prepared.

PFO particles show a similar trend (Fig. 5): when the particles 
are very small, around 25 nm, surface tension apparently 
dominates and the particles are more or less spherical (aspect 
ratio 1.0). Slightly increasing the average particle size leads to 
ellipsoidal particles with an aspect ratio of 1.45 (63 nm major 
axis and 44 nm minor axis). Further increasing the particle size 
results in a further increase in aspect ratio to 1.8 (major axis 
137 nm, minor axis 76 nm). The particles become irregular in 
shape when their size exceeds 200 nm.

Both PFO and F8BT are glassy at room temperature and 
one may question the arguments about their equilibrium shape. 
To prove that these ellipsoidal particles are indeed showing 
equilibrium shapes, we again annealed a suspension of the 
particles at 101 °C, above the Tg (78.0 °C) and Tcryst (98.6 °C) of 
PFO. After 40 s, the suspension was either quenched in liquid 
nitrogen or slowly cooled to room temperature. Figure 6 clearly 
shows that the PFO nanoparticles retain their significantly 
asymmetric ellipsoidal shape when heated above their Tg, when 
the chain mobility would be expected to allow the recovery of 
the spherical shape. This demonstrates again that the shape 
anisotropy is in thermal equilibrium and results from the 
underlying liquid crystalline order in the polymer chains.

METHODS

NANOPARTICLE SYNTHESIS
The main-chain polyether was provided by A.R.T. (Cavendish Laboratory). F8BT and PFO were 

purchased (ADS). The MCLCP nanoparticles were prepared as described previously16. The typical 

procedure is: 50 mg main-chain polyether is dissolved in 6.0 g chloroform and mixed with 10 g water 

containing 0.03 g SDS for pre-emulsifi cation. After 5 min ultrasonication at 15% amplitude (Fisher 

company, Soniprep 150 with exponential microprobe) a stable mini-emulsion is produced. The 

sample is cooled in an ice box to prevent heating caused by the high-energy ultrasound. Evaporation 

of chloroform at 62 °C for 3 hours results in a stable suspension of polymer nanoparticles. Table 1 in 

the Supplementary Information lists the MCLCP nanoparticles that we prepared. The particle sizes are 

measured with a Malvern Zetasizer NanoZS.

SEM CHARACTERIZATION
The particle suspension is deposited on a cleaned silicon wafer after 15–20 times dilution. SEM 

characterization is carried out on a fi eld-emission LEO 1530 VP operating at 6 kV to image the 

morphology of nanoparticles. For all experiments, 50 particles in the SEM image are used to measure 

the particle size distribution. The shape change is observed using an SEM (Philips XL30 FEG) fi tted 

with a cold stage CT1500 (Oxford Instruments). The heating speed is about 5 °C min–1 during the 

whole process. The heating system is switched off during the imaging period to ensure that the system is 

stable, and to prevent the drift of the images at high temperatures.
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