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Nanoporous polymer particles made by suspension
polymerization: spontaneous symmetry breaking in
hydrogen bonded smectic liquid crystalline
droplets and high adsorption characteristics†

H. P. C. van Kuringen,a,b D. J. Mulder,a,b E. Beltran,c D. J. Broer*a,d and
A. P. H. J. Schenning*a,d

A versatile and scalable suspension polymerization method is

reported to synthesize nanoporous polymer particles. Detailed

insight is obtained into the fabrication of these particles based on

hydrogen bonded smectic liquid crystalline monomers. A low vis-

cosity nematic phase is used for emulsification, followed by a

cooling step to the high viscosity smectic C phase before polymer-

ization. Upon cooling spontaneous symmetry breaking is observed,

resulting in equal quantities of enantiomeric single-domain dro-

plets with either positive or negative tilt of the molecular orien-

tation within the concentric layers. Treatment of the polymerized

droplets with base results in nanoporous particles with an onion-

like order. Dye adsorption experiments demonstrate a high adsorp-

tion capacity in combination with fast adsorption kinetics. The par-

ticles and dyes could be easily removed from solution which

makes them appealing for separation, purification, and recovery

applications.

Introduction

Adsorption is considered an attractive, cost-effective water
purification method.1 Additionally, selective adsorption can be
used to recover or remove chemicals in industrial waste
streams or for mining valuable metals ions from seawater.2,3

Particle adsorbents are promising, with large surface areas pro-
moting increased capacity and fast performance.4 In particu-
lar, nanoporous particles with ordered structures and pore
sizes are appealing for fast kinetics and selectivity.5,6 However,

such polymer particles have not been fabricated yet. Ordered
nanoporous liquid crystalline (LC) polymer films have been
reported previously; however, production methods – typically
involving LC cells and alignment layers – are slow and inap-
propriate for mass production.7–13 In the last decade, much
effort has gone into the formation of LC droplets and shells
that do not require cells and alignment layers.14,15 Non-porous
LC polymer particles have been fabricated by a range of (scal-
able) techniques16–18 while porous LC polymer particles based
on nematic LCs have also been reported.19,20

We have recently reported on nanoporous materials based
on hydrogen bonded (H-bonded) smectic LC acrylates having
straight lamellar pores with a very narrow size distribution in
the range of 1 nanometer.21–23 These porous polymer films
could be used as adsorbents capable of selectively adsorbing
cationic dyes over anionic, zwitterionic, or larger cations.

In this work, we describe a scalable procedure for the for-
mation of a new class of nanoporous particles via aqueous sus-
pension polymerization of H-bonded smectic LC monomers.
Surprisingly, spontaneous symmetry breaking was observed
for the self-assembled monomers, resulting in enantiomeric
single-domain particles. Subsequently, nanoporous polymer
particles are produced with fast guest adsorption and desorp-
tion kinetics, and a very high uptake capacity.

Results and discussion
Formulation and phase behavior of LC monomer mixture

In order to fabricate nanoporous particles a mixture of
H-bonded monomers, 6OBA, 5OBA and 3OBA (nOBA), with
different aliphatic spacer lengths24 in combination with a
smectic cross-linker21,23 (C6H) was used (Fig. 1). The cross-
linker is present to maintain the network after polymerization
and deprotonation (for experimental details, see the ESI†). The
phase behavior of the monomer mixture was characterized by
differential scanning calorimetry (DSC), polarized optical
microscopy (POM) and X-ray diffraction (XRD) (Fig. S1–S4†),

†Electronic supplementary information (ESI) available: Materials and methods
section and additional figures. See DOI: 10.1039/c6py00865h
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revealing an isotropic – nematic phase transition at 97 °C.
Upon cooling the mixture transforms into a smectic C phase at
65 °C which remains at room temperature.

Formation of the LC monomer droplets

The LC monomer mixture was first heated to the isotropic
phase for mixing, and then cooled to the nematic phase. Pre-
heated aqueous polyvinylpyrrolidone was poured on top of the
LC mixture and the blend then immediately homogenized,
inducing the formation of spherical monomer droplets
(Fig. 1b). POM images showed micrometer-sized birefringent
droplets, indicating that the LCs were aligned (Fig. S5†). The
observed pattern points to a parallel (planar) alignment of the
LC at the droplet surface.25 Cooling the emulsion beyond the
nematic – smectic C phase transition results in rearrangement
of the LCs. Optical microscopy (OM) pictures exhibited a dot
in the middle of the spherical droplets suggesting a hedgehog
point defect (Fig. S6,† Fig. 2d for the polymerized analogue).26

The larger particles showed sometimes a disclination line. In
fact these line defects are also expected since the filling of
space of a spherical droplet with LCs in the smectic C phase
cannot be solved with only one point defect. It should be
noted that such lines can only be observed if its orientation is
perpendicular to the optical path (Fig. S7†). Between crossed
polarizers, Maltese cross patterns are observed in POM images
of the droplets, indicating the formation of onion-like layered
droplets with the smectic layer normal perpendicular to the

droplet surface.26 The orientation of the Maltese crosses is not
in the same direction as the axes of the crossed polarizers. At
temperatures close to the smectic – nematic transition, tilt of
the cross is 19° and increases with decreasing temperature,
reaching 32° at 40 °C. These angles are similar to those found
with XRD for the tilt angles within of the monomer mixture
(Fig. S4†).

The cross for each droplet has either positive or negative
tilt, pointing to spontaneous symmetry breaking27–29 and both
tilts were found in equal quantities (Fig. 2a). This indicates
that during the nematic – smectic transition, all molecules in
one droplet reorient in the same direction, which results in
droplets each having a single-domain orientation (Fig. 2b). If
droplets were heated above this phase transition, the axes of
the Maltese crosses all became parallel to the axes of the
crossed polarizers, with 0° tilt (Fig. 2a). This indicates a per-
pendicular LC orientation at the droplet surface, whereas a
parallel orientation was observed before, i.e. directly after
droplet formation in the nematic phase (vide supra). Appar-
ently, the LC orientation in a droplet is not only affected by the
size and anchoring conditions at the droplet surface, but also
by the temperature history.26 Upon cooling, the LCs again tilt
in a fully random fashion: for a given droplet, the direction of
the tilt can be the same as before, but can also change from
positive to negative and vice versa (Fig. 2a, Fig. S8 and Movie
S1†). It is anticipated that within one droplet initially a

Fig. 1 (a) LC monomer mixture containing 90% H-bonded nOBA
dimers (6OBA : 5OBA : 3OBA 1 : 1 : 1 weight ratio) and 10% C6H cross-
linker. (b) Production scheme of the nanoporous polymer particles that
exhibits an aqueous phase and the LC mixture, which is subsequently
homogenized in the nematic phase followed by a cooling step to obtain
smectic LC droplets. The smectic phase is photopolymerized and after a
base treatment nanoporous polymer particles with onion-like order are
obtained (c).

Fig. 2 Microscopy images of the monomer droplets and polymer par-
ticles. (a) A Maltese cross was observed in the same direction as the
crossed polarizers (crossed arrows) in the nematic monomer droplets
(70 °C), while a tilted Maltese cross was observed in the smectic C
monomer droplet (60 °C). The tilt angle is temperature dependent, but
the tilt direction is fully random after each heating – cooling cycle. (b)
Schematic drawing of the monomer droplets with tilted LCs in the con-
centric layers. A black Maltese cross is drawn at the position where the
LCs are parallel orientated to the axes of the polarizers. (c) The tilt is
locked in H-bonded polymer particles. (d) OM picture showing the
hedgehog point defects (e) SEM picture showing the dumbbell shape of
the particles. Scale bar is 5 µm.
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population of molecules tend to tilt in opposite direction, but
in the end the majority is decisive and determines the tilt
direction. The tilt in the droplets was fully random for each
droplet; the direction of the tilt can be the same as before, but
can also change from positive to negative and vice versa. This
means that there is no memory effect in the droplet itself or by
the surroundings. It was observed that upon further cooling,
the spherical droplet shape becomes metastable and a distor-
tion indicates a transition of the system to a more stable equili-
brium state with an energetically preferred dumbbell shape30

(Fig. S8†).

Formation of the nanoporous polymer particles

The molecular organization of the droplets was locked in the
particles by performing a photopolymerization at 40 °C. Next,
the particle suspension was poured over a 7 µm filter and the
filtrate was washed and centrifuged with deionized water and
dried to retrieve purified particles. Fourier transform infrared
spectroscopy (FTIR) confirmed the conversion of the acrylate
moieties (Fig. S9†). OM pictures of the particles show the same
hedgehog defects and tilted Maltese crosses (Fig. 2c and d).
Scanning electron microscopy (SEM) clearly showed the dumb-
bell shape of the particles and revealed a broad distribution of
particle sizes, with an average diameter of 1.4 µm (Fig. 2e and
S10†). Powder XRD measurement showed an isotropic diffrac-
tion pattern (Fig. S11†) with a layer spacing of 3.2 nm which is
0.2 nm more than before in the monomer mixture. Taking
into account the average molecular length of 3.3 nm for the
hydrogen bonded dimers, this corresponds to a tilt of 14° of
the molecular director in the smectic layers. This is in agree-
ment with the tilt found for the Maltese crosses for these
polymer particles. Remarkably it also shows that the hydrogen
bonded dimers remain intact during the suspension polymer-
ization process.

In order to prepare nanoporous polymer particles, the car-
boxylic acids were deprotonated by immersing the particles in
a 0.05 M KOH solution (Fig. 1c). This was confirmed with FTIR
(Fig. S12†). OM images show hedgehog defects (Fig. 3a) imply-
ing that the particles consist of onion-like alternating lamellae:
concentric layers of polymer and anionic channels (Fig. 3c).
Maltese crosses, however, are not visible anymore which is
caused by the rupture of H-bonds, resulting in random orien-
tation of the carboxylate tethers within the concentric layers
(Fig. S13†). XRD of dried polymer salt particles revealed first
and second order layer spacing signals corresponding to a
spacing of 3.1 nm (Fig. 3b and S14†), 0.2 nm lower compared
to H-bonded polymer particles, which is most likely caused by
the spreading and interdigitation of the carboxylate tethers.
The layer spacing is in close agreement to the value of our
earlier reported nanoporous films21,23 suggesting that the pore
size in these onion-like particles is also approximately 1 nm.
The intermolecular distance is still 0.4 nm. Interestingly, OM
measurement revealed that the polymer salt particles respond
to humidity changes and swell when immersed in water,
resulting in a ∼30% increase in particle diameter, corres-
ponding to a volume increase of approximately 125%.

Adsorption study

The adsorption capacity and kinetics of the porous onion-like
particles were investigated using a cationic dye, methylene
blue (MB+) (Fig. 4a and b).21 The capacity of the particles was
investigated with a 2 : 1 surplus MB+ per carboxylate group
adsorption site. UV-vis spectroscopy was used to determine the
solution concentration of MB+ before and after adsorption,
which revealed that the dye can occupy 81% of the carboxylate
adsorption sites, which corresponds to 887 mg MB+ per gram
particles; the high value requires that most sites are accessible
and that the particles are porous. The adsorption kinetics was
studied using the UV-vis absorbance of MB+ in solution.
Fig. 4e follows the absorbance peak at 665 nm over time and
shows that the MB+ adsorption process is finished within a few
minutes and follows pseudo 2nd order kinetics (Fig. S15†),
which is much faster than for our LC polymer films.21‡ The
rate constant (4.97 × 10−3 g/(mg × min)) is double the rate of
our LC polymer films, and much higher than poly(acrylic acid)
based hydrogels for example.31 Although the concentric pore
orientation is not optimal, these results reveal that the
polymer layers are permeable for small cations, e.g. K+ and
MB+, which might possibly result from swelling in water creat-
ing transversal openings through which ions can migrate after
which fast diffusion of adsorbate can take place through the
smectic pores. A treatment with 1 M HCl, to re-protonate the
carboxylic acid and to recover the particles and adsorbate21

(Fig. 4c–e) revealed that 719 mg MB+ per gram of particles was
released. This is 81% of the adsorbed MB+, indicating that
only 19% remains in the particles, which illustrates re-use of
the particles and recovery of the adsorbate.21 For a concrete
demonstration of the selective nature of the particles for
cations, MB+ was successfully separated from a mixed dye solu-
tion of anionic methyl orange (MO−) and MB+.21 The particles

Fig. 3 Polymer salt particles with lamellar nanopores. (a) OM picture
exhibiting swollen polymer salt particles with hedgehog point defects
(scale bar is 5 µm). (b) XRD 1D profile of the porous particles, the signal
at q = 2.03 corresponds to a layer spacing of 3.1 nm. (c) Schematic
drawing showing a porous onion-like layered particle with concentric
polymer layers and pores.

Communication Polymer Chemistry

4714 | Polym. Chem., 2016, 7, 4712–4716 This journal is © The Royal Society of Chemistry 2016

Pu
bl

is
he

d 
on

 3
1 

M
ay

 2
01

6.
 D

ow
nl

oa
de

d 
by

 E
in

dh
ov

en
 U

ni
ve

rs
ity

 o
f 

T
ec

hn
ol

og
y 

on
 1

2/
07

/2
01

7 
10

:5
8:

08
. 

View Article Online

http://dx.doi.org/10.1039/c6py00865h


selectively adsorb the cationic blue dye, while the anionic
orange dye remains in solution (Fig. 4f and g). After filtration,
the residue on the filter paper is blue while the filtrate is
orange (Fig. 4h). UV-vis spectroscopy confirms the absence of
the absorbance signal of MB+ at 665 nm in the filtrate solution
(Fig. S16†). These results show that the polymer particles are
able to selectively adsorb species and can then be separated
and recovered.

Conclusions

In conclusion we have reported on a versatile and scalable sus-
pension polymerization method to synthesize nanoporous
polymer particles. These particles have concentric lamellar
pores and exhibit an unusually high adsorption capacity in
combination with fast adsorption kinetics. Easy removal from
solution by filtration or by centrifuge makes them appropriate
for separation, purification, and recovery purposes. The par-
ticle formation process was investigated in detail revealing
symmetry being broken spontaneously. These insights can be
used to fabricate nanoporous polymer particles with pro-
grammed functional properties.
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