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Abstract: Being able to systematically modify the electric properties of nano- and microparticles
opens up new possibilities for the bottom-up fabrication of advanced materials such as the fabrication
of one-dimensional (1D) colloidal and granular materials. Fabricating 1D structures from individual
particles offers plenty of applications ranging from electronic sensors and photovoltaics to artificial
flagella for hydrodynamic propulsion. In this work, we demonstrate the assembly of 1D structures
composed of individual microparticles with modified electric properties, pulled out of a liquid
environment into air. Polystyrene particles were modified by sulfonation for different reaction times
and characterized by dielectric spectroscopy and dipolar force measurements. We found that by
increasing the sulfonation time, the values of both electrical conductivity and dielectric constant
of the particles increase, and that the relaxation frequency of particle electric polarization changes,
causing the measured dielectric loss of the particles to shift towards higher frequencies. We attributed
these results to water adsorbed at the surface of the particles. With sulfonated polystyrene particles
exhibiting a range of electric properties, we showed how the electric properties of individual particles
influence the formation of 1D structures. By tuning applied voltage and frequency, we were able to
control the formation and dynamics of 1D structures, including chain bending and oscillation.

Keywords: spherical polystyrene particles; microparticles; sulfonation; electric conductivity;
dielectric constant; electric fields; field-driven assembly; 1D structures

1. Introduction

The fabrication of one-dimensional (1D) colloidal and granular materials is presently a very
active area of nano- and micromaterials research. Colloidal and granular 1D assemblies offer great
opportunities for both fundamental studies [1–3] and practical applications, including applications
in optoelectronics [4], photonics [5], sensors [6], photovoltaics [7], and flexible electronics [8]. The
1D assemblies can be composed of either particle groups [9–11] or individual particles forming
particle chain-like structures [12–14]. 1D particle structures are typically formed along a substrate,
but out-of-plane structures can be also designed, such as flexible artificial flagella or cilia [15–17].
Here, we research 1D structures composed of individual granular microparticles, i.e., assemblies with
a thickness of a single particle.
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There are many strategies to make 1D colloidal and granular assemblies, including lithography
methods [18], pore-assisted assembly [19], dip-coating [20], step edge decoration [21], and field-directed
assembly in electro- or magneto-rheological fluids [22,23]. The latter is generally considered to be
a simple and effective approach to form particle structures. Despite some attempts to fabricate 2D
particle assemblies (network structures) [24], the field-directed method is primarily used for the
formation of linear structures by applying external magnetic or electric fields.

Field-assisted organization of 1D colloidal and granular particles usually takes place in
a solution [25,26] or at liquid interfaces [27,28]. Recently, we reported a route to fabricating particle
chain-like structures outside liquid environments [29]. We proposed combining electric field-directed
assembly with capillary effects. In short, the method requires an application of an external electric
field to polarize conductive particles that are initially dispersed in a leaky dielectric liquid, such as
synthetic oils. The particles are attracted toward the electrode placed right above the liquid-air interface.
The attractive force acting on particles stems from dielectrophoresis. By raising the electrode, the
particles are pulled out of the liquid to form chain-like structures of the desired length, thickness, and
mechanical properties. In that previous research, the experiments were performed with conductive
microparticles made of stainless steel or hollow glass microspheres coated with silver [29]. Such
particles are very costly in comparison to polymeric materials, i.e., silver-coated particles are around
104 times more expensive than polystyrene (PS) particles of similar size and polydispersity. Motivated
by material cost reduction, we here investigate the possibilities of modifying PS particles and tailoring
the electric properties of these particles for assembly purposes. Changing the electric properties of
polymeric particles can also be useful for other purposes, such as reducing the accumulation of static
electricity by increasing charge transport through materials [30,31] or enhancing the electrorheological
response [32]. Tailoring the electric properties also make the particles good candidates for material to
be used, for example, in conductive particle inks [33], proton exchange membranes [34], or anisotropic
conducting adhesives [35].

The electric properties of PS particles can be modified by physical or chemical methods,
including surface coating by conductive polymers [36–38], surface decorating with conductive
nanoparticles [39–41], or surface modification by sulfonation processes [42–44]. As demonstrated in
our recent research [42], the sulfonation of PS particles yields polymeric particles with a large range of
electrical properties that are related to the degree of sulfonation (and water content) controlled by the
reaction process (i.e., reaction time, temperature, or concentration of sulfuric acid). The sulfonation
process can also be used to change other physical properties, such as particle hardness and stickiness,
as well as properties that can be further exploited, e.g., to create composite microcapsules with different
morphologies [45,46].

In this work, we also investigate how sulfonation can be used to produce PS microparticles with
different electrical conductivity and dielectric constants. Compared to our previous work [42], the
particles here are sulfonated under different reaction conditions (concentration of sulfuric acid and
reaction environment during sulfonation), and their electric properties are characterized by measuring
their electric conductivities, dielectric constant, and dielectric loss values. The effect of sulfonation on
the electric properties of the particles is further studied by performing dipolar-force measurements on
particle pairs suspended in fluid and in applied electric fields. We then test whether sulfonated PS
particles with tailored electrical properties can be used to fabricate chain-like structures outside bulk
liquid through the synergetic action of dielectrophoresis and capillary effects. The study is summarized
in Figure 1.
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Figure 1. Scheme of the study. (1) The electric properties of polystyrene particles are tailored by
sulfonating particles for different reaction times; (2,3) Differences in electric properties of the particles
are characterized and verified by dielectric spectroscopy and dipolar force measurements; (4) Particle
chaining from oil to air environments is investigated for pure and modified polystyrene particles.

2. Results

We use PS particles (with a mean diameter of around 140 µm) sulfonated at incremental reaction
times (1 min, 2 min, 4 min, 8 min, 16 min, and 32 min) to study the influence of the sulfonation reaction
time on the final physical properties of the sulfonated PS particles, and their capabilities to form 1D
structures in presence of electric fields. The pristine PS particles, from which the sulfonated particles
were made, are also studied here as a reference sample.

2.1. Dielectric Constant and Electrical Conductivity

The dielectric constant (ε) and electrical conductivity (σ) of the PS particles were measured using
an LCR meter with a frequency (f ) range between 20 Hz and 100 kHz. The LCR meter was set to
parallel capacitor mode, where the capacitance (C) and the dissipation factor (tanδ) were recorded. The
dielectric constant and electrical conductivity values were calculated from the equations: ε = C/Co,
σ = 2πfC tanδ(l/A), where Co is the capacitance value of the empty capacitor, l is the separation distance
between electrodes, and A is the effective electrode area (for details see the Methods section).

Figure 2 presents dielectric constant-, dielectric loss factor-, and electrical conductivity frequency
spectra for the non-sulfonated PS sample and the six chemically modified PS samples at different
sulfonation times. The dielectric constant values (Figure 2a) of all samples increase when the frequency
of the applied electric field is decreased, and they are consistently higher for the PS particles that were
modified for longer reaction times. The dielectric constant of the PS particles modified for 32 min is
more than three times higher than that of the non-sulfonated PS particles (at f = 100 Hz).

A similar trend applies to the measured conductivity values presented in Figure 2b. The electrical
conductivity values are highest for the particles sulfonated for 32 min, and are for all frequencies
more than one order of magnitude higher than the conductivity values of the non-sulfonated PS
particles. The electrical conductivity values are consistently higher for the PS particles modified at
longer reaction times. Figure 2c shows that the relaxation frequency (f R, frequency at which the
dissipation factor attains its maximum) systematically increases for samples sulfonated for longer
times: f R = 150 Hz for the sample sulfonated for 8 min and increases to around 330 Hz and 600 Hz
for PS samples sulfonated for 16 and 32 min, respectively (indicated by the arrow in Figure 2c). The
change in the measured particle electric properties with sulfonation reaction time is likely due to
an increase in the particle’s abilities to adsorb water at their interface (for details see the Discussion
and Conclusion sections). Table 1 lists the calculated values of ε and σ at f = 100 Hz (the frequency
that is used in experiments presented in Sections 2.2 and 2.3). The obtained values and data trends
for both the dielectric constant and electrical conductivity are similar to those obtained from our
previous set of samples in Reference [42]. Table 1 also includes the estimated values of the dielectric
strength (εS − ε∞), where εS and ε∞ are the low and high frequency limit of the complex dielectric
permittivity, ε∗(ω), of each sample obtained by fitting the experimental dielectric constant data to
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theoretical models (for details see the Methods section). Note that the dielectric constant value of the
unmodified PS particles exhibits quasi constant behavior in the whole frequency range (Figure 2a),
and that the measured value (2.2) is lower than expected for the PS material (~2.5). We associate this
with air spaces present in the measured powder.
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Figure 2. Effect of sulfonation reaction time on dielectric constant (a); electrical conductivity (b);
dielectric loss factor values (c) of the PS particles. The dielectric constant experimental data is fitted by
a combination of the Havriliak-Negami function and the Jonscher power law model (for details see the
Methods section).

Table 1. List of particle dielectric constant (ε) and electrical conductivity (σ) values measured at
a frequency of 100 Hz, and dielectric strength (εS − ε∞) values estimated from fitting the dielectric
constant experimental data with theoretical models.

Sulfonation Time (min) 0 1 2 4 8 16 32

Dielectric constant, ε 2.2 2.7 2.9 3.2 6.3 7.4 7.9
Electrical conductivity, σ (nS/m) 0.5 4.5 8.1 43 81 81 83

Dielectric strength (εS − ε∞) 0.7 0.8 0.9 1.1 4.1 4.3 4.5

2.2. Dipolar Forces between Particles

The dielectric constant values of the PS particles can be measured quantitatively by investigating
the interparticle dipolar forces between particles suspended in liquid and subjected to electric fields.
Polystyrene particles sulfonated for 1–32 min were suspended in 100 mPa·s silicone oil, brought in close
proximity to each another, and subjected to a 100-Hz electric field of 75 V/mm (root-mean-square (RMS),
square wave). Figure 3a–c show how the attractive dipolar force between PS particles (sulfonated
for 16 min) aligns and brings the particles together. It takes around 11 s to bring the particles from
a separation distance of around 2 particle diameters (Figure 3a) to particle contact (Figure 3c).

Figure 3d presents the average particle speed plotted versus the particle separation distance,
both normalized to R. The speed of the particles increases as the separation distance between them
decreases. The particle speed is highest and similar for the PS particles sulfonated for 8–32 min, while
particles sulfonated for shorter times (1–4 min) move significantly slower.

For the two-particle system we have the following force balance: Fdip(s) = −Fdrag, where Fdip(s)
is the dipolar force acting on the particles and Fdrag is the drag force of viscosity on the particles.
For a spherical object with radius R moving with speed ν in a fluid with viscosity η, Stoke’s law
states: Fdrag = 6πηRν. The dipolar force between two suspended particles that are subjected to a high

frequency alternating current (AC) electric field of strength E0 is given by [47]: Fdip(s) =
24πε0ε f R6β2E2

0

(2R+s)4 ,

where s is the separation distance between particles (edge to edge), β = (εp − ε f )/(εp + 2ε f ) where εp

and ε f are the particle and fluid dielectric constants, respectively, and ε0 is the vacuum permittivity.
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Because we experimentally measure s, we find it convenient to rewrite the particle center to center
distance in Reference [47] to 2R + s. Combining the equations and solving for the particle speed yields:

ν(s) =
4ε0ε f R5β2E2

0

η(2R+s)4 .
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Figure 3. Dipolar force between sulfonated particles suspended in 100 mPa·s silicone oil. (a–c) When
subjected to an AC electric field of 75 V/mm (100 Hz), the attractive dipolar force aligns and brings
140-µm polystyrene particles (sulfonated for 16 min) together. The scale bar is 100 µm, and the electric
field is in the horizontal direction; (d) Average particle speed plotted versus average particle separation
for PS particles sulfonated for 1–32 min. In the inset, the data points of particles sulfonated for 1, 2, and
16 min are fitted with a dipolar model (for details, see below). The data points for the other particles
(sulfonated for 4, 8, and 32 min) overlap with the data points for PS16 (red circles) and are omitted for
visual clarity.

In the inset of Figure 3d, the measured normalized particle speeds have been fitted to the speed
equation above where the distances (R and s) were normalized to R. The data fitting procedure yields
quantitative β and εp values for the different particles, and these are listed in Table 2.

Table 2. Values of the estimated dielectric mismatch (β) and particle dielectric constant (εp).

Sulfonation Time (min) 1 2 4 8 16 32

Estimated β 0.01 0.23 0.37 0.38 0.41 0.36
Estimated εp 3.5 5.3 7.6 7.9 8.5 7.6

2.3. Electric Field-Assisted Formation of Granular Chains

A schematic representation of the fabrication process of granular chains is shown in Figure 4a.
A signal electrode is initially dipped in a dispersion of silicone oil and PS microparticles, which are
settled on a grounded conductive plate. When an AC voltage is applied over the signal electrode and
conductive plate, the dispersed particles move towards the electrode by dielectrophoretic (DEP) force.
The electrode is then lifted and the particles move upwards, following the electrode motion. When
a particle is lifted to the liquid-air interface, a capillary bridge is formed between the particle and the
planar interface (hereafter referred to as capillary bridge “type I” to distinguish it from the capillary
bridge “type II” that is formed between two particles after a particle has been lifted above the liquid-air
interface). The capillary bridge (type I) tends to pull the particle back to the liquid. To successfully pull
the particle outside the liquid, the DEP force acting on that particle has to be larger than the oppositely
working capillary force owing to the presence of the capillary bridge (type I).
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Figure 4. (a) A schematic representation of the fabrication process of particle chains; (b) Experiments
on granular particle chain fabrication. The strength of the applied voltage ( f = 100 Hz, square wave) is
changed from 100 to 500 V. Particle chains are successfully pulled out of the liquid when U > 200 V.
At high voltages, the particles tend to agglomerate. See also corresponding Movie S1; (c) Experimental
realization of granular particle chain formed at U = 250 V. Firstly, a signal electrode is dipped into
the silicone oil dispersion. The PS particles (sulfonated for 32 min) move towards the electrode by
DEP force. The electrode is then lifted and the particles follow the electrode, eventually forming a 1D
structure outside the liquid environment. See also corresponding Movie S4.

The downward capillary force stemming from a liquid capillary bridge (type I) formed between
a spherical particle of radius R and a planar liquid interface with surface tension γ is given by:
Fsp ≈ 2πγR. The DEP force between two particles is given by the standard DEP model [48]: FDEP =

8πεoilε0R5βU2/(2R + s)5, where s is the distance between spherical particles (or a spherical particle
and an electrode that is here approximated to have the same shape and size as the spherical particle).
When two spherical particles are in contact (s→0), the applied voltage U should be at least Umin =√

8γR/εoilε0β to generate a force sufficiently large to pull the particle outside the liquid-air interface.
Given that γ ~20 mN/m, R ~70 µm, εoil ~2.8, and β ~0.1, the minimum voltage required for a particle
to be removed from the liquid interface is around 700 V. Based on our previous experimental and
theoretical work [29], we know that the conventional DEP model significantly underestimates the
magnitude of the DEP force, and thus we expect Umin to be around 200 V for these experiments.

Figure 4b shows experiments on granular particle chain fabrication. In these experiments, we
used PS particles sulfonated for 32 min dispersed in silicone oil, and we changed the strength of the
applied AC voltage (f = 100 Hz, square wave) from 100 V to 500 V. For electric voltages below 200 V,
it was not possible to form chains. Applying a voltage of 200 V, we succeeded five out of 10 times
to form short chains (few-particle long chains). At U = 250 V, we succeeded nine out of 10 times
to form chains that were on average around one order of magnitude longer than those formed at
U = 200 V. A further increase of the applied voltage enabled formation of longer chains with higher
success rates. However, at voltages of around 500 V and higher, the PS particles tended to agglomerate,
as demonstrated in the right panel of Figure 4b. Such agglomerated structures are typically unstable
when the electric field is turned off, whereas chains with a one-particle length are stable in the absence
of an electric field. The stability of one-particle long chains is owed to the attractive interaction of the
capillary bridges (type II) between two neighboring particles formed from the capillary bridges (type I)
just after a particle has passed the liquid-air interface (for details regarding the formation of capillary
bridge formation type I and its transition to capillary bridge type II when pulling a chain of spherical
particles outside the liquid, we refer to the following research article: [1]).

PS particles sulfonated for 4, 8, and 16 min exhibit similar behavior to changes in applied voltage
as the particles sulfonated for 32 min, as presented in Figure 4b. For PS particles sulfonated for 2 min,
higher voltages are required to pull particle structures out of the liquid. However, the success rate for
forming 1D chains with PS particles sulfonated for 2 min is significantly lower than particles sulfonated
for longer times. At voltages between 300 V and 400 V, the PS particles sulfonated for 2 min can only
form short chains, and at higher voltages, they form short agglomerated structures (see corresponding
Movie S2). For PS particles sulfonated for 1 min, we were not able to form single-particle long 1D
structures, nor agglomerated structures (see also Movie S3). A column chart of particle chain length
versus applied electric voltage and particle sulfonation time is presented in Figure S1. The chart shows
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that PS particles sulfonated for 32 min consistently forms longer chains than PS particles sulfonated
for 2 min.

Figure 4c presents the successful experimental realization of a granular particle chain. First,
a signal electrode at potential of 250 V and frequency of 100 Hz is dipped into a silicone oil dispersion.
The PS particles (sulfonated for 32 min) move towards the electrode by DEP force. The electrode is
then lifted (t > 1 s) and the particles follow the electrode, eventually forming a 1D granular particle
structure outside the liquid environment (see also Movie S4).

As mentioned above, when applying high voltages (>500 V), the PS particles tend to agglomerate.
We exploit this to produce 1D structures composed of aggregated particles. In Figure 5, we demonstrate
five structures of different thicknesses (single particle-thick to around 5 particles-thick) by varying the
applied electric voltage from 400 V to 2000 V. The structures length is around 2.5 mm, and the signal
electrode was pulled up from the dispersion with a velocity of ~1 mm/s.
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Figure 5. 1D structures made of aggregated PS particles sulfonated for 32 min. The structures were
formed by pulling the particles out of silicone oil with a velocity of ~1 mm/s to a height of ~2.5 mm
applying an electric voltage of (a) 400 V; (b) 500 V; (c) 1000 V; (d) 1500 V; and (e) 2000 V.

Employing DC electric fields introduces some physical phenomena that may disrupt chain
formation, including the induction of electrohydrodynamic liquid flows [49], or contact-charge
electrophoresis (CCEP) [50]. The latter is demonstrated in Figure 6a and in supplementary Movie S5.
Both show the standard CCEP oscillation occurring at low frequencies, a phenomenon that destabilizes
formed particle chains, and may also cause chains to break during their formation, which in turn may
reduce the success rate of pulling particle chains outside the liquid. This problem can be resolved by
utilizing high-frequency AC fields, which quickly desynchronize the charges on the particle spheres
and thus largely suppress CCEP. In Movie S5, 100 Hz is sufficient to significantly reduce the CCEP effect.
On the other hand, by increasing the frequency of the electric field, the dielectric constant of particles
decreases (as demonstrated in Figure 1a) and the attractive electrostatic interaction decreases. Based
on the chain length versus frequency plot presented in Figure S2, we suggest the use of a frequency of
around 100 Hz to form stable and long particle chains.

As already noted, a particle chain composed of several microparticles remains stable even
after the applied voltage is turned off. This is possible as long as the capillary force between
particles—originating from capillary bridges (type II)—is larger than the gravitational force acting
on the entire microparticle chain. In Figure 6b, we demonstrate that the formed particle chain can be
actively bent by switching the electric field on and off. In the absence of an electric field, the PS particle
chain attached to the signal electrode (top left corner of the image), rests in a vertical direction, only
affected by gravity and capillary bridges (type II). The ground electrode (bottom right corner of the
image) was placed away from the particle chain to produce an electric field in a direction 45◦ from
the downward direction of gravity. When the electric field was turned on, the chain bent towards
the ground electrode. The chain could bend due to the chain flexibility caused by the liquid bridges
between the particles (type II). The chain movement is reversible by turning off the electric field, and
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the bending angle of the chain can be controlled by tuning the voltage strength, as demonstrated in
Movie S6.

Materials 2017, 10, 1212  7 of 14 

 

As  mentioned  above,  when  applying  high  voltages  (>500  V),  the  PS  particles  tend  to 

agglomerate. We exploit this to produce 1D structures composed of aggregated particles. In Figure 5, 

we demonstrate five structures of different thicknesses (single particle‐thick to around 5 particles‐

thick) by varying the applied electric voltage from 400 V to 2000 V. The structures length is around 

2.5 mm, and the signal electrode was pulled up from the dispersion with a velocity of ~1 mm/s. 

 

Figure 5. 1D structures made of aggregated PS particles sulfonated for 32 min. The structures were 

formed by pulling the particles out of silicone oil with a velocity of ~1 mm/s to a height of ~2.5 mm 

applying an electric voltage of (a) 400 V; (b) 500 V; (c) 1000 V; (d) 1500 V; and (e) 2000 V. 

Employing DC  electric  fields  introduces  some  physical  phenomena  that may  disrupt  chain 

formation,  including  the  induction  of  electrohydrodynamic  liquid  flows  [49],  or  contact‐charge 

electrophoresis (CCEP) [50]. The latter is demonstrated in Figure 6a and in supplementary Movie S5. 

Both  show  the  standard  CCEP  oscillation  occurring  at  low  frequencies,  a  phenomenon  that 

destabilizes formed particle chains, and may also cause chains to break during their formation, which 

in turn may reduce the success rate of pulling particle chains outside the liquid. This problem can be 

resolved by utilizing high‐frequency AC  fields, which quickly desynchronize  the  charges on  the 

particle spheres and thus largely suppress CCEP. In Movie S5, 100 Hz is sufficient to significantly 

reduce  the CCEP  effect. On  the other hand, by  increasing  the  frequency of  the  electric  field,  the 

dielectric constant of particles decreases (as demonstrated in Figure 1a) and the attractive electrostatic 

interaction decreases. Based on the chain  length versus frequency plot presented  in Figure S2, we 

suggest the use of a frequency of around 100 Hz to form stable and long particle chains. 

 

Figure 6. (a) Demonstration of contact‐charge electrophoresis. A particle chain is placed between the 

signal electrode and a grounded plate. The distance between the electrodes is larger (around a one‐

particle radius) than the sum of the particle diameters comprising the chain. This distance enables 

particle motion along the chain direction. A DC electric field is turned on (ݐ	0 < s) and some of the 

particles oscillate up and down, as indicated by the arrows. Large gaps between particles are marked 

with red color. See also corresponding Movie S5; (b) Active bending of a particle chain. When a DC 

electric field is applied, the chain bends towards the ground electrode. The bending is permitted due 

to the chain flexibility caused by liquid bridges between particles. The chain movement is reversible 

by turning off the electric field. See also corresponding Movie S6; (c) Oscillation of a granular chain. 

The particle chain oscillates with a frequency of more than 25 Hz when subjected to a voltage around 

300 V and frequency of 50 Hz. The oscillations stop after increasing the frequency to 200 Hz. See also 

corresponding Movie S7. 

Figure 6. (a) Demonstration of contact-charge electrophoresis. A particle chain is placed between
the signal electrode and a grounded plate. The distance between the electrodes is larger (around
a one-particle radius) than the sum of the particle diameters comprising the chain. This distance
enables particle motion along the chain direction. A DC electric field is turned on (t > 0 s) and some
of the particles oscillate up and down, as indicated by the arrows. Large gaps between particles are
marked with red color. See also corresponding Movie S5; (b) Active bending of a particle chain. When
a DC electric field is applied, the chain bends towards the ground electrode. The bending is permitted
due to the chain flexibility caused by liquid bridges between particles. The chain movement is reversible
by turning off the electric field. See also corresponding Movie S6; (c) Oscillation of a granular chain.
The particle chain oscillates with a frequency of more than 25 Hz when subjected to a voltage around
300 V and frequency of 50 Hz. The oscillations stop after increasing the frequency to 200 Hz. See also
corresponding Movie S7.

The particle chain stabilized by the capillary liquid bridges shows remarkable mechanical strength.
In Figure 6c and the corresponding Movie S7, a particle chain composed of PS particles oscillates
with a frequency larger than 25 Hz (from the 25 fps movie recording, we cannot estimate the exact
frequency). The assembled particle chain was brought near the surface of the dispersion (around one
particle away from the surface) and a voltage of around 300 V and a frequency of 50 Hz was applied.
The oscillations terminated when the frequency was increased above 100 Hz.

3. Discussion and Conclusions

Being able to tailor the electric properties of nano- and micro-sized particles allows for
numerous applications within material development. In this work, we demonstrate that sulfonation,
a cost-efficient method, can be used to modify the electric properties of polystyrene particles by
just adjusting the sulfonation reaction time. Dielectric spectroscopy measurements show that both
the electrical conductivity and dielectric constant values of the polystyrene particles increase with
longer sulfonation time. This result is expected because the degree of sulfonation increases with
reaction time [51], allowing more water to adsorb to the PS particles [45,52] and thus enhance protonic
conductivity [53]. In our previous research [42], we validated the influence of water content on the
dielectric properties of sulfonated PS particles. The effect of water content on dielectric properties and
the electrorheological response of sulfonated polystyrene samples was also studied in Reference [54].
By increasing the water content, the authors of Reference [54] experimentally observed an increase in
dielectric constant and electrical conductivity values, as well as a frequency shift in the dissipation
factor (the frequency for maximum dielectric energy loss is shifted). Our dielectric spectroscopy
measurements also reveal such a frequency shift where the maximum dielectric energy loss is shifted
towards higher frequencies for PS particles sulfonated at longer times. The result may indicate
an increased amount of adsorbed water at the interface of the particles sulfonated for longer times.

The properties of the modified particles are further investigated by dipolar force measurements
performed on particle pairs that are suspended in castor oil and subjected to high frequency (100 Hz)
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AC electric fields. PS particles sulfonated for longer times exhibit larger attraction force, resulting in
higher particle speeds and reduced time taken to approach each other. From measuring the particle
speed as a function of particle separation distance, we can estimate the dielectric constant of the
particles by fitting the data to the standard dipolar model [47]. The estimated dielectric values for
the PS particles attained from the fitting are slightly higher than those we measured by dielectric
spectroscopy. These differences in estimated and measured dielectric constant values are expected,
since the dielectric spectroscopy measurements were performed on particles in powder form placed in
a sample cell containing air. The air between the particles lower the measured electric properties of
the powder.

Both the dielectric spectroscopy measurements and the estimation from the particle speed
experiments show that the dielectric constant of the PS particles increase with sulfonation time,
and that a saturated dielectric constant value is obtain after 8 min of sulfonation.

In the last part of the Results section, we demonstrate the importance of the particles’ electric
properties in forming 1D structures. In our setup, PS particles with low dielectric constant values
(non-modified or particles sulfonated for a few minutes) cannot be used to fabricate chains outside
liquid environments, even if the applied voltage is high (1000 V). To pull out chains from the liquid,
the DEP force pulling the particles together needs to be stronger than the opposing capillary force,
stemming from the formation of capillary bridges [29]. PS particles with higher dielectric constant
values (sulfonated for more than 8 min) experience a stronger attractive DEP force, allowing particle
chains to be pulled out of the liquid applying moderate (250–500 V) voltages. In addition, we
presented an approach to fabricating 1D structures made of aggregated PS particles. The thickness
of such columnar structures can be controlled by electric voltage (high electric voltages are needed,
500–2000 V). We speculate that electrowetting plays a role in the formation of columnar structures,
i.e., at higher electric fields, more liquid is attracted towards the electrode, which affects the shape
of the sphere-planar surface capillary bridge. This, in turn, enables pulling out a larger number of
particles, that are now more attracted towards the electrode by the strong dielectrophoretic force.
The aggregation of PS at the interface during pulling can be a problem when producing long and
single-particle-thick chains. Because the surface tension pulls the particles downward with a force
proportional to the particle aggregate radius, the pulled chain breaks when the aggregate is large. To
form long, stable particle chains, the breakup of chains due to particle aggregation is a larger problem
than the DC effects presented in Figure 6a.

We also demonstrate how such particle chains can be bent, oscillate, and bounce by controlling the
applied voltage and frequency. Controlling the dynamics of particle chains and the particles within the
chains have many applications, including propulsion of nano-robots and biological material [55], and as
acoustic switches and logic elements [56]. Such particle assemblies can also be used as a model system,
i.e., to study analogous molecular systems [57], or to represent soft dissipative objects [58]. We expect
that our findings will encourage further studies on particle modification for tailored granular or
colloidal structures, as well as the further development of applications using micro- and nanoparticles
as building blocks. Particles with tailored electric properties placed on droplet interfaces could also
experience the “pupil effect” reported in Reference [59], and be used to fabricate new materials with
advanced optical and material properties. Future research should investigate the effect of electrode tip
geometry and applied frequency on chain formation, and how different cations, particle size, strength
of acid, and temperatures affect the sulfonation process and resulting particle properties.

4. Materials and Methods

4.1. Sulfonation of PS Particles

PS particles (Dynoseeds TS40 6317) with mean diameters of around 140 µm, a density of around
1.05 g·cm−3, and without cross-linking were purchased from Microbeads AS, Skedsmokorset, Norway.
The general preparation route for the chemical modification of PS particles was as follows: Firstly,
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sulfuric acid (30 mL, 96% for analysis, 7664-93-9, MerckKGaA, Darmstadt, Germany) was poured into
a three-necked round flask and heated up to 50 ◦C under magnetic stirring and a continuous N2 flow
in a preheated oil bath. Then, 5 g of the 140 µm PS particles were poured directly from a glass test
tube into the sulfuric acid to assure that all the PS particles were fully wetted by the sulfuric acid and
sulfonated. After the respective stirring time performed under a continuous N2 flow, the sulfonation
reaction was ceased using a copious amount of Milli-Q (18 Ω) ice-water. Subsequently, the dispersion
was poured into a sintered glass funnel (connected to a side-arm flask with a tube leading to a vacuum
pump), and the sulfonated polystyrene particles were rinsed thoroughly with Milli-Q water. Then,
the particles were dispersed in 20 ml of 0.2 M KOH solution, re-filtered, and washed with Milli-Q
water again. Finally, the sulfonated particles were dried at 75 ◦C for 24 h. To study the influence of
the reaction time on the final physical properties of the sulfonated particles, we made six samples
prepared at incremental reaction times: 1, 2, 4, 8, 16, and 32 min, respectively.

4.2. Measurements of Dielectric Constant and Electric Conductivity

To determine the dielectric constant and the electrical conductance of the powder samples, we
carried out capacitance measurements using an LCR meter (E4980A, Agilent Technologies, Santa Clara,
CA, USA) at a frequency (f ) range between 100 Hz and 100 kHz. A home-made cylindrical capacitor
was used as a sample holder, where the separation distance (l) between the inner and outer cylindrical
electrode was 1.4 mm, and the capacitor (Co) was measured to be 2.78 pF. The samples were poured into
the cylindrical gap, while homogenous filling was provided by shaking the capacitor. We performed
measurements with an effective voltage of 1 V at room temperature (24 ◦C) and at ambient pressure.
The LCR meter was set to parallel mode, where the capacity (C) and the dissipation factor (tanδ) were
recorded. Then, the dielectric constant (ε) and the electrical conductivity (σ) values were calculated by:
ε = C/Co, σ = 2πfCtanδ(l/A).

The fitting of the experimental dielectric constant data was done by employing MATLAB [60].
Because the presented dielectric dispersion resembles a Debye-like relaxation process [61], the
well-known empirical Havriliak-Negami (HN) function was applied to fit the data in the frequencies
above 100 Hz. The complex fitting function was complemented by the Jonscher’s power law to fit
the low frequency asymptotic form of the electrode polarization. Thus, the applied fitting function is
represented by the superposition of both HN and Jonscher’s terms, as follows [61]:

ε∗(ω) = ε∞ +
εS − ε∞[

1 + (iωτ)α]β
+ A(iω)m, (1)

where ε∞ and εS are the high and low frequency limit of the complex dielectric permittivity ε∗(ω), τ is
the relaxation time of the interfacial polarization, α and β are empirical exponents, A is the amplitude,
and m is the Jonscher’s stretch parameter. These two terms fit the experimental data well, as depicted
in Figure 2a.

4.3. Measurement of Dipolar Forces

Sulfonated polystyrene particles were mixed with 100 mPa·s silicone oil and suspended in the
same type of oil in a sample cell. The experimental setup used for measuring attractive interactions
between pairs of PS particles was similar to that described in Reference [62], except that here the
sample cell was made out of glass, and copper electrodes with a size of 10 mm × 50 mm were placed
inside the cell and spaced by 18 mm. Using a mechanical pipette with a small pipette tip, the particles
were brought in close proximity and aligned along the electric field direction before an AC electric
field of 75 V/mm and 100 Hz was applied across the sample cell in the horizontal direction. Movies
(25 frames/s) of the particle dynamics were recorded by a CMOS camera (UI-3590CP-C-HQ, IDS
Imaging Development Systems GmbH, Obersulm, Germany) mounted on a high-magnification zoom
lens system (MVL12X3Z, Thorlabs, Inc., Newton, NJ, USA). The movies were converted into images

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Materials 2017, 10, 1212 11 of 14

using Adobe Premiere Pro CC 2017 (2017.1.1, Adobe Systems, San Jose, CA, USA) and Free Video
to JPG Converter by DVDVideoSoft (5.0.101, Digital Wave Ltd., London, UK). From each image, the
particle separation distance, radius, speed, and acceleration were measured and calculated in the
software ImageJ (1.5.1j8, open source software, National Institutes of Health, Bethesda, MD, USA).
The measured particle speed and separation distance s of each image were averaged to every 10-pixel,
i.e., so that s goes from maximum to 0 (particles in contact) in steps of 10 pixels. Finally, the particle
speed and separation distance of several measurements (using same particle type and applied electric
field) were averaged.

4.4. Experimental Setup for 1D Particle Assembly

The experimental setup for the electric field-driven particle assembly of PS particles consisted
of a signal electrode made of a stainless steel medical needle mounted on a mechanical x-y-z
translational stage, a grounded conductive plate placed on another mechanical x-y-z translational
stage, a CMOS camera (UI-3590CP-C-HQ, IDS Imaging Development Systems GmbH, Obersulm,
Germany) mounted on a high-magnification zoom lens system (MVL12X3Z, Thorlabs, Inc., Newton,
NJ, USA), a signal generator, a voltage amplifier, and a PC for recording images and movies.
The high-voltage electric signal was obtained by amplifying a low-voltage signal (SDG1025, SIGLENT
Technologies America, Inc., Solon, OH, USA) using a high-voltage bipolar amplifier (10HVA24-BP1
HVP High Voltage Products GmbH, Munich, Germany). The AC electric signal was always
square-shaped and bipolar, and its value was provided as the root-mean-square (RMS) value.
Silicone oil (200/350 mPa·s, Dow Corning, Auburn, AL, USA, electrical conductivity approximately
3–5 pS·m−1, relative permittivity 2.8) droplets containing sulfonated PS particles were introduced onto
the conductive plate. A needle-shaped electrode was dipped into the dispersion and, after the voltage
was applied, the electrode was slowly lifted up to pull the PS particles out of the dispersion.

Supplementary Materials: The following are available online at www.mdpi.com/1996-1944/10/10/1212/s1:
Movie S1. Experiments on granular particle chain fabrication using PS particles modified for 32 min. The
strength of the applied voltage ( f = 100 Hz, square wave) is changed from 100 V to 500 V. Particle chains are
successfully pulled out of the liquid when U > 200 V. At high voltages, the particles tend to agglomerate; Movie S2.
Experiments on granular particle chain fabrication using PS particles modified for 2 min. The strength of the
applied voltage ( f = 100 Hz, square wave) is increased from 100 V to 500 V. Only short agglomerated structures
can be formed at high voltages; Movie S3. Experiments on granular particle chain fabrication using PS particles
modified for 1 min. The strength of the applied voltage ( f = 100 Hz, square wave) is increased from 100 V to 500 V.
It is difficult if not impossible to form single-particle-long 1D structures or agglomerated structures; Movie S4.
Experimental realization of granular particle chain. A signal electrode at a potential of 250 V is dipped into the
silicone oil dispersion. The PS particles (sulfonated for 32 min) move towards the electrode by DEP force. The
electrode is then lifted up and the particles follow the electrode, eventually forming a 1D structure outside the
liquid environment; Movie S5. Contact charge electrophoretic particle oscillations. A granular chain composed of
140-µm PS32 particles is assembled in air. The chain was initially pulled out from silicone oil and then placed
between the signal electrode and grounded plate. To enable particle motion along the chain direction, the distance
between the electrodes was set to around a one-particle radius larger than the sum of the particle diameters. After
the DC electric field is turned on (t > 0 s), some of the particles oscillate up and down. Silicone oil capillary bridges
(type II) are clearly resolved in the movie. At low voltage frequencies (below~100 Hz), the particles in the chain
move back and forth towards the electrode; Movie S6. Active bending of the particle chain. When the electric
field was turned on, the chain bent towards the ground electrode. The bending was permitted due to the chain
flexibility caused by the liquid bridges between particles (type II); Movie S7. Oscillation of the granular chain. The
particle chain oscillates with a frequency of at least 25 Hz when the applied voltage was around 300 V, 50 Hz. The
oscillations stopped after changing the frequency to 200 Hz; Figure S1. Column charts showing maximal chain
lengths in 10 experiments for PS particles sulfonated for 2 and 32 min; Figure S2. Maximal chain length versus
frequency of applied electric voltage.
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