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Spontaneous formation of anisotropic microrods
from paraffin wax in an aqueous environmenty

Wei Wang,? Jianguo Wen, (22 Elena Shevchenko (22 and Xuedan Ma (2 *°°

The construction of functional nano-/micro-architectures through self-assembly and self-organization
of organic molecules and polymeric materials plays an important role in the development of many
technologies. In this study, we report the spontaneous formation of uniform polymer microrods with
lengths of up to a few tens of micrometers from paraffin wax. Through a solvent attrition approach,
colloidal structures of paraffin wax are introduced into water. After the initial growth stage, the
microrods undergo morphological transformation and end-to-end aggregation, processes likely driven
by thermodynamics to create equilibrium structures with minimal interfacial energies. The polymer
microrods can effectively absorb hydrophobic nanoparticles, indicating their potential to serve as host
materials for functional components. The formation of polymer microrods from paraffin wax and their
spontaneous growth mechanism discovered in this study may provide new insights to the self-assembly

rsc.li/soft-matter-journal of microstructures.

1 Introduction

The formation of one-dimensional (1D) nano- and microstruc-
tures from organic molecules™* and polymers®* have attracted
great attention due to the unique optical, electronic, and magnetic
properties offered by the resultant structures, that may enable
their potential applications as building blocks for miniaturized
optoelectronic devices and catalytic systems. 1D microrods have
also been proposed to be candidates as biologically active materials
for drug delivery®® and model systems for studying the phase
behavior of liquid-crystal forming structures.”®

Combining elements of molecular design and self-
assembling conditions, organic molecules can stack orderly
and form 1D structures through intermolecular interactions
such as hydrogen bonding, electrostatic, hydrophobic, and n-n
stacking interactions.”™> In comparison, self-assembly of poly-
mers into 1D structures typically relies on the controlled
formation of micelles from amphiphilic polymers composed
of hydrophilic and hydrophobic units. The formed micelles
consist of insoluble blocks as the cores and soluble blocks as
the coronas.'®'* The self-assembled 1D polymer fibers typically
have core widths on nanometer scales, corresponding approxi-
mately to the width of the micelles. The lengths of the polymer
fibers can extend up to micrometers, depending on the chemical
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nature of the polymers and self-assembling conditions.'*"?

Similar to the self-assembly of organic molecules, the growth
processes of polymers are governed by enthalpic and entropic
contributions to the aggregate formation.***®

Alternatively, polymer microrods have been prepared
through a shear flow-solvent attrition process,””'” during which
polymer droplets are injected into viscous media and broken up
by shear forces. The solvent attrition and subsequent precipitation
and solidification of the polymers can result in high aspect ratio
microrods that are tens to hundreds of micrometers in length.
Unlike self-assembly of polymers that is driven by thermodynamic
profiles, this approach relies on external parameters such as shear
rate and media viscosity in controlling the morphologies of the
polymer microrods.

Here, we report the spontaneous formation of uniform
polymer microrods with high aspect ratios from paraffin wax
using the combination of solvent attrition and polymer self-
assembly. Paraffin wax, the main composition of Parafilm, is
inexpensive and extensively used in laboratories for sealing and
protection due to their good mechanical properties and
chemical inertness. Paraffin wax has a complex composition
but mainly consists of low molecular weight polyethylene and
has a melting temperature of around 60 °C."*' It has been
used as encapsulating matrix to protect conjugated semi-
conductor polymers in optoelectronic devices®® and as channel
materials for microfluidic devices.'® Paraffin wax has also been
used for loading functional nanoparticles to obtain prescribed
properties.”" In this study, we demonstrate that using a liquid-
liquid dispersion method and the subsequent self-assembly
process, polymer microrods can be formed from paraffin wax in
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an aqueous environment. By monitoring the time-dependent
morphologies of the microrods, we find that their formation
process is directed by thermodynamics and likely involves three
major steps: the formation of microrod seeds, the growth and
elongation of the microrods, and the end-to-end aggregation of
the microrods. Interestingly, the formed microrods can absorb
nanoparticles that are dissolved in organic solvents efficiently,
rending their potential applications for loading optically and
catalytically active materials.

2 Experimental section

2.1 Materials and chemicals

Acetone (>99.5%, Sigma-Aldrich), isopropanol (>99.5%,
Sigma-Aldrich), Parafilm (Heathrow Scientific), and CdSe/ZnS
core-shell quantum dots in toluene (Sigma-Aldrich) were pur-
chased and used as received. Distilled water (18.2 MQ; Millpore
Co.) was used in all experiments.

2.2 Self-assembly of polymer microrods

All the glassware used in the study was thoroughly cleaned and
dried to prevent any contamination. To initiate the formation
of the polymer microrods, a 1 cm by 1 cm Parafilm was added
to a mixture of acetone and isopropanol. The volume ratio
between the acetone and isopropanol was varied between 1:10
to 10:1, although no noticeable changes in the formation of
the microrods was observed. The suspension was sealed and
ultrasonicated for 30 minutes in a bath sonicator, after which
the remaining undissolved Parafilm was taken out. 0.01-1 mL
of the resultant suspension was added to 10 mL of distilled
water. It is worth mentioning that when the ratio between the
Parafilm suspension and water is too high, irregular polymetric
structures instead of uniform microrods were eventually
observed over time, indicating a separate phase being formed
in the water when the polymer mixture concentration is high.
The mixture was ultrasonicated for another 60 minutes and
appeared to be clear and transparent. At the end of the
ultrasonication, a noticeable increase in the bath temperature
can be detected. The final product was kept in ambient conditions
for designated amounts of time.

2.3 Characterization

The morphologies of the microrods were monitored using optical
microscopy (Nikon Eclipse LV100ND), scanning electron micro-
scopy (SEM, JOEL JSM-7500F), and transmission electron
microscopy (TEM, FEI Titan 80-300). The compositions of the
microrods were investigated by energy dispersive X-ray spectro-
scopy (EDS) in combination with SEM and electron energy loss
spectroscopy (EELS). High-resolution TEM was used to deter-
mine the crystalline structures of the microrods. Samples for
these studies were prepared by drying droplets of the aqueous
suspensions on precleaned substrates or TEM grids.

To study the integration properties of the polymer micro-
rods with functional nanomaterials, we spin coat CdSe/ZnS
core-shell quantum dots dispersed in toluene onto microrods
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that were pre-dried on substrates. The photoluminescence pro-
perties of the resultant structures were investigated using a
confocal laser scanning microscope. Pulses from a diode laser
with a frequency of 1 MHz and a wavelength of 400 nm were
focused onto the samples using a microscope objective (40x,
NA = 0.95). Emission from the samples was collected by the
same objective and sent to single photon avalanche diodes for
scanning photoluminescence imaging or a 500 mm spectro-
meter equipped with a charge-coupled device for spectroscopic
studies.

3 Results and discussion

Fig. 1a and b show representative optical micrographs of the
polymer microrods formed in water after 19 and 82 days,
respectively. The microrods appear to be relatively uniform in
diameter and length, and a noticeable increase in their lengths
over aging time can be observed. SEM images of the microrods
shown in Fig. 1c and d give consistent structural information.
The compositions of the microrods are determined by performing
EDS measurements. As shown in Fig. le and f, the major
composition of the microrods is carbon, confirming their
polymeric nature. The apparent peak corresponding to silicon
in the EDS spectrum is caused by the underlying substrates.
Control experiments of EDS measurements on blank silicon
substrates and paraffin wax (S1, ESIT) indicate that the small
trace of oxygen observed in the microrod samples likely has
major contributions from the native layer of SiO, on the silicon
substrate surface, although the microrods may also contain a
small percentage of oxygen.

Our EELS analyses of the microrods further confirm our
assignments of the major compositions (Fig. 1g and h). The
EELS spectra of the microrods show predominant signatures
from amorphous carbon, which include a carbon K-edge peak
starting at 289 eV and a small low-energy pre-peak at around
284 eV. The former can be assigned to core — o electronic
transitions in carbon and the latter is commonly associated
with unsaturated & states.”>>* A weak peak can also be observed
at the oxygen K-edge (Fig. 1h), indicating the existence of a
small percentage of oxygen in the microrods, consistent with
the EDS measurements. We further study the structural proper-
ties of the microrods using high-resolution TEM (Fig. 1i and j).
The lack of sharp ring patterns in their electron diffraction
(Fig. 1j, inset) indicates their amorphous nature. These analytical
results confirm that the microrods are composed of paraffin wax
which is mostly low molecular weight polyethylene.'®'®

Solvent attrition has previously been used as an effective
approach in inducing polymer precipitation in nano-/macro-
scale droplets.*”** Analogous to the liquid antisolvent precipi-
tation process, it involves the addition of an antisolvent, which
is a non-solvent for the polymer but miscible with the solvent,
to the polymer solution. The liquid-liquid dispersion between
the solvent and antisolvent decreases the solubility of the
polymer in the solution and leads to its precipitation. Depending
on the external force used to define the droplet shape and volume,

This journal is © The Royal Society of Chemistry 2021
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(a) and (b) Optical micrographs of representative microrods after growing for 19 days and 82 days, respectively. (c) and (d) SEM images of

representative microrods after growing for 12 days and 82 days, respectively. (e) and (f) EDS mapping of carbon and the corresponding EDS spectrum of a
microrod. The apparent peak corresponding to silicon is caused by the substrate. (g) and (h) EELS spectra of the microrods at the carbon and oxygen
K-edges. (i) and (j) TEM images of a microrod. Inset in (j) is a representative electron diffraction pattern (SAED pattern) of a microrod. (k) Schematic of the

solvent attrition method leading to the formation of the microrod seeds.

the rates of solvent-non-solvent mixing, and the solidification
speed of the polymers, spherical nanoparticles,”*> microrods,"’
and dendritic microparticles*® have been fabricated.

We believe that the initial formation process of the polymer
microrods observed in our study can be attributed to a similar
mechanism. Specifically, we start by dissolving the paraffin wax
in acetone.”” When the paraffin/acetone solution is added to
water subject to ultrasonication, three concurrent processes
occur: emulsification of the paraffin/acetone solution in water,
ultrasonification-assisted breakdown of the emulsion into
small droplets, and diffusion of acetone out of the droplets,
leaving behind the paraffin wax because it is not soluble in
water (Fig. 1k). The interdiffusion of acetone and water (the so-
called solvent attrition) reduces the solubility of the paraffin
wax, leading to its precipitation in the droplets, forming
colloidal scale features. Our TEM studies of the paraffin wax
solutions right after their preparation confirm this assumption
(see S2 for TEM images of the initially formed nanoparticles,
ESIT). During these processes, droplet coalescence and post-
precipitation agglomeration of the polymers could also occur.”
We believe these precipitated polymers with colloidal scale
structures to be the initial seeds for the growth of the micro-
rods, and they are still visible in the later stages of the microrod
growth (see e.g. the small particles in Fig. 1i). According to the
solvent attrition mechanism, it is potentially possible to control

This journal is © The Royal Society of Chemistry 2021

the size and morphology of these seed materials by altering the
miscibility of the polymer solvents with water. Future detailed
studies in this direction would help improve the control over
the microrod morphology.

However, deviating from the previously reported solvent
attrition methods, in which the final forms of the micro-
structures were consolidated by immediate UV light-induced
polymer crosslinking,*”*° the liquid-liquid dispersion process
in this study only creates the initial seeds for the microrods that
would subsequently undergo a slow, spontaneous self-assembly
process over a long period of time. This is evident by the increase
in the lengths of the microrods over aging time, as shown in
Fig. 1a-d. To further understand the growth mechanism of the
microrods, we study their time-dependent morphology. Fig. 2a-e
show images of the microrods after they have grown for various
periods of time in aqueous solutions. The corresponding histo-
grams of their length distributions are plotted in Fig. 2f-j.
At the early stages, short microrods that are a few micrometers
long and with narrow length distributions can be observed
(Fig. 2a, b, f and g). Continued growth of the microrods can be
observed in the next few weeks during which their lengths
increase up to a few tens of micrometers (Fig. 2c-€). Interest-
ingly, there seems to be an intermediate growth stage when
primarily two species of microrods with distinct lengths can be
observed, as shown in Fig. 2¢, d, h and i, with the average length
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(a)—(e) Optical micrographs of the microrods after growing for 12 (a), 19 (b), 39 (c), 55 (d) and 82 (e) days, respectively. (f)-(j) The corresponding

histograms of the microrod lengths. Curves are Gaussian fits to the histograms.

of one species being around 2-3 times that of the other species.
Over time, they evolve into one species of microrods with broad
length distributions (Fig. 2e and j).

To better quantify the growth mechanisms of the microrods,
we plot their average lengths and widths as a function of time
in Fig. 3a. For clarity, we arbitrarily divide their growth process
into four different stages. With an increase in the growth time,
the originally nanometer sized nanoparticles aggregate and
grow into elongated structures, with the length of the micro-
rods increasing monotonically first (stages I-III) until it reaches
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Fig. 3 (a) The time-dependent lengths (black circles) and widths (red
dots) of the microrods. (b)—(d) The morphology of the microrods in growth
stages of Il (b), Il (c) and IV (d) represented by plotting their lengths versus
widths. (e) A sketch of the microrod growth process.
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a plateau (stage IV), potentially caused by the exhaust of source
materials in the solutions or equilibrium structures reached.
It is possible that as the microrods become longer, their diffu-
sivity might decrease. This reduced diffusivity may also con-
tribute to the observed plateau due to the lower probability
of the microrods encountering additional source materials
or other microrods. We note that it remains unclear how the
initial spherical nanoparticles assemble into the isotropic,
elongated structures observed in stage II. More studies are needed
to understand the underlying mechanism in this process.

From the standard errors of the average length values, it can
be inferred that there is an increase in the length distribution
during the intermediate and late growth stages (stages IIT and IV),
which is consistent with the two distinct species of microrods
observed in Fig. 2h and i. In parallel, the corresponding widths of
the microrods first increases and then decreases, after which it
stays constant. To identify if there are correlations between the
changes in the lengths and widths of the polymer microrods, we
plotted three representative cases in Fig. 3b-d, each representing
a growth stage from II to IV, respectively. As can be seen in Fig. 3b,
at the early growth stage II, the microrods are relatively short and
thick. As they continue to grow, the short, thick microrods start to
turn into long but thin ones (Fig. 3c), with the length of the latter
ranging from about 1 to 3 times that of the former. Eventually, all
the microrods evolve into thin elongated shapes with significantly
increased aspect ratios (Fig. 3d).

Based on these observations, we speculate that in stage III
and IV, two major processes occur: (i) the transformation of the
short, thick microrods into long, thin ones, and (ii) the end-to-
end assembly of the microrods. The former is supported by the
eventual disappearance of the short, thick microrods and
the concurrent emergence of the long, thin ones. This morpho-
logical transformation of the polymer microrods reflects their
“living self-assembly” nature, a phenomenon that is likely
due to the transfer of materials within the microrods until
an equilibrium structure is achieved. We speculate this
mass transport-induced geometrical transformation might be
related to the rearrangement of chemical compositions'® with

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (a) and (b) Scanning photoluminescence images of short (a) and
long (b) microrods from two different growth stages spin coated with
quantum dots. (c) Photoluminescence spectra taken from the microrods
and from the adjacent background area.

hydrophobic parts moving towards the interiors of the micro-
rods, and/or the tendency of the microrods to form energeti-
cally favorable surface curvatures. Future studies by applying
this approach to homo- and co-polymers with varying well-
defined chemical compositions would help shed light on the
underlying mechanisms. The living self-assembly nature of the
microrods is further supported by the drastic acceleration in
their growth rates when additional paraffin source materials
were added to the suspensions at a late growth stage (see
Fig. S3, ESI}), indicating the potential for continued growth
of the microrods.

Our derivation of the end-to-end assembly of the microrods
is supported by the coexistence of two distinct types of micro-
rods with the length of one species being around 2-3 times that
of the other species, and our occasional observation of such
end-to-end microstructures (S4, ESI). When two to three of
the microrods encounter one another in solution, they stack
end-to-end and grow into one long microrod. We illustrate this
growth process in Fig. 3e. Interestingly, the end-to-end growth
only happens among microrods of similar diameters. This kind
of “epitaxial” aggregation/growth mechanism in which the
growth of the cylindrical structures only occurs at the ends
has also been observe in the self-assembly of micelles from
copolymeric systems,">?® and is typically driven by the affinity
of the cylinder ends to minimize their lateral interfacial
energies.”> We believe a similar mechanism is at play in our
system. To reduce the large surface tensions at the microrod
ends caused by their large curvatures, the microrods may tend
to aggregate by their ends to reduce the overall surface energy.

This journal is © The Royal Society of Chemistry 2021
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One of the potential applications of polymer microrods is to
serve as hosts of functional components for lighting, drug
delivery, and catalytic applications. We explore the possibility
of integrating functional nanostructures into the microrods by
spin coating semiconductor quantum dot (QD) solutions onto
the pre-dried microrods. Bright, uniform photoluminescence
can be observed from both the short and long microrods
(Fig. 4a and b), with the photoluminescence spectra matching
that of the QDs. In comparison, photoluminescence intensity
from the adjacent substrate areas is much weaker (Fig. 4c).
These observations suggest that the QDs preferentially adsorb
onto the microrods, likely due to the hydrophobic nature of
the polymer microrods that allow them to serve as ‘“‘sponges”
for absorbing the QDs dissolved in toluene. Additionally, the
emission from the incorporated QDs stays constant and stable
over a few months’ time. It is likely that due to the nanometer
sizes of the QDs and the porosity nature of the microrods, the
QDs have penetrated into the interiors of the microrods. Upon
encapsulation of the QDs in the paraffin wax which protects
them from environmental perturbations, the QDs become more
photostable. Due to the post-synthesis integration approach
demonstrated here, it is potentially feasible to replace the QD
solutions used in this study with other types of functional
materials such as plasmonic nanoparticles®*° and light emitting
dyes® and load them into the microrods conveniently. Alterna-
tively, it may be possible to introduce functional materials during
the solvent attrition step, as was previously demonstrated.>* The
rod-like structures such as those observed in this study could be
beneficial for miniaturized, flexible optoelectronic devices such
as LEDs due to the feasibility to align them longitudinally.**=*
Moreover, they may provide new opportunities for surface
plasmon-based sensors and light-matter interactions.*>>°

4 Conclusions

In summary, we report the spontaneous formation of uniform
polymer microrods from paraffin wax in water. Adapting a
solution attrition approach, solutions of paraffin wax are intro-
duced to water under ultrasonification, leading to the for-
mation of paraffin precipitates that serve as seeds for the
polymer microrods. Our time-dependent morphological studies
of the microrods show that after the initial growth stage, the
microrods undergo morphological transformation and turn
into long and thin structures. In addition, they also self-
assemble into end-to-end chain-like structures. These pro-
cesses combined eventually lead to high aspect-ratio microrods
that extend up to a few tens of micrometers in length. The
“living self-assembly” nature of the microrods, which resembles
those of block copolymer micelles, is likely driven by thermo-
dynamics to minimize their interfacial energies. Due to their
hydrophobic nature, the polymer microrods appear to be effi-
cient absorbents for organic nanostructures. We demonstrate
the integration of quantum dots in the polymer microrods,
leading to bright and homogeneous emission from them. The
formation of microrods from paraffin wax and their unique
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self-assembly process discovered here may provide new per-
spectives for the fabrication of functional nano- and micro-
structures. Future studies exploring the applicability of this
method to various types of polymers would be valuable.
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