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Polymer nanotubes/nanorods have recently received much more interest and have become a
magnetic topic in the interdisciplinary field of nanoscience and nanotechnology. Generally,

they can be easily fabricated by template wetting of polymer melts. This short review presents
effective ways to enhance polymer melts flow in nanochannels, typically focused on
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influencing wetting parameters including time, temperature, size of nanochannels and surface

properties of the inner wall of nanochennels. Then, the investigation progress on polymer
nanotubes/nanorods nanofabrication by nanoporous alumina template wetting was discussed.
Many applications of polymer nanotubes/nanorods fabricated by template wetting from
photonics to sensors and medical devices were summarized in the last section of this review.

1. Introduction

The behavior of liquids or melts flowing through
nanochannels has been given great importance recently,
especially with the emergence of micro/nano-fabrication
processes based on polymer flow, the enhancement in flow and
a reduction in intermolecular entanglements are of significant
importance in the design and execution of processing methods.
With the current progress in synthesis routes and emerging
technologies, it is possible to reproducibly fabricate and study
nanostructured polymer systems such as thin films, nanowires,
nanotubes,  nanoparticles, nanorods and nanoporous
materials.'>

To achieve the flow of polymer melts in nanochannels, it
must be noticed as well as much necessary about the wetting
phenomenon of liquid on a high-energy surface.*> Owing to
prepare nanochannels using solid materials with high surface
energy, polymer melts having low surface energy can favorably
wet and permeate into nanochannels due to wetting actions.
Thermo-pumping technology®’ and electric fields also® have
been applied to boost the capillary flow of fluids in
nanochannels. Particularly, the wetting of porous templates
with polymer melts and solvents are a highly effective way to
produce polymer nanotubes or nanorods. ° anodized aluminum
oxide (AAO) or silicon templates with uniform pore diameters
and high aspect ratios can be used as templates. The accessible
pore diameter range is from 25 to 100 nm from these
templates.'®!!

A crucial factor for the fabrication of nanostructures of
polymers is the favorable nanoflow behavior of polymer melts

through  nanochannels.Comparing  with  the  fluidic

This journal is © The Royal Society of Chemistry 2014

hydrodynamics of simple liquids through micro- or
macrochannels, shows that the nanoflow behavior of polymer
melts is affected much more by nanoscale effects and surface
interactions. '> Owing to the adversity in achieving an
appropriate flow of liquid in nanochannels, many researchers’
concentration is about the simulations of nanoflow of simple
liquid in nanochannels mainly using molecular dynamics and
Monte Carlo methods for the study of tunable size of nanotubes
and nanorods '*¢,

The highly effective way to produce polymer nanotubes or
nanorods is the wetting of porous templates with polymer melts
and solvents”!”'®1t depends upon the used material for
nanorods or nanotubes can be obtained. Wetting with melts of
low molecular weight organic materials, e.g., liquid crystals,
yields in nanorods and with high molecular weight polymers
usually in nanotubes. ° Further structures, besides nanotubes
and nanorods, can also be obtained by an additional annealing
step after the nanotube production. Russell et al. obtained
regular void structures by annealing polymer nanotubes.”!”

The unique features of nanostructured materials has led to
develop new miniature devices that exhibit unique capabilities
which are not available in larger scale devices. In practical
applications of nanochannels, nanotubes and nanorods fibers
have the ability to fill, transport, and release molecules in a
controlled manner.'® Nanotubes and nanorods or arrays formed
by wetting of template with polymer melts are of interest for
drug delivery applications, photonic crystals, sensor
applications, catalysis, and optoelectronics as demonstrated in a
set of papers. 121923
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The aim of this short review is to present the main outlines
of investigation and to give an updated comprehensive
description of the most important aspects related to the
fabrication of polymer nanotubes/nmanorods by wetting of
nanochannels in the nanoporous template of polymer melts.
There have been several other reviews related to template
fabrication and related subjects that may be of interest to the
reader.’*?® For example, earlier experimentation on the wetting
of polymer nanofilms through nanochannels are studied and
reviewed in detail by Krausch.’® We will also not give
consideration to segregation and wetting phenomena at
interfaces of nanochannels of porous alumina templates because
these have been discussed by Budkowski.?’ For an overview
and knowledge of relevant and important description, the
interested reader is advised to consult the review by the Gennes,
28 which is more recommended.

The review is organized as follows. We first discuss
theories about flow behaviors of polymer melts through nano
channels in section 2 then in section 3, we will inform readers
how to control polymer melt flow parameters. In sections 4,
focus on the fabrication of polymer nanomaterials by template
wetting. In the last section, the applications of the above
polymer nanomaterials will be discussed from different aspects.
Finally the conclusion and outlook are also given.

2. Theory

Several models for prediction of flow exist through nanochannes
or capillary, which may describe the phenomenon according to
different perspectives, including the surface effects and shear rate
dependent models.?”’ Three flow models including capillary Flow
Model, Slit flow model and Artificial Neural network (ANN) are
appropriate to analyze the rheological behavior and to estimate the
molten polymer melt flowing through micro/nanochannels of square
cross section.’* 3!

2.1. Capillary Flow Model

Firstly, this model is used to examine viscous-dominated
capillary wedge channel flows for which analytical solutions are in
hand.*? defined that , insufficient fluid/polymer melt is present to
fill all of the pores of nanochannels, so that air fills the
remaining space, the medium is known as "unsaturated," or the
flow is said to be "capillary flow. This is the simplest type of flow
problem deals with "saturated" media in which all of the pores are
completely filled with one homogeneous liquid. **3*

The most common instrument used for measuring the melt
viscosity is capillary viscometer or capillary rheometer depends
upon shear rate and temperature, the molten polymer is forced to
flow by a piston under a given pressure through a capillary. By the
amount of melt exiting, the capillary per unit of time and the
required pressure drop across the capillary one can calculate the melt
viscosity at a specified shear rate.*’

The apparent shear rate (Y pp) and the apparent shear stress
study on rheological behavior of polymer melt (Typp)) at the wall for
Newtonian fluids is given by

2 | J. Name., 2014, 00, 1-3

J}w(app) :4Q / HR3
Tuapp=AP R /2L

In these equations, R is the radius of the capillary having length
L, and Q is the volumetric flow rate through the capillary under a
pressure drop AP along the capillary. Furthermore, two corrections
are commonly applied to capillary data in order to obtain the correct
viscosity of polymeric fluids. The Rabinowitsch correction®® corrects

the rate of shear at the wall for non-Newtonian liquids. That is
Y (reay = (4Q / T RY)(3/4+b/4)

Tw(real) = (AP'P() ) / (ZL/R)

Where b is the slope of log yy (app)y Versus log 1, (correlated in a
bi-logarithmic coordinate system) In addition, the Bagley correction
takes care of the non-ideality arising from viscous and elastic effects
at the entrance to the capillary. The effective length of the capillary
is greater than its true length. The P, is the pressure drop
corresponding to a capillary of zero length for a given rate of shear.
After correction, the real viscosity of molten polymer can be
obtained by dividing the real shear stress by real shear strain rate as
follows.

MNreal = Tw(real) / )}w (real)
For the typical log 1 and log y curve, over the usual accessible shear
rate range, the viscosity decreases nearly linearly with the shear rate.
This is known as the shear-thinning behavior.

This model helps to determine the impact that shear and
elongational flow have on the breakage of aspen fibers in
a polypropylene matrix as well as helps to study the velocity
distributions, velocity profiles, pressure drops, and vortices at
the capillary entrance of rubber compound.®® 3’

Capillary flow behavior is characterized by hysteresis effects
which can’t be negligible, sometimes amounting to a factor of
30.which makes it limit to use.”**

2.2. Slit Flow Model

A statistical mechanical based model which is based on Green-
Kubo relations for calculating slip length.**This model computes for
the slip length as a ratio of a phenomenological parameter and
friction factor to the shear viscosity. Furthermore, this model might
be used in conjunction with navier slip boundary condition® to
obtain the velocity profile during a flow. Friction factor is directly
related to the fluctuations of wall fluid interaction force, which can
(EMD)
simulations. Hydro-dynamic location of the wall can also be
computed using EMD correlations. There are some limitations of
this model for small pores ** in which wall-fluid potential owing to
confining surfaces overlap.

be demonstrated equilibrium molecular dynamics

For the mass production purpose, recently, some specifi designed

devices have been developed having numerous duplicated

microstructure, elements. Nisisako et al.*' described a planar glass
chip with 16-256 microchannels arranged circularly to form

142,

monodispersed emulsion. Geerken et al™ utilized the perforated

This journal is © The Royal Society of Chemistry 2014
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metal nozzle plates to introduce oil-in-water and water-in-oil
emulsion by shear-induced emulsification but these methods or ways
didn’t remove clearly the Blockage and clogging so one dimension
of T junction is enlarged based upon slit model called slit
microchannels having low machining complexity and cost. In recent
(PMMA)  slit-like
microchannel devices with different geometric structure are made

work, using polymethyl methacrylate
which flow pattern maps at crossing flow mode and perpendicular
flowmode were carefully figured out under high two phase flow
rate.”

The instrument for measuring the behavior of the molten
polymers through nanochannels is the slit viscometer *°, which has
the same measuring principle as the capillary rheometer. The molten
polymer in a reservoir is also forced to flow by a piston under
pressure through a slit die. The amount of polymer exiting the slit
die per unit of time (Q) at a given pressure drop (AP) allows one to
calculate the viscosity. The apparent shear rate and the real shear
stress at the wall for Newtonian fluids after Walter correction
provides the rate of shear at the wall for non-Newtonian liquids.*’

Y (rea = (60 / w 1) (2/3+b/3)

w and & are the width and thickness of the slit having length L. Q is
the volumetric flow rate through the slit under a pressure drop AP
along the slit. In addition, two corrections are commonly applied to
slit data in order to obtain the correct viscosity of polymeric fluids.
Where b shows slope of 10g Yy (rea) Versus logr,, that is similar to the
Rabinowitsch correction in the capillary flow model. ***
Furthermore, the edge effect of shear stress shall be carried out when
the ratio of the width to thickness is less than 10. The wall shear
stress is
Twreal =(WH/2(W+h)) (-AP (reary /L)

After studying these models it was determined that these models
are not suitable in nanochannels of porous alumina during template
wetting of polymer melts to predict the exact flow behavior because
of hysteresis effect and limitation of models for small pores.
202930323440 g5t resolve this issue (predict the flow behavior
through nanochannels of porous alumina) there was a need for a
computational method or novel technique, so for this purpose an
artificial neural network (ANN) approach was introduced.

2.3. Artificial Neural Network (ANN)

It has been perceived that the Young - Laplace equation,
capillary flow model and slit flow model is not more
appropriate to estimate the wetting process specially through
nanochannels *"***# In this case, a different methodology,
named, ANN is introduced for modeling and anticipating the
flow behavior of polymer melts through nanochannels.'® For
example, the imbibition length of the polyethylene melt through
nanochannels by nanoporous alumina templates is measured by
this method.ANN is used to forecast the relationship between
the length of wetting as output parameter and other parameters
(time, temperature, diameter and surface properties of inner
walls) as input variables, as shown in Fig 1. The designed ANN

This journal is © The Royal Society of Chemistry 2014
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was then wused to measure the wetting length of the
nanochannels for cases, which were not informed by the
wetting experiments.***” Recently, interesting experiments
were done related to the infiltration of highly viscous liquids in
nanopores comparable with or even smaller than end-to-end

distance.**!
Time
—_—
Temperature
: Displacement for
Biiincter polyethylene mele
R
—
Surface
properties of
inner walls
.-'.i'ﬁ"'h..
Input layer Hidden Layer Output Layer

Fig.1. Diagram of a typical Artificial Neural Network (ANN).
ANN has three layers (i.e., input, hidden, and output layers)
including four neurons in the hidden layer and the number of
variables is 4 and 2 in the input and output layers, respectively.
Reprinted with permission from ref 20. Copyright 2009
Springer.

The ANN Toolbox encapsulated in Matlab 7.0 was used to
get the displacement of the polymer melt as a function of time,
temperature, diameter of the nanochannels, and surface
properties of the inner wall of the nanochannels inside the
nanochannels of nanoporous alumina templates. >* The input
layer of the network consists of time, temperature, diameter of
the nanochannels, and surface properties of the inner wall of the
nanochannels, while the output layer of the network shows the
displacement of the polyethylene melt in nanochannels. In this
enquiring process, the best architectureof network was obtained
which can predict flow behaviour at given conditions of
polymer melts through nanochannels 2* 4

Furthermore, an ANN neglects a relatively large amount of
noise or variations during dealing with problems, while it
derives principle rules regarding a given problem. Interesting,
these errors and problems can be observed in simulations, such
as molecular dynamics and Monte Carlo simulations, which
have been used to simulate flow of simple fluids in

nanochannels.?"7”

3. Polymer Melts Flow Dependence

Generally, the main factor for any liquid to flow is
viscosity, low viscosity approves that the forces between liquid
molecules and surface are weak and vice versa. Basically there
is need to control the viscosity to get the better flow of liquids
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or polymers melts through nanochannls® The main reason to
control viscosity is to control wetting rate phenomenon that is
verified by Lucas — Washburn equation, 5% which can be used to
calculate the nanoflow rate of polymer melts in nanochannels.*
For the process of inquiring of flow behaviour of polymer melts
in through-hole nanochannels, the active or dynamic parameters
such as driven force p, displacement 1, and rate dl/dt are
brought into consideration as illuminated in Fig 2. Owing to the
high surface energy of alumina, polymer melts having low
surface energy can be wetted the surface in a partial or
complete wetting regime and the wetting driven force p from
high-energy surface can be explained by the given following
Laplace equation.**47:¢-

p=2ycosb/R

Where y is surface tension of polymer melts on alumina
surface, 0 is contact angle, R is hydraulic radius and equal to
half of the radius of a nanochannel In particular, the contact
angle 0 is determined by the solid-gas ysg, solid-liquid ygp,
and liquid-gas ygg interfacial tensions as shown in Fig 2.

Polymer melts

Fos i e e A

.

L{]

A R |

R e s S A (e

y . 080 =(rse Fa ) i

BN Vs

Nanochanne! T ) Yse

Fig.2. Dynamic flow parameters of polymer melts in
nanochannels, the p, /, and Y sg, YsL, Y Lg are driven force,
displacement, contact angle and solid-gas, solid-liquid, liquid-
gas Respectively interfacial tensions, respectively. Reprinted

with permission from ref 47. Copyright 2007 Elsevier Ltd..

Polymer melts flow in nanochannels can be affected by
different parameters such as temperature, diameter, surface
properties and nanochannels sizes. 247" In this short review,
it is briefly discussed about the effect of temperature, diameter
and surface properties

3.1 Wetting Temperature

temperature-dependent nanofluidic
for developing of

Understanding the

transport  behaviour is  critical

4| J. Name., 2014, 00, 1-3

thermomechanical nanodevices.** Owing to the relatively less
severe confinement effect, both the effective shear stress and
nominal viscosity decrease with the increase of temperature.
The thermal effect becomes coupled with the nanotube size and
transport rate effects, where as in smaller tubes at higher flow
rates, the transport resistance is more temperature sensitive,

whose energy density can be controlled through temperature.®*
66

When the temperature of polymer melts is much higher
than melting temperature, polymer melts will rapidly wet and
flow in nanochannels*’. On high energy surfaces, the effect of
wetting temperature T, on nanoflow of polymer melts in
nanochannels can be attributed to the wetting transition of
melts. For the wetting of solid substrates by liquids, a
temperature T, is prophesied for a wetting transition from
partial to complete regime, where T, is known as the wetting
transition temperature.®’

For demonstration, considering an example of
polyethylene, influences by the effect of temperature.’>*’” The
wetting temperature takes an important part in the displacement
of polyethylene melts into nanochannels having a diameter of
80 nm and a length of about 50 mm was used and the wetting
Q0
of polymer melts through nanochannels upon wetting
temperature is shown in Fig. 3 and the DSC melting curve of
polyethylene is also presented. When the wetting temperature
reaches 160°, the polyethylene melts, having low viscosity start
wetting the inner walls of nanochannels in a complete wetting
regime. Owing to the limitation of maximum length of
nanochannels, it should be noticed that the displacement of melt
is only determined in the scale less than 50 mm The higher flow
displacement perchance can be accomplished at wetting
temperature greater than 160° because of the decrease in
viscosity of melts with the increase of temperature.*’

time was adjusted as 60 min. The rely of displacements

60
50 -
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§ af .,
= %
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£ 30l T
o}
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3 =
2] Ly
% 3
]
10k 25 0 25 50 75 100125 150 175 200
Temperature / °C
[ ] I

0 i L 1 L I 3 L
100 110 120 130 140 150 160 170 180 190 200
Temperature / °C

Fig.3. The displacements of
polyethylene and the wetting
temperature within the same wetting time. Reprined with
permission from ref 47. Copyright 2007 Elsevier Ltd.

relationship between the
melts in  nanochannels

This journal is © The Royal Society of Chemistry 2014
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3.2 Size of Nanochannels

the the size of
nanochannel can be further optimized by taking into account
the pore size of nanochannels affects in transporting polymer
melts from nanochannels, a variation of the liquid phase, and
surface modification. Since the transport behaviour changes
when ions are added to the liquid phase®*®%.Decreasing the pore
diameter may cause the transition from wetting state to non
wetting state.”*"%> Ordered porous alumina is depicted by high
regular alignment of parallel pores having sharp diameter
distribution and uniform pore depth, the tiny opening
demonstrate high regularity and specific macroscopic
orientation over large areas (on the order of square centimeters)
which becomes the source to give us nanorods and nanotubes
with different diameter sizes of nanochannels.’®®

Besides, system temperature

Similar as demonstrate above quotation, considering an
example of polyethylene, influences by the size of
nanochannel®® *’at the wetting temperature of 160°C, the results
show that the flow rate of polymer melts flow through
nanochannels on wetting also depends upon the diameter of
nanochannels and the polymer melts having larger size in the
range of 80-220 nm are easier to be wetted into the
nanochannels. If one observes three types of nanochannels with
different diameters, infiltration displacement of melts have a
maximum length of nanochannels (50 mm) at 60 min. This
shows that the wetting of polyethylene melts into nanochannel
is a rapid process. Furthermore, the increment in the flow rate
with the increase of the diameter of nanochannels can be seen.
It indicates that the polymer melts are easier to be wetted into
the nanochannels having larger size in the range of 80-220 nm
as shown in Fig 4.%

a
S
T
M\
>

Displacement/ um
8 8
T T

10 —a— PAA of 80 nm in diameter

—o— PAA of 120 nm in diameter

—e— PAA of 200 nm in diameter
L

0 I 1 i ! I L
0 10 20 30 40 50 60 110 120

Time / min

Fig.4. The relationship between the displacements of
polyethylene melts in nanochannels of different diameters and
wetting time at the wetting temperature of 160 °C. Reprinted
with permission from ref 47. Copyright 2007 Elsevier Ltd.

3.3 Properties of Nanochannels

This journal is © The Royal Society of Chemistry 2014
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The nanoflow behavior of polymer melts can be affected
by the properties of nanochannels such as roughness of
nanochannels. ¥7?*The flow behavior of polymer melts under
variety of surface conditions have been investigated.”>”” one of
them is by modification of the nanochannel surface by a
surfactant (AuNPs) of various sizes, by addition of surfactant
the surface energy of the nanochannel is changed. In
comparison with Pure AAO, the flow of polymer increases as
the uniform distribution of a 5 nm AuNP monolayer on the
nanochannel wall enhanced, because of an increase in surface
energy. A further increase in the size or distribution of AuNPs
in the nanochannel increase the surface roughness of
nanochannels, and the flow behavior of the polymer melt was
significantcantly affected in nanochannels. %7

To adjust the wettability property, the alkylsilane self-
assembled monolayers (SAMs) having significantly low surface
energy was often used on alumina surface. The self-assembled
monolayers on inner walls of nanochannels in PAA template
are formed after the hydrolysis, condensation and curing at high
temperature of octadecyltrimethoxysilane.*’-’% 777

Comparing SAMs treated nanochannels and native
alumina nanochannels at the same wetting temperature, we
come to know that the infiltration displacements and rate of
polymer melts into SAMs entreated nanochannels are less and
lower than those in the native alumina nanochannels, it can be
seen in Fig 5. This is because of the decrease in surface free
energy on alumina surface entreated by SAMs that is low
surface free energy material. This phenomenon can also be seen
for the contact angle and surface free energy of n-hexadecane
(non-polar, low molecular weight analogues of polyethylene)
on the octadecyltrimethoxysilane modified alumina surface or
silicon wafer.®*®® By considering contact angle, the static
contact angle of n-hexadecane on the native alumina surface (3°)
is less than the SAMs treated alumina surface (4°) shown in
Fig. 5 it uncovers that the solid-liquid interaction and high
surface free energy between surface and melts lead to
significant flow of polymer melts in nanochannels at the
wetting stage.

4. Nanofabrication of Polymers

The process of making functional structures with arbitrary
patterns having minimum dimensions currently defined < 100nm is
known as nanofabrication.*' There are many nano/mirofabrication
techniques used for fabrication of polymer nanotubes or nanorods.

Electron beam lithography has been used to create surface
topographies at the nanometer scale for studying cellular growth and
behavior on these surfaces % *. This technique involves the use of
high-energy electrons to expose an electron-sensitive resist. Both
positive and negative type resists are available. Unlike
photolithography, a physical mask is not needed to pattern the
surface with the beam of electrons. The resolution of this technique
takes many factors into consideration, including electron scattering

J. Name., 2014, 00, 1-3 | 5
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in the resist and backscattering from the substrate. With optimization
of the process, Electron beam lithography has ability to produce
single surface features about 3—5 nm. *"* Fabrication using Electron
beam lithography can be possibly time consuming and costly
because of change in resolution with time.

60

50 - /4
. I /
3 40 /)/
£
@ / —X
E 30 e
8
3 =
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B
10
v —a— in native nanochannels
—wv— in SAMs nanochannels
0 1 1 1 L L 1 1 1 L L L
0 5 10 15 20 25 30 35 40 45 50 55 60

Time / min

Fig.5. The relationship between displacements of polyethylene
melts in nanochannels with different inner walls surface
properties at the wetting temperature of 160°. Reprinted with
permission from ref 47. Copyright 2007 Elsevier Ltd..

A unique method for creating nanoscale topographical features
for use as cell substrates is through the use of polymer demixing.
Polymer demixing involves the spontaneous phase separation of
polymer blends. This process is a quick and inexpensive method for
creating cell culture surfaces with nanoscale feature that can be used
to create topographies similar to those commonly used to study cell
growth on nanostructured surfaces. 3" #%7 Polymer demixing does
not lend it for creating ordered arrays of structures or structures with
precise geometries. The features created using polymer demixing are
somewhat uncontrollable in the horizontal direction, yet very precise
control can be achieved in the vertical direction. Polymer demixing
may not be ideal for creating model surfaces to study cellular
interactions with nanoscale features. ' 55

Another inexpensive method for creating nanoscale
topographies is colloidal lithography. This technique allows for the
production of surfaces with controlled heights and diameters.
Colloidal lithography involves the use of nanocolloids as an etching
mask. These nanocolloids are dispersed as a monolayer and are
electrostatically self assembled over a surface. Only the biologically
relevant patterns such as nanocolumns and nanopits can be created

well with this method °" *?

The means of producing nanoscale features on the surface of a
material by soaking is chemical etching. Generally, etchants are
hydrofluoric acid (HF) and sodium hydroxide (NaOH). Nanometer-
scale roughness on every surface of the scaffold can be created by
chemical etching using NaOH. Roughness features smaller than 100
nm were created in this way .This process is essentially a surface
treatment and may not produce structures with any prescribed
geometry or organization. Roughness features smaller than 100 nm
were created in this way.®" . Three dimensional scaffolds are

6 | J. Name., 2014, 00, 1-3

getting interest in tissue engineering for this purpose phase
separation a technique for which no special equipment is required
and allows for three-dimensional scaffolds in the sub-micron range
can be created with fibers. This process consists of five steps
Polymer dissolution, phase separation and gelatin, solvent extraction
from the gel, freezing followed by freeze drying in water . This
process sometimes needs expensive solvent which makes it limit to
use.™!

A unique technique, self-assembled nanofibrous scaffolds
involve the use of polymers that undergo self-assembly to form
scaffolds consist of a matrix of nanofibers. Molecular self assembly
is an alternative to lithographic. The key to the self-assembly of
these scaffolds is the engineering of the molecules themselves. This
is a common technique for creating these self-assembling scaffolds.
But its time consuming, Time for adsorption of polyions onto
surface ranges from minutes to hours.”>*

Summarizing it, explains that because of limitation of other
technique such as severe conditions, tedious fabrication, special
equipment, and expensive reagents, >’ a suitable technique is
introduced that is template wetting as demonstrated in following
section.

4.1. Fabrication of Polymer nanotubes/nanorods by
Template Wetting

A template-directed approach for preparing polymer
nanomaterials has been led by Martin and his co-workers since
the early 1990s,”® in which the synthesis of uniform-sized
nanomaterials is formed by using membrane templates with the
monodisperse cylindrical pores in terms of the diameter and
length.'”*° The wetting of porous AAO templates with polymer
melts and solutions or polymer-containing mixtures is a simple
and versatile method for the formation of tubular structures
having diameters ranging from a few micrometers to
nanometers. The tube walls can be formed of a number of
materials, some of them have thus far been impossible to use
altogether or very limited in their aptitude to be included into
nanostuctures. It is possible to modify nanotubes in many
varieties by using template wetting, through the controlled
generation of pores or the embedding of nanoparticles into the
walls. '

Since Steinhart et al.'”" pioneered the preparation of
sundry polymer nanostructures by wetting polymer melts into
nanopores of AAO templates, the process of template wetting
proved as a one fold and efficient method even in industrially
inspiring fabrication method.'"'"'% basically, it consists of two
steps, one is fabrication of template and second is infiltration of
polymers onto nanopores as shown in scheme 1. In this way,
the first part is about AAO templates, and a second part covers
the infiltration process of polymers into nanopores. '” Mainly
wetting is primarily controlled by the molecular weight while
keeping the quality of the solvent and the solution
concentration constant in template wetting.'° In general, three

This journal is © The Royal Society of Chemistry 2014
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main types of nanostructures formed by template wetting that
are solid nanorods, nanotubes, and cylindrical nanostructures
with a periodic arrangement of voids along the axis. To verify
the correlation between the molecular weight and formation of
structure, the structures formed via template wetting is
displayed in Table 1.°

Table 1: Types of cylindrical nanostructure available from
Template wetting for various molecular weight of PS. Adapted
from ref 9 with permission. Copyright 2008 American
Chemical Society.

Mol
wt(g/mol)

Regular void

Nanorods structure Nanotubes

1890 N
4850 l
7000 \
17300
35600

75000

R .

96000
133000

184000

J
N
248000 v
319000 v

J

601800

Where “4 7

structure with respect to molecular weight.’

represents the transformation of the polymer

In the range up to 7000 g/mol solid nanorods are
significantly viewed for molecular weights, in the range about
17,000 g/mol up to about 75,000 g/mol regular void structures
are dominant, and at the end nanotubes are common above this
range of molecular weights. It must be in consideration that,
these three types of structures are not strictly bounded to the
molecular weights as mentioned in Table 1. Each of them may
also be noticed outside the mentioned ranges but the probability
is low.’

4.2. Fabrication of Polymer Nanotubes by Template
Wetting

The polymers having high viscosity, along with melting
and glass transition temperature above room temperature,
attracted concentration of researcher’s to notice straightly the

This journal is © The Royal Society of Chemistry 2014
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behavior in nanotubes and nanochannels.''® To overcome
imperfections, the actual observation of the solidified, cross-
linked or cooled-down drop has been used to introduce
knowledge about the vetting process.''' So for this purpose
thermal treatment of PVDF-coated CNTs, SEM observations
showed both clamshell and barrel like droplets on the outer side
of carbon nanotubes. The estimated contact angle of pure
PVDF drops had more than 60° , but the addition of maleic
acid anhydride (MAH), in ppm quantities causes to lower the
contact angle about to ~20° , essentially improvement in the
adhesion of the polymer to the CNT, fundamentally necessary
for operative load transfer from the matrix to the fiber in
polymer-CNT composite materials. The objective to
encapsulate polymer melts inside carbon nanotubes is, to use
the polymer as a cap for the liquids having lower molecular
weight (chiefly water) already inside the CNT.'"* Within
nanotubes and microchannels, this has been testified for
surfactants, nanoparticles in solution and low molecular weight
fluids. Actually, this process based on wet reversible insertion
of molecules of polycaprolactone (PCL) inside carbon
nanotubes filled with an insoluble liquid. In one experiment, the
CNTs were occupied by water and dunked in a solution of PCL
in toluene. The PCL molecules are guided by self-sustained
diffusion to the CNT open ends, but PCL cannot easily move
into CNT cavities that are taken up with water, that is
immiscible with toluene and a non-solvent for PCL. As a
moment, when the molecules of PCL confront water in CNTs,
they pile up and sometimes cap the tube entrances.''*!'"!!* By
observing above quotation it is observed that Hyperbranched
polymers are popular because of fabrication by temple
wetting' '’

The patterning of hyperbranched polymer (HBP) films on
the substrates is receiving more and more attention. HBPs have
advantages over linear polymer by the template wetting
process. '*''> HBPs can be widened to motley polymeric
matrices to actualize nanopatterns, and can be beneficial for
modified artificial superhydrophobic surfaces as well. It should
be indicated that the nanoparticls by template wetting are not
restricted to only HBPs, other HBPs may be suitable to be taken
into account as processing aids. However, the ability between
the polymer matrix and dispersed phase as an important factor
should be fully taken into account. In this short review, we are
discussing just an example, there are many other hyperbranched

polymers are participating in the formation of nanotubes.
12,112,113

Particularly, the effect of p-cyclodextrin-based
hyperbranched polymers the formation of
micro/nanopatterns by template wetting is studied well. '
Polystyrene (PS) is employed as the polymeric matrix and (-
CD or HBP (B-CD) as the dispersed phase. The
micro/nanopatterns were formed via melt wetting of AAO
template with a nanochannel diameter about 200 nm and a
length of about 60 pum. The wetting temperature and time for
these PS-based melts in AAO templates were adjusted as 170

for
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°C and 15 min, respectively. In the procedure of AAO template
wetting tepee-like bundles as micro/nanopatterns, consists of
irregular polygon “podium” and “valley” structures, can be
shaped. The degree and place of micro/nanopatterns can be
distinctly enlarged with the increment in -CD content or Mw
of HBP (B-CD). The outcome structure of micro/nanopatterns
after instigate B-CD or HBP (B-CD) including PS melts in AAO
templates as shown in Fig. 6. %® It can be seen from Fig. 6A, the
pure PS nanofibers/nanotubes have the capability to form
aligned arrays in the wetting process. This may be ascribed to
the formation of one dimensional nanostructure having aspect
ratios (about 1/25).°*%¢ By adding B-CD or HBP (B-CD),
content 5% of B-CD having aspect ratio is about 1/130, (Fig
6B) and HBP (B-CD) with Mw of 83, 290 g /mol having aspect
ratio is about 1/80, (Fig. 6C) in the PS matrix, results in short,
aligned nanofibers/nanotubes in case of low aspect ratio, longer
ones with high aspect ratios are formed. In addition, the
enhancement in nanoflow rate is more noticeable as the 3-CD
content or M,, of HBP (B-CD) is increased, which directly
of resulting in the formation of longer
nanofibers/nanotubes during the wetting process (Fig. 6D and
E).1260
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Fig.6. Typical SEM cross-section images of nanorods/nanotube
arrays formed at the wetting time of 15 min and the wetting
temperature of 170°C: (A) the pure PS, 25 (B) PS/B-CD(95/5),
(C) PS/HBP(B-CD) [95/5, the Mw of HBP(B-CD) is 83 290 g/
mol]. The dependence of displacements of PS/B-CD in AAO
templates on B-CD content (D) and of PS/HBP (B-CD) in AAO
templates on the Mw of HBP ((B-CD) (E)).®° Reproduced by
permission of The Royal Society of Chemistry

For the preparation of nanotubes to be suitable for
templates, pore walls of porous membranes must have high
surface energy.®**!°71% precursor film is formed, as a droplet

of a low-energy liquid contacts with a high-surface energy.''®
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Most of polymer melts and solutions are deliberated as low-
energy materials Whereas inorganic materials are deliberated as
low-energy materials.''” So, polymer melt or solution will
spread instantly to a thin film by placing it on a substrate
having high energy surface,®® and thickness of films starts from
a few angstroms to nanometre range during the spreading
proceeds. In case of polymer melt or solution during contacting
with the surface of a porous template, resulting in wetting
phenomenon. Similarly, a thin film is formed and spread on the
inner surface of the pores consequence in polymeric nanotubes,
interestingly; wall thickness increases as time increases, and
finally may end in nanorods and nanowires. Besides the wetting
properties of the pore walls a lot of other factors also affect the
pore filling that are the inevitable increment of a solid layer on
the pore walls, capillary flow of the solution into the pore, and
phase separation of the polymer.''® Wetting of porous templates
with polymer melts is same as wetting of porous templates with
a solution.

As PS having molecular weights about 75,000 g/mol is
seen to give us rise in the formation of a thin wetting layer.
From that way we can get nanorods easily from templates. In
Fig.7 two examples of such types of nanotubes of PS with
different molecular weights are shown. Wetting happens to all
pore diameters available from the templates in the range of PS
molecular weights. Pores diameters limit from 150 to 560 nm
go up polymer nanotubes with corresponding outer diameters
(Fig 8a).’

@)

Fig.7. TEM images of nanotubes obtained via wetting from
solution containing high molecular weight fractions of
polystyrene: (a) 96,000 g/mol; (b) 133000 g/mol. Reprinted
with permission from ref 9. Copyright 2008 American
Chemical Society.

This journal is © The Royal Society of Chemistry 2014
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Fig.8. (a) Nanotubes with different diameters and wall
thicknesses. (b) Branched nanotubes originating from branched
pores within the template; the wall thickness changes as a
function of the radius of the tubular structures. Reprinted with
permission from ref 9. Copyright 2008 American Chemical
Society.

In all cases nanotubes with the same wall thickness are
composed, which are independent of the molecular weight of
the PS used in the wetting. It is fact that the wall thickness
depends upon the pore radius. It is also an interesting
observation that same wetting also happens at branches within
the range of the pore structure. These branches show up as
branched nanotubes as shown in Fig 9b. Similar as the radius of
branches varies, the thickness of the walls entirely varies along
the branches in. It has already been mentioned as the variation
in pore radius become the cause the thickness of the solidified
wetting layer within the pores and thus of the resulting
nanotubes. Furthermore possible same happens to a variation of
the molecular weight of PS.''!- 119122

4.3. Fabrication of Polymer Nanorods by template
Wetting

The molecular weight fractions of PS below 7,000 g/mol move
towards complete filling of the pores during the wetting of the
templates and thus, after the descent of the solid PS, polymer
nanorods were obtained. For this purpose the formation of the
nanorods is noticed for oligomeric systems. ''*as shown in Ref.
9, it is observed that nanorods formation is independent of the
pore diameter for all molecular weights, but the rod diameter
can be directly controlled by the pore radius. *'%!?2"124 These
rods do not seem to be completely solid, in fact small irregular
holes are distributed on the upper surface of the rods, and sizes
of nanorods do not seem to bear any similarity with the rod
diameter. Wetting from polymer melts qualitatively same with
wetting from the solution, whereas complete pervading of the
pores and nanorods formation has been observed for low
molecular weight systems confined oligomersystems.''®!??

815784 5.8 kV

Fig.9. Polymer nanostructures resulting from solution wetting
for molecular weight fractions with intermediate molecular
weights of 35,600 g/mol: (a) TEM image, (b) SEM image.

This journal is © The Royal Society of Chemistry 2014
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Reprinted with permission from ref 9. Copyright 2008
American Chemical Society.

In Fig.9, it has been shown some structure after wetting
and subsequent extraction. It is clearly seen that regularly
spaced void structure along the length of the nanorods are
formed. In general, it is interesting that voids are located only
within the cylindrical objects and fully covered with the
polymer in such a way that the outer wall is completely given
by polystyrene. There is an exceptional case in which the voids
extend to the surface of the cylindrical objects of PS.'??

The wetting technique can be easily elongated to form
functionalized nanotubes, for example, palladium/polymer
composite nanotubes, which wetted the porous templates with a
melt containing poly-L-lactide (PLLA) and palladium (II)
acetate under atmospheric conditions. Wetted PLLA/palladium
(II) acetate film covered the pore walls. Afterwards the
template can be strengthened in vacuum at temperatures of up
to 300°C to degrade PLLA'* and to reduce Pd. In next wetting
step, molten PS was introduced, so that Pd/PS composite tubes
were obtained. As briefly explained in this short review,
template wetting has a prominent potential in providing
different size of nanotubes for a wide range of applications in
nanoscience.®

5. Application

In general, it is well clarified that ordered polymer
nanostructures may have many new and unique potential
applications a lot of distinct technological areas including tissue
engineering and drug delivery systems, data storage, magnetic
sensors, etc.'>!3! In this section, we will review some of
proposed materials namely
nanostructured polymer fabricated by template wetting.
Template synthesis has proven to be a broad method to yield
tubes of different materials and sizes. '** The ability to change
the size of the nanotubes or nanorods according to the
application at handcrafts nanotubes attractive for biological

applicable one-dimensional

applications, such as drug delivery, DNA detection and gene
transfection. Furthermore, the structure or shape of the
nanotube allows for high cargo capacity. Because of the
different function of the inner and outer surfaces of nanotubes,
there are infinite possibilities for nanotubes in biomedical
Nanotechnology as well as in bioseparation and biosensors.'*?

5.1 Nanotubes for Drugs and Gene Delivery

Mostly the use of nanotubes is in drug release systems,
because of their void application in medical field, similarly
nanostructured materials for tissue engineering as well as
nanofibers for wound healing while bone tissue engineering is
an important aspect. In the following paragraph, some examples
for the application of nanostructured materials in medicine are
presented. '** It is still under research about the best delivery
vehicle for payloads, such as drugs, DNA, enzymes or other bio
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molecules, has still to be developed. Delivery systems are
composed to assuage such problems as failure to reach the
targeted site, toxic therapeutic concentrations, and poor
solubility. Fabricated heterostructured, magnetic polypeptide
nanotubes having submicrometer dimension is synthesized used
for drug delivery (Fig.10). The wall thickness, inner diameter,
length and outer diameter of prepared nanotubes can be
changed by changing the assembly of layers and templates
respectively. These nanotubes showed super paramagnetic
properties at room temperature, and were employed for DNA
delivery. Under magnetic force, these magnetic polypeptide
nanotubes can be used as a DNA carrier (Figl0b) Because these
tubes have characteristics that can be easily manipulated and
changed to specific locations by using magnetic forces, one of
its uses is as separators as well as carriers of drugs and agents

to targeted sites in vivo as well as in vitro and nanotubes

(heterostructured, magnetic polypeptide with submicrometer
133,134

dimensions).

Fig.10. CLSM image of plasmid DNA-conjugated magnetic
nanotubes and corresponding fluorescence intensity profile. The
inset shows the corresponding transmission mode; b)
Photograph showing the controlled delivery of DNA-
conjugated nanotubes under an external magnetic field.
Reproduced from Ref. 134 with permission from The Royal
Society of Chemistry.

Silica nanotubes fabricated by template wetting are the
most ideal participant because they have, the more advantages
as well as a brittle shell, which make us convenient to control
the release of the loaded species, such as, using the external
stimulus such as ultrasound irradiation. The templated sol-gel
silica nanotubes have been deeply studied by Martin and
others.®" it is also has been explained that the outer and/or
inner surfaces of silica nanotubes can be functionalized to be
hydrophobic  and/or  hydrophilic  characteristics  with
dansylamide and octadecylsilanes.'>'>!'"” Hillebrenner and co-
workers  explained that, by chemical self-assembly,
functionalization of the inside pores of silica nanotubes with
aminosilane, aldehyde-functionalized PS colloids can be
selectively corked to the individual silica nanotubes.'*® Chen et
al."*”13% discussed that template-synthesized sol - gel silica
nanotubes can convey or deliver plasmid DNA into monkey
kidney COS-7 cells.

10 | J. Name., 2014, 00, 1-3

5.2 Application in Sensors

Conductive polymers have more potential for plastic
electronics and sensor applications in a wide range.,'**'*° For
practical applications, there must be considered that output or
signals generated by single nanowire or nanorod based devices
is small, signal to noise ratio is small, and finally highly
sensitive instruments are required to adjust such devices.'*" If
one of the polar crystal modifications can be induced nanotubes
were genereted from polyvinylidene fluoride, exhibit piezo-,
pyro-, and ferro-electric Properties. Template wetting in fact,
synthesizes accurate nanotubes from polyvinylidene fluoride.'*®
A further more is, within the tubes, the orientation of the axis of
the unit cell (a-modification: a, 4.96 A°; b, 9.64 A";c, 4.62 A°)
are well defined. The a-axis is oriented tangentially, along the
length of the tubes are b-axis, and the c-axis points radially. The
crystal orientation is controlled by curvature. One of the
disadvantages is that only the non-polar crystal form is showing
off. The researchers focused are still about modifying crystal
growth conditions in order to obtain a polar crystal starting
from precursor systems; it is an option to get lead zirconate
titanate nanotubes actually displaying piezoelectric properties
and exhibits ferroelectric switching hysteresis. This approach
can be further used to get different kinds of nanotubes of
interest in the field of sensors and actuators. '*!

5.3 Application in Phonitics

The properties such as nanotubes having diameters
corresponds roughly to the wavelength of the light are known to
display of photonic crystals. Photonic crystals are characterized
by energy ranges that are wavelength ranges, from which light
can easily propagate and the material having energy ranges, for
which light cannot propagate. The uniform arrangements of
nanotubes approachable by the wetting methods may serve as a
photonic crystal. If semiconductor quantum structures, such as
quantum dots are incorporated in such structures then, still
more absorbing effects result according to recent theoretical
considerations.'**In initial study, PS nanotubes containing
HgSe and HgTe quantum dots emitting light very effectively
have been produced via the template wetting method.'*>'*

5.4 Application in Optical Fibers

There is a much faster signal processing in organic
material because they easily change their hybridization and
much greater state change rate. However, there are problems
during producing polymeric materials in a robust opto-
electronic fashion such as intensity, sensitivity, long term and
low thermal electrical, conductivity instabilities within the
polymer due to photochemical effects that are necessary for
transport. To fabricate optical waveguides upon chips,
polyimide polymers have been used. In 2004, Zhao et al.'**'*}
explained a patent in which SWNT-polymer composites
consisting 0.1 wt% CNTs and polyimide are discussed for high-

This journal is © The Royal Society of Chemistry 2014
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sensitivity and ultra-fast all-optical switch made from. All-
optical systems restrict themselves from repeated conversions
between electrical and optical signals and they are faster. Woo
et al.'** exposed that the organic light emitting diode, fabricated
from poly (m-phenylene vinylene-co-2, 5-dioctoxy-p-phenylene
vinylene), PmPV and SWNT (~0.1 wt %), increased oscillator
strength in green radiation by about 700% as compared to
PmPV alone. From this they analyzed that SWNTs in the
composite were answerable for blocking hole transport by
forming hole traps in the polymer matrix. This non-linear
optical effect could be exhibited to safe optical sensors from
high intensity laser beams and in developing new light sensitive
shields for helmets.

6. Conclusion and Future Outlook

In this article, we reviewed the fundamental theory,
fabrication, and application of polymer melts through
nanochannels. Although great achievements have been
accomplished in this field during the past years,?”*® there
are still many challenges. Wetting studies in nanochannels by
polymers melts represent a research area that continues interest
for both fundamental science and application. One of them is
the theoretical framework for wetting inside nanochannels
structure linking with parameters affecting wetting (diameter,
temperature and surface properties of the inner wall of
nanochannels) and wetting properties (contact angle, surface
structure, roughness etc). To complete the theoretical aspect of
wetting, we should not forget about the Artificial Neural
Network for predicting flow behavior through nanochannels.*
10204647 The second area for future research direction is about
superhydrophobic surfaces, this area has a clear way in
theoretical aspects, but focus is on the stability of
superhydrophobic properties and adhesion properties on solid
surfaces for long time because of having commercial level
application but need to be control production cost. Template
wetting is simple and low cost technique to fabricate nanotubes
and nanorods because simple fabrication methods and low
cost materials are very important for large-scale production
and practical applications which need to more
research,111:145.146

Recently, conductive polymers synthesized by template
wetting have great potential for plastic electronics and sensor
applications.'*"'"*®  High density polyethylene (HDPE)
nanowires array having high thermal conductivity can be used
in electronic devices such as computer chips, for containing
high temperature. Template-wetting process is used to fabricate
Pt electrode nanotubes for the further application in 3D
nanotube capacitor because of its stability and low leakage.
Similarly If the functional polymers, such as, the poly3-
hexylthiophene (P3HT)11 and [6, 6]-phenyl C61-butyric acid
methylester (PCBM) blend having functional micro/nano
structures with functionality charge carrier collection will be
achieved then it will be potential extensively used in organic
solar cells and capacitors, '%1?+148-151

This journal is © The Royal Society of Chemistry 2014
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