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The Role of Nanoparticle Monolayer on the
Flowing Behaviour of Polymer Melts in
Nanochannels

Long-Bia})O Huang,”” Ye Zhou,” Su-Ting Han,“” Yan Yan,” Li Zhou,” and V. A.
L. Roy**

Understanding and controlling the flowing of polymer melts at nanoscale is of great
relevance for fundamental research and various applications. Here, we experimentally
analyse the polymer flowing behaviour in a nanochannel of different roughness, fabricated
by noble metal nanoparticle absorption. The experimental results show that nanochannel
roughness significantly influences the surface energy eventually affecting the flowing
behaviour of polymer melts. These results provide fundamental information on the
preparation of one-dimensional polymer nanochannels applicable for micro/nano-injection

technology.

Introduction

Understanding and controlling the flowing of liquids/melts at
the nanoscale is of great relevance to fundamental research' 2
and various applications such as micro/nanofluic in medicine™
4 sensors’, solar cells® 7, lab-on-chip®. Comparing with simple
liquid®"', however, the flowing behaviour of polymer melts in
nanoscale such as nanochannel mainly stay on the simulation
analysis'?"'® due to the difficulty of obtaining polymer melts.

The flowing processes of liquid/melts are mainly affected by
bulk properties of liquid/melts'”"®, surface properties of
nanochannels®®®® and others. By surface-modification of
octadecyltrimethoxysilane, the flowing behaviour of
polyethylene was significantly slowed down due to the
reduction in surface energy®*. However, the other surface
conditions such as roughness still need to be investigated.

On this regard, to investigate the influence of surface
roughness of nanochannel on the flowing behaviour of polymer
melts, nanoporous anodic alumina template (AAO) with well-
ordered cylindrical pores has been employed to study the
flowing behaviour of polymer melts®*2®. Due to the surface-
modification capability, thermal stability and mechanical
rigidity of AAO, the cylindrical nanochannel with tunable
diameters provides an ideal environment to investigate the
flowing behaviour of polymer melts in nanoscale. In general,
polymer melts are absorbed into nanochannels due to higher
surface energy of AAO?” 2. By measuring the displacement
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length of polymer melts in AAO nanochannels, the flowing
behaviour of polymer melts has been investigated.

Here, we experimentally analyse the flowing behaviour of
polymer melts in diverse surface conditions of nanochannel for
the first time. We functionalized the nanochannel through
layer-by-layer absorption of gold nanoparticles (AuNPs) with
different diameters (5 nm, 15 nm and 25 nm). Through
functionalization of nanochannel, the surface properties have
been manipulated. The functionalized nanochannel significantly
influences the flowing behaviour of the polymer. The presence
of 5 nm AuNPs monolayer enhanced the polymer flow in the
nanochannel due to the increment of surface energy. However,
the presence of 15 nm and 25 nm AuNPs monolayer,
significantly slow down the flow of polymer melts due to the
overall decrement of nanochannel diameter and increased
channel roughness. The flowing behaviour of polymer melts
were further enhanced under ultrasonic vibration. Due to
frictional heat between the polymer melts and AuNPs, the 5 nm
AuNPs monolayer enhance the flowing of polymer melts. On
the other hand, the trapping of polymer chains in the valleys
between 15 nm and 25 nm AuNPs, the polymer flowing
behaviour is significantly affected when they flow through
larger particle size AuNPs.

Experimental

Raw materials:
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The following raw materials were purchased from Aldrich
without further purification: auric acid (HAuCly3H,0),
trisodium citrate (Na;Ct), (3-aminopropyl)-trimethoxysilane,
sodium borohydride, poly styrene (PS, Mn = 100600, Mw/Mn =
1.24, Germany) and other solvents. AAO templates with 200
nm nanochannels were obtained from GE Whatman.

Synthesis of Gold nanoparticles

The different diameters AuNPs solutions were prepared
following literature procedure’ with modification. All
glassware were rinsed in an aqua regia solution
(HNO3/HCI=1:3) and DI water prior to use. For 5 nm AuNPs, a
20 mL aqueous solution containing 0.75 mM HAuCl,;3H,0
and 0.75 mM Na;Ct was prepared at room temperature. After
the addition of 0.6 mL of a 0.3 M NaBH, solution into the as-
prepared solution under vigorous stirring, 5 nm AuNPs were
formed in 10 s. For 15 nm and 25 nm AuNPs, aqueous 0.75
mM HAuCl,;-3H,O solution was heated to 100 °‘C under
vigorous stirring. Na;Ct solution of 2.55 mM and 3 mM were
added into HAuCl,-:3H,O solution to get 15 nm and 25 nm
AuNPs respectively. After boiling 30 minutes, the colour of the
solutions changed into a wine red colour. The TEM images of
AuNPs are shown in Figure S1a-c (Supporting Information).

Surface-modification of nanochannel

The surface-modification of nanochannel was carried out via
literature procedure®. At first, cleaned AAO templates were
immersed into APTMS solution (2 ml APTMS, 1.5 ml DI water
and 100 ml isopropanol). After keeping 1 hour at boiling
temperature, APTMS modified AAO templates were rinsed
with isopropanol and dried in nitrogen. After curing about 2
hours at 110 ‘C, the surface-modified AAO templates were
used immediately. To functionalize the surface of nanochannels
of AAO, about 10~15 ml of colloidal AuNPs solution was
passed through the APTMS-modified AAO.

Preparation of Polymer nanowire

Polymer nanowires were prepared via literature procedures®'.
As-prepared AAO templates were assembled with polymer film
and heated to a selected temperature. After several minutes, the
samples were cooled to room temperature and released from the
template with 1 M NaOH solution. After rinsing several times
with absolute ethanol and DI water, the samples were stored in
a vacuum oven to remove the solvent. The samples are denoted
as PS-AAO, PS-smAAO, PS-5nm-Au, PS-15nm-Au and PS-
25nm-Au which represent PS nanowire from pristine AAO,
APTMS surface-modified AAO, AAO with 5 nm, 15 nm and
25 nm size AuNPs monolayer on the surface modified
nanochannel respectively.

Characterization

Scanning Electron Microscopy (SEM, Philips FEG SEM XL30)
was utilized to characterize the as-prepared nanowires. The
surface morphologies of nanochannels of AAO were measured
in air using an Atomic Force Microscope (AFM, VEECO
Multimode V) operating at the tapping mode.
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Results and discussion

Formation of AuNPs monolayer on the wall of template

The preparation procedure of AuNPs monolayer on the
surface of nanochannel of AAO is presented in Figure la. At
first, the inner surface of template was surface functionalized
with amine groups possessing positive charge using APTMS.
Under electrostatic absorption and Coulombic interaction®?>*
between the negatively charged citrate-protected AuNPs and
the amine group, the AuNPs are immobilized to form an
AuNPs monolayer on the surface of the nanochannel. AuNPs
colloidal solution (10~15 ml) passed through the template and
formed a monolayer of AuNPs at the inner wall of the
nanochannel as shown in Figure 1b. By controlling the
diameter (5Snm, 15nm, 25nm) of AuNPs, monolayers with
various sizes of AuNPs (5nm, 15nm, 25nm) were formed at the
inner nanochannel surface as shown in Figure 2 and Sle-f. The
surface roughness of the nanochannels was significantly
affected by the adsorption of AuNPs. In comparison with bulk
AAOQO, the surface roughness increased with larger size of
adsorbed AuNPs.

(@) (b)

Surface
modification

Au colloidal
solution

y
1

m

Fig. 1 (a) Schematic representation of preparation process of AuNPs
monolayer in the inner nanochannel of template. (b) FESEM image of cross-
section of AuNPs monolayer after passing 10~15ml 15 nm AuNPs colloidal
solutions

Effect of different particle size of AuNPs monolayer on the
polymer flowing behaviour

The influence of nanoparticle size on the nanoflowing
behaviour of PS melts investigated by forming
monolayers of AuNPs with 5, 15 and 25 nm in the nanochannel
as per previous description (Figure 2).

were
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Fig. 2 AFM image of different AUNPs monolayer in the nanochannels

of AAO: (a) 5 nm AuNPs monolayer; (b) 15nm AuNPs monolayer; (c) 25
nm AuNPs monolayer; d) bulk AAO.

The cross-sectional SEM images of PS nanowires are
depicted in Figure 3a-d, in which the wetting temperature and
wetting time were fixed at 190 ‘C and 10 min. The cross-
sectional SEM images of PS nanowire, after wetting the
nanochannel with 5, 15 and 25 nm AuNPs monolayer are
depicted in Figure 3a-c. The cross-sectional image of PS
obtained through APTMS surface-modified
nanochannel is shown in Figure 3d. The influence of AuNPs
size on the nanoflowing behaviour of polymer is shown in
Figure 3e and 3f. The relationship between the displacement
length of PS melts with the wetting temperature at a wetting
time of 10 min is depicted in Figure 3e. Figure 3f indicates the
influence of wetting time on the displacement length of PS
melts at a wetting temperature of 190 ‘C. As shown in Figure
3a-c, the displacement length of PS melts through AuNPs
monolayer modified nanochannels are significantly influenced
in comparison with those PS melts through pristine AAO. The
displacement length of PS-5nm-Au (20.8 pm) exhibited
obvious enhancement than that of PS-AAO (15.4 um) as shown
in Figure S2. However, the displacement lengths of PS-15nm-
Au and PS-25nm-Au were found to be 13.3 pm and 10.8 pm
respectively, shorter than the displacement length of PS-AAO.
The displacement length (15.1 pm) of PS-smAAO is found to
be similar as PS-AAO (15.4 pm).

nanowires
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Fig. 3 SEM cross-section images of PS nanowires from different AAO template:
(a), (b), (c) and (d) templates with 5 nm, 15 nm, 25 nm AuNPs monolayer and
APTMS surface-modification; relationship between displacement lengths of PS
nanowire and wetting temperature (e) at wetting time 10 min and wetting time
(f) at wetting temperature 190 C.

As shown in Figure 3e and 3f, the wetting displacement
lengths for all the samples increased with increasing wetting
temperature and wetting time which is consistent with previous
reports'® 2* 3! For PS-5nm-Au, a significant enhancement of
displacement length was found at various temperatures in
comparison with other samples as shown in Figure 3e at a
wetting time of 10 min. The displacement length of PS-25nm-
Au was found to be significantly smaller than others for a wide
temperature range. From 140 C to 160 C, the difference over
the displacement length of PS-15nm-Au and PS-AAO, PS-
At elevated
temperature the difference over displacement length became

smAAQO was not found to be significant.

obvious. At a wetting temperature of 190 C, the displacement
length of PS-AAO and PS-smAAO became 15.4 pm and 15 pm
respectively, higher than PS-15nm-Au (13.3 pum). A longer
wetting time also increases the displacement length of all the
samples as shown in Figure 3f at a wetting temperature of 190
‘C. The displacement length of PS-5nm-Au sharply increased
and achieved around 60 pum (thickness of AAO) at a wetting
time of 120 min. In comparison with PS-AAO, PS-smAAO and
PS-15nm-Au, a similar trend with shorter displacement length
was observed. The displacement length of PS-25nm-Au was
significantly shorter than other samples. At a wetting time of
120 min, the displacement length of PS-25nm-Au was found to
be 32.1 pm.

As mentioned, the ultrasonic vibration is found to enhance
the nanoflow of polymer melts in the nanochannels. The
exhibited a substantial

nanoparticle/polymer composite
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increment of displacement length than pure polymer melts
under ultrasonic vibration. However, the mechanism of
enhancement is unclear. To investigate the interaction between
the polymer chain and the nanoparticle under ultrasonic
vibration, various ultrasonic vibration frequencies were applied
to enhance the nanoflow of PS melts at a wetting temperature
of 190 ‘C and wetting time of 10 min, as shown in Figure 4.
The displacement lengths of PS-5nm-Au, PS-15nm-Au and PS-
25nm-Au under 60 kHz ultrasonic vibrations are shown in
Figure 4a-c. Figure 4d represents the relationship between the
displacement length and ultrasonic vibration from 10 kHz to 60
kHz. In comparison, with static condition, the displacement
lengths of PS-5nm-Au, PS-15nm-Au and PS-25nm-Au under
60 kHz ultrasonic vibration increased from 20.8 um, 13.3 pm
and 10.8 um to 54.0 um, 23.4 um and 19.52 pm, respectively.
The displacement lengths of PS-AAO and PS-smAAO were
also enhanced under ultrasonic vibration. In comparison with
PS-15nm-Au and PS-25nm-Au, a sharp increment for PS-5nm-
Au was observed. The displacement length of PS-25nm-Au has
no significant changes from 10 kHz to 30 kHz in comparison
with other samples.
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Fig. 4 SEM cross-section images of PS-5nm-Au (a), PS-15nm-Au (b) and PS-
25nm-Au (c) under 60 kHz ultrasonic vibration at wetting temperature 190 C
and wetting time of 10 min, (d) relationship between displacement length of
samples and vibration frequency.

The flowing behaviour of polymer melts in nanoconfinement
such as 1-D nanochannel are influenced by many factors such
as viscosity of polymer melts, molecular weight of polymer,
temperature, time and surface energy of template. As discussed
above, for all samples, the wetting temperature and time
significantly influence the nanoflow of polymer melts and
consistent with the results of Figure 3e and 3f. Higher wetting
temperature enhances nanoflow by decreasing the viscosity of
polymer melts. Elongation of wetting time lead to long
displacement of polymer melts. Conventional theory such as
Hagen-Poiseuile equation about nanofluidics in
nanopipes/nanochannels is based on the assumption that the
liquid in the nanopipes/nanochannels is Newtonian flow which
is incompressible fluid. Even for simple liquids such as water,
ethanol, and decane, the conventional theory could not explain
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the experimental results. Hence, for the complex system such as
polymer melts with different molecular weights, the conditions
become even more complex. The above results might be
qualitatively explained by Washburn equation as follows:

L(t)* = (Rycos6/2n)t )

with L(z) being the displacement length of polymer melts in
nanochannels, R the radius of nanochannel, # the shear
viscosity of polymer melts, y the polymer melts/vapor surface
tension and ¢ wetting time of polymer melts in nanochannel.
Through surface-modification of nanochannel with a surfactant,
the surface energy of nanochannel is modified. The PS-smAAO
exhibits slight reduction in displacement length in comparison
with PS-AAO due to the decreased surface energy. The
polymer melts/vapor surface tension, y, is the driving force of
nanoflow of polymer melts. The ATPMS on the inner surface
of nanochannel reduce the surface energy and further decrease
the driving force which directly leads to the reduction of
displacement length of polymer melts. In comparison with the
aliphatic  ending  group of  surfactant such as
octadecyltrimethoxysilane'®, the decrease in the displacement
length is less obvious. The appearance of AuNPs monolayer in
nanochannels not only changes the surface energy, but also
significantly affects the surface roughness and the diameter of
nanochannel. For PS-5nm-Au, the surface roughness and
diameter of nanochannels are not significantly affected as PS-
15nm-Au and PS-25nm-Au. Although with the reduction of 5
nm in diameter of nanochannel and increase of surface
roughness, the surface energy was still increased for 5 nm
AuNPs. Comparing PS-5nm-Au, PS-15nm-Au and PS-25nm-
Au, an increase in the diameter of AuNPs size significantly
affected the diameter and roughness of nanochannel. Although
the surface energy of nanochannel is increased due to the
presence of AuNPs, the decrease in the diameter of
nanochannel and the increased surface roughness lead to
smaller displacement length of polymer melts as shown Figure
3e and 3f. For the flowing behaviour of polymer melts in a
nanoscale channel, not only the bulk properties such as 7 and y,
but also the interaction of polymer melts with nanochannel wall
affects the flowing behaviour. From Figure 3e and 3f, as the
diameter of AuNPs increased from 5 nm to 15 nm and 25 nm,
the displacement length of PS sharply reduced at all wetting
temperatures. The onset of wetting temperature for PS-25nm-
AAO is shifted about 10 ‘C from 140 C to 150 C. For PS-
Snm-Au, an increase in the surface energy plays a critical role
on the enhancement of nanoflow. For 15 nm and 25 nm AuNPs
monolayers, the polymer flowing behaviour in nanochannels is
affected by two aspects: first, the roughness of nanochannel is
increased due to larger diameter of AuNPs. With increased
roughness, the binding effect between the wall and polymer
chain plays a crucial role. Due to stronger binding effect, the
polymer chains are trapped into the valleys between AuNPs.
Moreover, simulation results showed that the increase in
surface roughness drastically reduces the slippage of simple
liquid and polymer melts*?’. Secondly, the diameter of

This journal is © The Royal Society of Chemistry 2012
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nanochannel is modified by the presence of AuNPs. The
average diameter of nanochannel is around 200 nm. The
presence of 15 nm and 25 nm AuNPs in the channel decreases
the average diameter, 200 nm, of nanochannels to 170 nm and
150 nm respectively. According to the Washburn equation, the
L(?) have relationship with R, the radius of nanochannel. Due to
above reasons, the displacement lengths of PS-15nm-Au and
PS-25nm-Au were decreased.

Enhanced polymer flowing behaviour due to ultrasonic
vibration has been investigated. The displacement length of PS
melts in nanochannel is enhanced for the frequency from 10
kHz to 60 kHz in comparison with static condition. The
enhanced flowing behaviour may be attributed to several
reasons. The first reason is the reduction of viscosity of PS
melts. According to the Arrhenius equation:

Ln(y) = Ln(4) + AE,/RT )

Where 4 is the constant relative to the polymer molecular
structures, AE), is the flowing active energy of polymer melts. R
and T are gas constant and melts temperature respectively. Due
the
entanglements of polymer chains are promoted and further lead

to short relaxation time of ultrasonic vibration,
to activate the wriggling motion of polymer chain and reduce
the polymer melts elasticity and interaction among polymer
chain. As a result, the AE, is decreased and reduces the
viscosity of polymer melts. Finally, the L(z) is enhanced
according to the Washburn equation. Another reason would be
the surface friction between polymer chain and nanochannel
wall. Under ultrasonic vibration, the friction occurs between the
polymer chain and wall. Here, the mechanical energy is
converted into heat energy and increasing the temperature
between the polymer melts and nanochannel wall eventually
decreases the viscosity of polymer melts. The presence of
AuNPs increases the roughness of nanochannel wall. For PS-
S5nm-Au, the heat originated from the friction enhanced the
flowing behaviour of polymer melts from 10 kHz to 60 kHz.
However, the PS-15nm-Au and PS-25nm-Au exhibited smaller
enhancement in comparison with PS-5nm-Au. Although the
frictional heat decreases the viscosity of polymer melts, the
polymer chains which are trapped between larger size AuNPs

would be not easily released.

Conclusion

Through surface-modification of nanochannel with various size
gold nanoparticles, the flowing behaviour of polymer melts
under diverse surface conditions have been systematically
investigated. In comparison with pristine AAO, the uniform
distribution of 5 nm AuNPs monolayer on the nanochannel wall
enhances the flow of polymer melts due to increase in the
surface energy. A further increase in the diameter of AuNPs in
the nanochannel increases the surface roughness and the
flowing behaviour of polymer melts was significantly affected.
Moreover, under ultrasonic vibration, 5 nm AuNPs have higher
displacement length than other size AuNPs due to the
generation of heat by friction between the polymer melts and

This journal is © The Royal Society of Chemistry 2012
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AuNPs.
fundamental information on the preparation of one-dimensional

We anticipate that these results would provide

polymer nanochannels, micro/nano-fluidic channels and
potentially could be applied for micro/nano-injection
technology.
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