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a b s t r a c t
This paper presents layer-by-layer (LbL) self-assembly of single-walled carbon nanotube
(SWNT)/polymer membranes with a well-dispersed wide-range tunable volume fraction of functionalized SWNTs. The surface morphology of the SWNT/polymer membranes shows a high strength,
dense and random network structures. The quartz crystal microbalance (QCM) characterization illustrates that the deposition thickness and the SWNT loading fraction in SWNT nanocomposites can be
controlled in a large range based on LbL sequential deposition process. The Young’s modulus of the
self-assembled SWNT/polymer composite membranes is characterized by a combinative approach of
piezoelectric excitation and laser vibrometer measurement. The Young’s modulus of SWNT/polymer
nanocomposites is tunable from hundreds to tens of GPa, as a function of the SWNT volume fraction.
Such signiﬁcant enhancement of LbL self-assembled SWNTs offers a way in which the embedded SWNTs
can realize the true potential to strengthen SWNT/polymer nanocomposites. Conventional mixture
models such as rule-of-mixture model and Halpin–Tsai model fail to explain the structure–property
regime in nanoscale at a high SWNT fraction ratio. This observed tunability can serve as a benchmark to
tailor the design of nanocomposite thin ﬁlms for potential applications to MEMS and NEMS devices.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Single-walled carbon nanotubes (SWNTs) have been the
subject of extensive research worldwide since their discovery
owing to their exceptional mechanical, electrical, optical, thermal
and chemical properties [1–3]. SWNTs demonstrate remarkable Young’s modulus of up to 1 TPa and tensile strength over
60 GPa [4,5], applicable to tailor the design and reinforcement of
SWNT/polymer nanocomposites [6–8]. Recent advances revealed
that the nanotube–reinforced polymer composites opened pathways for versatile engineering materials that combine the desirable
properties of SWNTs and polymers [9–11]. Some common
methods for the preparation of nanotube–reinforced polymer
composites include in situ ﬁlling-polymerization [12], solution
mix [13] and melt blending [14]. However, the state-of-theart nanotube–reinforced polymer composites indicate that their
mechanical properties often fall to meet the expected theoretical
values of the nanocomposite materials, except at low volume fraction of the reinforcement. Poor pristine SWNT dispersion and the
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absence of structure–property constitute the main obstacles for
achieving full potential in polymer reinforcement toward device
applications [15–18]. Another dearth in the properties of the
nanocomposite is associated with an effective load transfer from
the polymeric matrix to the SWNTs, and insufﬁciently understands
the interfacial bonding of the constituents in nanoscale.
An alternative cost-effective approach, a solution-based
bottom-up assembly process called layer-by-layer (LbL) selfassembly, allowed for sequential adsorption of nanometer-thick
monolayers of oppositely charged polyelectrolytes and nanoparticles to form a homogeneous hierarchical membrane with a
molecular-level control over the architecture [15]. It was very successful to form the cross-linked ﬁlms with interfacial interactions
between SWNTs and polymers through dense covalent bonding
and polymer chains stiffening [19–21]. The LbL assembly approach
offers a promising way to yield excellent mechanical properties
in nanotube–reinforced polymer nanocomposites. Mamedov et al.
[22] reported molecular design of strong SWNT/PEI multilayer
composites based on LbL self-assembly shown a great potential for
mechanical properties. Lee and Cui [23] reported nano-indentation
characterization of LbL self-assembled carbon nanotube nanocomposites suspended beams, and a high Young’s modulus has been
found on the range of 500–800 GPa.
To achieve the full potential in polymer reinforcement, this
paper presents LbL self-assembly of SWNT/polymer ﬁlms with
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Fig. 1. Fabrication process of multilayer nanocomposite ﬁlms of [(PDDA/PSS)m (PDDA/SWNT)]n .

a variation of SWNT volume fraction to obtain a well-dispersed
large volume fraction of functionalized SWNTs. The surface morphologies of the SWNT/polymer membranes were observed using
SEM, showing a high strength, dense and random network structures. The solution-based sequential deposition process of the
nanocomposite membranes was characterized using quartz crystal microbalance (QCM) technique, from which the thickness
and SWNT fractions were predicted. The substrate, a circular
poly(vinylidene ﬂuoride) (PVDF) ﬁlm, was actuated by a piezoelectric excitation. A laser vibrometer was utilized to determine the
vibration frequency shift due to the adsorption of SWNT/polymer
ﬁlms. The Young’s modulus was derived from the measured resonant frequencies through a vibration model established for a
circular membrane. Through experimental vibration testing and
theoretical veriﬁcation, a large-scale tunability in Young’s modulus of SWNT/polymer composite from several hundreds to tens
of GPa as a function of the SWNT volume fraction was observed.
The measurement results show a large magnitude reinforcement
in Young’s modulus, much higher than other SWNT/polymer composites due to the layered structure and the high SWNT volume
fraction. Such signiﬁcant enhancement results from an effective
loading of SWNTS to the polymeric matrix or SWNT–polymer interconnections reinforce through dense covalent bonding and the
polymer chains stiffening. Conventional mixture models such as
rule-of-mixture, Cox and Halpin–Tsai model fail to explain the
structure–property regime in nanoscale at a high SWNT fraction
ratio. This observed tunability can serve as a benchmark to tailor
the design of nanocomposite thin ﬁlms for potential applications
to MEMS and NEMS devices.
2. Fabrication of LbL self-assembled membranes
Pristine SWNTs (50 m in length, 1.1 nm in diameter, and
2.1 g/cm3 in density) were chemically functionalized with the concentrated acid (3:1 for 98 wt% H2 SO4 :70 wt% HNO3 ) at 110 ◦ C and
stirred at 140 rmp for 1 h, followed by 0.22 m-micropore membrane ﬁltering and several rinsing by de-ionized water (DI water)
until the supernatant had pH 5 or more. The chemically treated
SWNTs were negatively charged by covalently-attached carboxylic
groups on the sidewalls as well as openings, which facilitated the
uniformly well-dispersion of SWNTs into DI water. Polyelectrolytes
used for LbL assembly were 1.5 wt% poly(diallylimethyammonium
chloride) [PDDA (Sigma–Aldrich Inc.), molecular weight (Mw )
of 200–350 K, polycation] at pH 7.5 and 0.3 wt% poly(sodium

4-styrenesulfonate) [PSS (Sigma–Aldrich Inc.), Mw of 70 K, polyanion] at pH 6.5 with 0.5 M NaCl in both for enhancing the ionic
strength and polyions adsorption. The substrate, a circular PVDF
ﬁlm [(Measurement Specialties Inc.), 52 m and 6 m in thickness of PVDF and silver ink-printed electrode on either side,
1.78 and 3.4 g/cm3 in density of PVDF and silver ink, respectively, 3 GPa and 0.2 in Young’s modulus and Poisson’s ratio for
copolymer], was ﬁrmly bonded to a ﬂat poly(methyl methacrylate)
(PMMA) support block for fabricating a free-standing membrane,
followed by hydrolyzing with 6 M NaOH aqueous solution for
20 min at 50 ◦ C, and resultantly negatively charged hydroxyl functional groups on the surface. After rinsing with DI water and
drying in nitrogen ﬂow, two bi-layers of PDDA/PSS were assembled as precursor layers on the both sides of PVDF substrate
for charge enhancement, and then the polymer/SWNT composite
ﬁlms were coated in the sequence of [(PDDA/PSS)m (PDDA/SWNT)]n
for double-side deposition, where m represents the number of
(PDDA/PSS) bi-layers, and n represents the number of iterative stacked (PDDA/PSS)m (PDDA/SWNT) sub-layers. Here m was
designed for modulating the volume ratio between polymer and
SWNT, and n was designed for iterative stacked deposition of
SWNT/polymer nanocomposites. The immersing time here used
was 10 min for polyelectrolytes and 15 min for SWNT, and intermediate rinsing with DI water and drying with N2 were required after
each monolayer assembly to reinforce the interconnection between
layers. The schematic diagram of the LbL self-assembly process of
the multilayer ﬁlm of [(PDDA/PSS)m (PDDA/SWNT)]n is illustrated
in Fig. 1, consisting of the functionalization of SWNT and PVDF
membrane substrate, solution-based sequential self-assembly process of nanocomposite ﬁlms. By repeating the adsorption steps,
homogeneous multilayer SWNT/polymer ﬁlms were coated on
both side of the PVDF membrane with thickness precisely controlled. Fig. 2 shows the schematic diagram of double-side LbL
assembled SWNT/polymer nanocomposite ﬁlms together with the
piezoelectric testing scheme.
3. Morphology and structure characterization
The surface morphology of the SWNT/polymer multilayer ﬁlms
was inspected by scanning electron microscopy (SEM, JEOL 6700F),
and the SEM results were shown in Fig. 3. Fig. 3(a) shows the
nanotube bundles observed in forming a well-dispersed, dense
and random network structures within the polyelectrolyte matrix.
Fig. 3(b) illustrates the robust wormlike or vermiculate pattern for
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Fig. 2. Schematic of LbL assembled SWNT/polymer nanocomposite ﬁlms along with the piezoelectric testing scheme.

the morphology of polyelectrolyte multilayer ﬁlm (PDDA/PSS)12
deposited from a 0.5 M NaCl solution, and the rough ridge structures
facilitated the sequent self-assembly of SWNT/polymer.
The electrostatic-induced self-assembly process was characterized using a quartz crystal microbalance (QCM, Maxtek Inc.),
which was extremely sensitive to capture the nano-gram order
mass adsorption through the timely measurement of frequency
shift. Gold-coated polished AT-cut quartz crystal with a fundamental frequency of 9 MHz and an active oscillation area of 0.34 cm2
was used at room temperature. The crystal was ﬁrst cleaned with
a piranha solution (1:3 for 30 wt% H2 O2 :98 wt% H2 SO4 ) for 3 min,
followed by rinsing with DI water and drying in a nitrogen ﬂow.
The self-assembled SWNT/polymer multilayer ﬁlms on the QCM
crystal exploited the similar procedure as shown in Fig. 1. First,
immerse the crystal into PDDA and PSS solution for two-cycles to
pre-charge the crystal surface, followed by the alternative sequence
of the immersion [(PDDA/PSS)m (PDDA/SWNT)]n for given periods
of time. Fig. 4(a–f) shows the series of real-time data of frequency shift response during the self-assembling process of various
samples. The QCM frequency linearly decreased with the selfassembled deposition cycles, indicating a uniform growth of the
multilayer ﬁlm. The abrupt frequency increases corresponding to
PDDA assembly after SWNT exhibits a compensation effect to the
viscosity difference in the two solutions.
The mass increase for LbL adsorption can be estimated from the
frequency shift by using the Sauerbrey equation [24]. In our system, a frequency decrease of 1 Hz corresponds to a mass increase
of 1.88 ng. The thickness (d in nm) of an adsorbed ﬁlm on the crystal
is given as

d(nm) = −

f (Hz)
Cf (Hzcm2 ng−1 )(g/cm3 )

(1)

The volume fraction of SWNTs in the multilayer ﬁlms can be
calculated as

vf =

ng−1

where Cf
is the sensitivity factor of the used
crystal, f is the frequency shift from QCM,  is the density of
deposited ﬁlm, in which poly = 1.15 g/cm3 and swnt = 2.1 g/cm3 are
taken for the density of polyelectrolytes and SWNTs, respectively.

(2)

where vf is the SWNTs volume fraction, dswnt and dpoly is the thickness of SWNT and polymer layers, respectively.
Fig. 5 illustrates the calculated thickness for polymeric multilayer of (PDDA/PSS)m PDDA and SWNT layer in self-assembled ﬁlm
of [(PDDA/PSS)m (PDDA/SWNT)]n . The average thickness of each
stacked sub-layers of (PDDA/PSS)m (PDDA/SWNT) and the SWNT
volume fraction as a function of m are plotted in Figs. 6 and 7,
herein the error bars represent standard deviations of a set of
experimental data, and the solid line is a ﬁt to the points measured. Film thickness and SWNT volume fraction variation can be
precisely modulated by adjusting the cycle number m of polymer
bi-layers, PDDA/PSS. With respect to m varying from 0 to 5, the
average thickness increased from 6.31 ± 1.24 to 111.59 ± 11.62 nm,
and the SWNT volume fraction decreased from 72.35 ± 8.14 vol%
to 14.78 ± 0.89 vol%. In the LbL self-assembly process, the multilayer ﬁlm thickness and SWNTs loading in nanocomposites can be
controlled in a wide range, depending on variables of LBL assembly such as LBL polymer matrix, solution properties, ionic strength,
assembling duration, etc.
4. Characterization of Young’s modulus
By means of vibration model of circular membrane, an analytical function between the Young’s modulus and the measured
frequency response was obtained for speciﬁc geometries. The governing equations for vibration of a circular membrane clamped at
the boundary under the stiffness-tension (S/T) effect is given by
[25]


= 0.181 Hz cm2

Vswnt
dswnt
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V
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The effective Young’s modulus of the composite diaphragms
with SWNT/polymer nanocomposites on both sides are derived
from the resonant frequencies using
2

E=

(4R2 ) f 2 × 3(1 − v2 )
2 ()h2

(6)

where  = (p hp + s hs )/h, h = hp + hs , p and hp are the density
and thickness of PVDF ﬁlm, s and hs are the density and thickness of SWNT/polymer nanocomposites. The Young’s modulus of
SWNT/polymer nanocomposites are determined by the empirical
mixing rule [26] as
Es =

Fig. 3. SEM observation of SWNT/polymer nanocomposite ﬁlms.

where D = Eh3 /[12(1 − v2 )] is the bending stiffness, T is the pretension caused by intrinsic tensile stress, E, , h,  are the Young’s
modulus, Poisson’s ratio, thickness and density of the membrane,
w is the transverse deﬂection, t is the time and (r, ) are polar
coordinates.
Here we use wn (r,)|r = R = 0, (∂wn (r, ))/∂r|r=R = 0 as geometric
boundary conditions. Considering the contribution of stiffnesstension (S/T) to the resonance frequencies, we deﬁned S/T ratio as
 = TR2 /(14.68D), and the natural frequency f is obtained as


1
f =
2R

1
h



˛2p

D + ˛2m T
R2




=

4R2

Eh2
3(1 − v2 )

(4)

where ˛p and ˛m are the vibration constants of a plate and a membrane, respectively, and the frequency coefﬁcient, , is represented
through the least-square polynomial ﬁtting (LSPF) as
= 0.45845 − 1.78924 + 2.10643 − 1.24032
+4.6175 + 10.22

(5)

Eh − Ep hp
2nd̄

(7)

where Ep and Es are the effective Young’s modulus of PVDF ﬁlm and
SWNT/polymer composites. d̄ and n are the average thickness and
cycle numbers of stacked sub-layers for the SWNT/polymer ﬁlms.
A highly sensitive laser vibrometer was an alternative method
utilized to non-contact determines the vibration frequency shift
from the adsorption of SWNT/polymer ﬁlm [11]. The experimental setup consisting of a piezoelectric exciter and a laser-scanning
vibrometer (LSV) is shown in Fig. 8. The laser measurement system
and equipment are controlled by the vibrometer controller, and
the testing samples are ﬁxed on the vibration isolation platform.
A sinusoidal harmonic excitation was applied to drive the PVDF
ﬁlm actuator, and the wavelength of He–Ne laser used 633 nm.
The vibration magnitude was optically captured by the photodetector, and transformed into an electrical signal for the processing
of computer data-acquisition system.
Through experimental vibration testing and theoretical veriﬁcation, the Young’s modulus determined for a series of
SWNT/polymer nanocomposite ﬁlms with a variation of SWNT volume fraction is illustrated in Fig. 9. With respect to m varying from
0 to 5, the Young’s modulus of SWNT/polymer ﬁlms decreased
from several hundreds to tens of GPa is observed, and ﬂuctuated
slightly within the range of allowable error along with the variation of n. Over all measurements, the average Young’s modulus
for nanocomposite ﬁlms of [(PDDA/PSS)m (PDDA/SWNT)] is plotted
in Fig. 10, herein the magnitude and color bar of square columns
indicate the average Young’s modulus, and the x-coordinate and ycoordinate represent the variation of m and the average volume
fraction of SWNT loading, respectively. A large-scale tunability in Young’s modulus of SWNT/polymer nanocomposite ﬁlms
from 461.56 ± 72.78 to 35.76 ± 5.55 GPa along with the SWNT volume fraction decreased from 72.35 ± 8.14 to 14.78 ± 0.89 vol% is
observed. It clearly shows a signiﬁcant dependency of the largescale tunable Young’s modulus of SWNT-based nanocomposites on
the SWNT volume fraction.
5. Results and discussion
The LbL self-assembled nanotube–reinforced nanocomposites
with hierarchical structures result in drastic difference in the
mechanical properties, an order of magnitude higher than that of
other SWNT/polymer composites. To probe the structure–property
relationship of layered nanotube–reinforced nanocomposite ﬁlms,
conventional mixture models such as modiﬁed rule-of-mixture,
Cox and Halpin–Tsai models are applied to results discussion.
The linearly and exponentially modiﬁed rule-of-mixtures were
employed for predicting the Young’s modulus in the form
Model 1 :

Ec = ˛[Ent vnt + Em (1 − vnt )]

(8)

Model 2 :

Ec = [Ent vnt + Em (1 − vnt )]1/ˇ

(9)

where Ec , Ent , and Em represent the Young’s modulus of the composite, SWNT and polymer matrix, respectively. vnt is the volume
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Fig. 4. QCM characterization on frequency shift for LbL deposition of multilayer ﬁlm of [(PDDA/PSS)m (PDDA/SWNT)]n with variation of m and n: (a) m = 0 and n = 5; (b) m = 1
and n = 5; (c) m = 2 and n = 5; (d) m = 3 and n = 5; (e) m = 4 and n = 5; (f) m = 5 and n = 5.

fraction of SWNT loading in the composite. The Young’s modulus of
SWNTs has been previously measured of 1 TPa [27] and hereby take
Ent /Em of 4000. Based on the two models, the correction coefﬁcients
˛ = 0.3851 and ˇ = 1.2237 were determined. The corresponding
curve ﬁttings as a function of SWNT volume fraction are plotted in
Fig. 11, herein the circled data represent experiment data, and the
solid lines indicate the model ﬁttings of modiﬁed rule-of-mixture.
˛ < 1 and ˇ > 1 indicate the results are much lower than those predicted by the rule-of-mixture. This can be interpreted as the fact
that the bundle formation is known to occur for these nanocomposites and the reinforcing entities are not individual SWNT but
non-aligned bundles.
For non-aligned, short ﬁbers-reinforced composite, the matrixﬁber stress transfer mechanism is relatively well described by Cox
[28] as
Ec =

o l Ent vnt

+ Em (1 − vnt )

(10)

Fig. 5. Film thickness for [(PDDA/PSS)m (PDDA/SWNT)]n with a variation of n.

Fig. 6. QCM measurement of average thickness for each stacked sub-layers of
(PDDA/PSS)m (PDDA/SWNT) with a variation of m.

Fig. 7. QCM measurement of SWNT volume fraction in each stacked sub-layers of
[(PDDA/PSS)m (PDDA/SWNT)] with a variation of m.
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Fig. 11. Model prediction in Young’s modulus based on modiﬁed rule-of-mixtures.
Fig. 8. Schematic of experiment setup for the measurement of frequency response.
l

=1−


a=

tanh(alnt /dnt )
alnt /dnt

(11)

−3Em
2Ent ln(vnt )

(12)

where lnt /dnt is the aspect ratio for the nanotubes, o and l are
the orientation and length efﬁciency factors, respectively. In our
case the length efﬁciency factor l is close to 1 for high aspect ratio
of SWNTs (>100). Based on this model, orientation efﬁciency factor o of 0.24–0.64 were determined, which is much higher than
o = 1/5 for randomly oriented ﬁbers given in ref. [29]. This can be
explained by the fact the carboxylated carbon nanotube embedded
in polymer matrix results in bundles with a higher aspect ratio for
reinforcement.
For Halpin–Tsai model (H–T model), the composite modulus
with non-aligned SWNTs oriented in polymer matrix is given by
[30,31]



Ec = Em

Fig. 9. LSV measurement of Young’s modulus determined for a series of multilayer
ﬁlms of [(PDDA/PSS)m (PDDA/SWNT)]n .

3 1 + 2(lnt /dnt ) l Vnt
5 1 + 2 t Vnt
+
8
1 − l Vnt
8 1 − t Vnt



(13)

l

=

(Ent /Em ) − 1
(Ent /Em ) + 2(lnt /dnt )

(14)

t

=

(Ent /Em ) − 1
(Ent /Em ) + 2

(15)

As Ec , Ent , Em and vnt are known in this model, l and t are the
Halpin–Tsai parameters reﬂecting the ratio of SWNT and polymer
modulus in longitudinal and transversal directions, respectively.
The composite modulus was calculated by taking into account the
SWNT aspect ratio (lnt /dnt ), SWNT volume fraction (Vnt ), polymer
modulus and the modulus of SWNT. The theoretical curves for Cox
model and H–T model are plotted by the dotted and dashed lines
in Fig. 12, respectively. It shows that the Cox model and H–T model
can ﬁt some data well at low volume fractions, but fail to explain
the structure–property regime in nanoscale at a high SWNT fraction
ratio.
We introduce a reinforcement factor to take account of the
volume fraction of SWNTs, and use the following modulus model
to describe the composite as
Ec = Ent vnt + Em (1 − vnt )

Fig. 10. LSV measurement of Young’s modulus of SWNT/polymer nanocomposites
plotted as a function of the variation of m.

(16)

where Ec , Ent , and Em represent the Young’s modulus of the composite, SWNT and polymer matrix, vnt is the volume loading fraction
of SWNTs, and = 0.4006 − 0.7169vnt + 1.3551v2nt is obtained in
quadratic term on the basis of least square ﬁtting to the experiment
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Fig. 12. Model prediction in Young’s modulus based on Cox model, Halpin–Tsai
model and this work.

data. The model ﬁtting curve with the solid line is shown in Fig. 12.
The curve ﬁts the experimental data well with value of 0.30–0.58,
as in our work. The encouraging agreement of the ﬁt demonstrates that the reinforcement efﬁciency factor associated with
nonlinear behavior in volume fraction of the SWNTs as reinforcing
ﬁbers.
6. Conclusion
Nanotube–reinforced polymer is currently the subject of extensive research worldwide. The layer-by-layer self-assembly offers an
approach for nanocomposite materials to realize their true potential for MEMS and NEMS. This paper presents LbL self-assembly
of SWNT/polymer ﬁlms with a well-dispersed wide-range tunable
volume fraction of functionalized SWNTs. The SEM morphologies of the nanocomposite membranes showed high uniformity,
strength, dense and random network structures, and the QCM characterization illustrated that the deposition thickness and SWNT
loading in such nanocomposites can be controlled in a large range
depended on LbL sequential deposition process. The Young’s modulus of the self-assembled SWNT/polymer composite ﬁlms was
characterized using a combinative approach of piezoelectric excitation together with laser measurement. A large-scale tunability in
Young’s modulus of SWNT/polymer nanocomposite as a function of
the SWNT volume fraction was observed. Such signiﬁcant enhancement results from an effective loading of SWNTs to the polymeric
matrix, SWNT–polymer reinforcement through dense bonding, and
the polymer chains stiffening. Conventional mixture model such
as rule-of-mixture, Cox and Halpin–Tsai model fail to explain the
structure–property regime in nanoscale at a high volume fraction
ratio of SWNT/polymer. This observed large tunability in Young’s
modulus can serve as a benchmark to tailor the design of MEMS
and NEMS devices, such as nanoswitches, nanoresonators, and
biosensors.
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