
Researchers nowadays prefer to publish reviewing
papers instead of writing book chapters. This is
mostly due to the facts that books have a much
smaller readership than journals, the book chapters
are not properly cited, and citation data bases disre-
garded book contributions (fortunately this policy
seems to be changing now). Last but not least,
reviewing is a straightforward tool to boost the cita-
tions of the authors (which is frequently a key param-
eter for academic promotion). By surveying a given
topic you may figure out those open issues which are
worth of following in your future research. Another
driving force of reviewing is to draw the attention for
unsolved, acute problems when you are leaving a
given research topic. Thus reviewing is an indispen-
sable tool for guiding, ‘channeling’ the research.
Reviews usually address emerging ‘hot’ topics.
When you have missed the right moment for that,
you may still come out with good reviews thereby
focusing on well selected, actual and until that time
disregarded aspects. In that case you have to insert in
the title of your paper ‘recent advancements’ or the
like. This is a better strategy than to deliver an ‘n+1th

visitation’ to a well surveyed topic. Editors like ‘crit-
ical reviews’. To the right criticism, however, you
should have the necessary knowledge, overview and
even some courage. Old, i.e. at present less ‘fashion-
able’, research themes may also deserve surveys. In
this case the task of the writer is not only to ‘dig in’
properly in the history of the selected topic but also
to pinpoint open left issues which can be clarified by
contemporary experimental methods.

A review is, however, not merely a worded list of the
related publications. The success, i.e. the acceptance
by the community, well reflected by the citations,
depends on the structuring of the information
released. The outline of the review should be per-
fectly organized (the outline itself is a suitable adver-
tisement for the paper) and to cover all aspects you
want to refer to. To support this, you may think about
new grouping, and even to introduce novel defini-
tions. Beside of the clear definitions and well struc-
tured outline never forget about the ‘artwork’. The
artwork, included in a review, is of paramount impor-
tance! Researchers follow the scientific literature (if
at all) via ‘eye scanning’. Therefore good summary
charts, ‘self-explaining’ schemes are the real ‘eye
catchers’ and ‘selling tools’ of your review. A review
is never ‘complete’ irrespective of the number of
cited works. A mini review may be as useful as an
exhaustive one provided that the current information
is adequately shared with the reader.
According to my opinion reviewing is an art and
thus not necessarily the task for everyone. You will
learn, however, from reviewing activities a lot – so,
why not to try yourself in this field, as well?
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1. Introduction
Excimer laser treatment has been recently used for
production of LIPPS nanostructures on PS, PET, PI
or semiconductor surfaces [1–3]. Different methods
(ArF excimer laser irradiation and radio-frequency
(RF) plasma treatment) were applied in separate
procedures to create a vast range of physicochemi-
cal characteristics on the surface of polystyrene
(PS) and investigate their effects on blood compati-
bility of treated surfaces [1]. The changes in surface
topography and chemistry were analyzed by atomic
force microscopy (AFM). Recently, one-dimen-
sional metal nanostructures with high aspect ratio
have drawn remarkable attention owing to their
anisotropic electrical and optical properties that dif-
fer from those observed in the bulk materials. These
properties offer interesting applications in various
areas e.g. in electronic devices [4] or surface-enhanced
Raman scattering (SERS) [5]. The detailed descrip-
tion of polystyrene ageing process, its morphologi-

cal study and interaction with metal nanolayers
after excimer laser treatment remained still unclear.
Electrical conductivity of organic polymers can be
permanently changed by the series of excimer laser
pulses [1–5]. Therefore the polymers can be trans-
formed in situ into an electrical conductors with suf-
ficient space resolution (micrometer and lower).
Advantages of conductivity change induced by
excimer laser are its simplicity and easy adaptability
to excimer laser equipment [6]. Factor which is lim-
iting for potential applications of laser exposed poly-
mers is the spatial resolution. By direct ablation of
polyimide by KrF excimer laser it is possible to pre-
pare lines with the width of less than 100 nm [7].
Such structures can be used in micro-electronics,
e.g. for construction of semiconductor lasers in vis-
ible light area [8]. Metallization of polymer surface
is important for several applications, involving micro-
electronic integrated circuits or bio-compatible car-
riers for medical applications. Adhesion at the metal/
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polymer interface is influenced by the structure and
chemical properties of material and can be, therefore,
influenced by heat treatment, chemical etching or
exposure of polymer to inert or reactive plasma
before the metallization itself [9]. Also other meth-
ods for ripple nanopatterning have been proposed
recently, which are based on the combination of
plasma treatment, metallization and subsequent
heating [10–12].
Polystyrene is a thermoplastic polymer widely used
in many technological fields, such as micro-electron-
ics, LOC (lab-on-chip) devices, membranes and scaf-
folds for cell cultivation [13]. The important PS prop-
erties are hardness, stiffness, easiness in thermal
manufacturing and excellent thermal and electrical
properties, they are easily applicable as insulators
[14]. Functional properties are affected by low sur-
face energy, hydrophobicity and low reactivity of
this polymer. For suppression of last mentioned prop-
erties, and therefore improvement of adhesive poten-
tial of such substrate it is possible to use multiple
approaches, such are e.g. plasma treatment or expo-
sure by UV-lamp, so that the surface layer could be
altered [15]. Increase of surface energy induced by
these methods influences not only the adhesion, but
also its tribological properties [16]. Laser beam
allows performing precise changes of only small
fragments or thickness of surface layer [17]. UV
light can also induce several chemical reactions,
which may alter the amount of surface polar groups
on the surface [18, 19]. Nanosecond pulses of UV-
beam of high energy lead to creation of signifi-
cantly higher amount of radicals on the surface.
Due to time dependence of diffusion processes in
gas phase and surface layer cannot be the radicals
fully saturated by reaction with air oxygen, there-
fore the recombination processes take place [15].
Physico-chemical processes connected with changes
induced by laser beam are not still yet fully under-
stood and are subject of continual intensive research
[20]. Considerable attention has been devoted to
laser assisted patterning and treatment of PS in con-
nection with its application in research field of cell
cultivation [21]. Changes of surface properties
induced in the PS layer by ArF excimer laser were
recently presented [22]. PET foils have been also
treated with excimer lasers and the ripple pattern
has been constructed [23, 24].
Papers regarding the nano-pattern formation on PS
have been already published [21, 22, 25, 26]. Also

their applications in cell biocompatibility were pro-
posed [15, 21, 27]. The main motivation and nov-
elty of the work is the detail study of PS wettability
and ageing, morphology and zeta-potential changes
induced by KrF laser, which are presented in this
paper in detail. Also the growth of the consequently
sputtered metal layers is described. The changes in
the surface morphology were studied with atomic
force microscopy (AFM), chemical structure was
analyzed with X-ray induced photo-electron spec-
troscopy (ARXPS) and zeta potential measurement.
Consequent metallization with gold nanolayer on
selected pattern was performed and studied with
AFM.

2. Materials and methods
Oriented PS foils with a thickness of 50 µm (Tm ~
240°C, Tg ~ 100°C, supplied by Goodfellow Ltd.,
UK) were used.
The PS samples were treated with a KrF laser
(Lambda Physik Compex Pro 50, wavelength of
248 nm, repetition rate 10 Hz). For the sake of homo-
geneity only central part of the beam profile, defined
by an aperture 5"10 mm, was used for the irradia-
tion. The samples were mounted onto a translation
stage and scanned perpendicularly to the sample sur-
face normal under ambient atmosphere (irradiation
in air). The laser fluence used in present experiment
was in interval 6–14 mJ·cm–2, number of pulses var-
ied from 200 to 8000, applied frequency was 10 Hz.
The optical table Performance 07OTM501 (Melles
Griot) with air pressured outriggers was used. For
the polarization the cube of UV grade fused silica
25"25"25 mm3 with active polarization layer was
used. Optical path was constructed from dielectric
mirrors from SiO2 for reflectance 248/633 nm. The
stage with the samples was directed by Laser XY
software, the motorized shift NRT100/M2 (Melles
Griot).
The gold layers on pristine and laser treated PS
(original dimensions of non-treated sample 2"2 cm2,
the treated area 0.5"1 cm2) were deposited from a
gold target (99.999%) by means of diode sputtering
technique (BAL-TEC SCD 050 equipment). Typical
sputtering conditions were: room temperature, time
300 s, total argon pressure of about 5 Pa, electrode
distance of 50 mm and current 40 mA. For the layer
thickness measurement the gold was deposited under
the same conditions on a Si (100) substrate. The gold
layer thickness was determined from scratches (steel
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needle) measured with AFM. Typically five meas-
urements on three scratches each were accom-
plished on each sample. The thickness of the gold
layer sputtered under above described conditions
was 100±10 nm.
The surface morphology was examined using the
AFM. The AFM images were taken under ambient
conditions on a Digital Instruments CP II set-up. The
samples were mounted on a sample holders using
double-sided adhesive tape. The ‘tapping mode’
was chosen for the measurements to minimize dam-
age to the samples surfaces. A Veeco oxide-sharp-
ened P-doped silicon probe RTESPA-CP attached to
a flexible micro-cantilever was used near its reso-
nant frequency of 300 kHz. The scans were acquired
at ambient atmosphere at a line scanning rate of 1 Hz.
All surfaces were characterized both quantitatively
by measuring the mean roughness (Ra, 10"10 µm2)
and morphology. Ra represents the arithmetic aver-
age of the deviations from the center plane of the
sample. Four areas of each sample were scanned in
order to obtain representative data.
Water contact angle (CA) characterizing surface wet-
tability was determined by goniometry. The meas-
urements of the CA were performed using distilled
water on 4 different positions (i.e. 4 droplets, droplet
volume 8 µL). The water drops were applied on sur-
face of the substrate, photographed and evaluated by
three-point method using the Surface Energy Eval-
uation System (Advex Instruments, CR). The error
of contact angle measurements did not exceed ±5°.
An Omicron Nanotechnology ESCAProbeP spec-
trometer was used to measure ARXPS spectra. The
2"3 mm2 area was analyzed. The X-ray source pro-
vided monochromatic radiation of 1486.7 eV. The
spectra were measured stepwise with a step in the
binding energy of 0.05 eV at each of the six differ-
ent sample positions with respect to the detector
axis, which translated into different angles (0, 67
and 81°). The spectra evaluation was carried out by
using CasaXPS software. The concentrations of the
elements were given in at %.
Zeta potential measurements of all samples were
accomplished on SurPASS Instrument (Anton Paar
GmbH, Austria) by a streaming current method and
Helmholtz-Smoluchowski equation for zeta poten-
tial calculation was employed. Samples were stud-
ied inside the adjustable gap cell with an electrolyte
of 0.001 mol·dm–3 KCl at constant pH = 6.1. Two
samples of each surface were measured four times

with the relative error of 10%. Zeta potential was
measured on pristine sample, and on sample treated
by laser: (i) in parallel and (ii) perpendicularly to
the ripple pattern to study an effect of surface rough-
ness to surface chemistry, surface charge and zeta
potential.

3. Results and discussion
3.1. Pattern properties and morphology
The first goal of our study was to determine the
influence of different laser energies onto surface
morphology when a constant number of pulses is
applied. Polystyrene foils were exposed to the laser
beam with fluences 6–12 mJ·cm–2 using 6000
pulses (Figure 1). We determined that with increas-
ing laser fluence a mild increase of surface rough-
ness occurred (fluences below 10 mJ·cm–2) (Fig-
ure 2). The consequent increase of laser fluence to
up to 12 mJ·cm–2 is connected with rapid increase of
the surface roughness. The second goal was to deter-
mine the laser fluence from which the ripple pattern
appears. For treated PS the value was determined to
be 8 mJ·cm–2. If the applied laser fluence is between
9 and 10 mJ·cm–2 the fully developed ripple pattern
accomplished with significant roughness increase
appears. Consequent increasing of laser fluence leads
to slow diminishing of ripple nano-pattern. The nano -
pattern diminishing is connected with the roughness
decrease, since the Z-values of pattern decrease (see
Figure 2). The dimensions of fully developed rip-
ples were determined as follows: for laser fluence
9 mJ·cm–2 the height of the structures was
(38.6±4.0) nm and the width was (250.0±12.3) nm,
for fluence 10 mJ·cm–2 the observed ripple height
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Figure 1. The surface morphology of PS exposed with laser
fluence with 6 (a), 8 (b), 10 (c) and 12 mJ·cm–2 (d)
for number of pulses 6000. The Ra represents the
average surface roughness in nm.



was (24.8±0.7) nm and ripple width (247.8±7.8) nm.
The results of pattern depth are with excellent agree-
ment with those obtained [21]. The width periodic-
ity is slightly higher, may be due to higher thickness
of applied polymer foil (25 vs. 50 µm [21]). The
thickness of polymer foil may influence the thermal
flux, which can further lead to the slightly different
results in comparison to [21].
Consequently, the whole experiment was repeated
in the range of laser fluence 6–12 mJ·cm–2 for 2000,
4000 and 8000 pulses (Figure 2). It was found, that
for 2000 and 4000 pulses the mild roughness increase
occurs. A rapid increase of surface roughness with
increasing laser fluence was observed at 8000 pulses.
If the laser fluence 6 mJ·cm–2 is applied the Ra does
not change with the increasing number of pulses sig-
nificantly, while for laser fluence 12 mJ·cm–2 a rapid
increase of Ra is observed for 6000 pulses and above
(Figure 2). It appears that if the higher laser fluence
is applied (9–12 mJ·cm–2, in combination with lower
number of laser pulses), the homogeneous ripple pat-
tern is also constructed on the PS surface (Figure 3).
As expected, the number of pulses and laser fluence
have a strong effect on ripple pattern formation [23,
24], the combination of high laser fluence and low
number of laser pulses can lead to the homogeneous
ripple nanopattern on PS, which as a consequence
lead to the surface roughness increase (Figure 2 and
Figure 3c).

3.2. Surface wettability and aging
The consequent metallization or cell adhesion and
proliferation can be significantly enhanced or sup-
pressed by the wettability (surface polarity) of the
modified surface. Therefore we studied the surface
contact angle of selected samples treated with laser
fluence 6, 9, and 12 mJ·cm–2 with laser pulses in the
interval 200–6000 immediately after the exposure. It
was observed, that with increasing number of laser
pulses as a consequence the contact angle decreases
(Figure 4a) in comparison to pristine PS, which con-
firms the increase of wettability after laser exposure
and it is also with an agreement with work [21]. The
contact angle decreases with the number of pulses
up to certain value. After that a saturation value is
reached and the contact angle is slightly increased
with the number of pulses for some fluence (laser
fluence 12 mJ·cm–2). The hydrophilicity is increased
due to formation of surface radicals after polymer
bonds breakage caused by the impact and absorp-
tion of laser beam and consequent creation of new
oxygen (polar) groups [28]. The application of laser
fluence 12 mJ·cm–2 leads to the minimum of con-
tact angle for 3000 pulses, after which the slight
increase of contact angle is observed again. The
same trend was observed for laser fluence 9 mJ·cm–2

and 5000 pulses. Also the possible ablation effects
may have an influence of the amount of oxygen
groups on the modified surface [28].
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Figure 2. Dependence of PS surface roughness Ra
(10"10 µm2) on laser fluence for number pulses
2000–8000

Figure 3. The surface morphology of PS treated with
12 mJ·cm–2 and number of pulses 2000 (a) and
4000 (b). The dependence of the width and height
of PS prepared structure on the laser fluence and
by number of pulses 4000, 6000 and 8000 is
introduced in (c).



Consequently the samples were treated with 6–
12 mJ·cm–2 and 6000 pulses at ambient atmosphere,
and the ageing procedure was followed in the interval
1–72 hours (Figure 4b). If the laser fluence 6 mJ·cm–2

was applied, the mild increase of contact angle up
to 50° was observed. The treatment with fluence
9 mJ·cm–2 induced the fluctuation in contact angle
during the early stages of aging. After 24 hours of
consequent aging the mild constant decrease was
determined. A different situation was observed if the
fluence 12 mJ·cm–2 was applied. At this laser flu-
ence firstly a sharp increase up to 70° was observed,
after achieving its maximum the following slow
decrease was detected. After 72 hours the polymer
surfaces can be signed as ‘aged’, i.e. with no further
significant changes. The phenomenon of aging is
connected with the amount of oxygenated groups
and radicals on the modified surface and more
importantly with the amount of oxygenated groups
which rotated during the aging process into the
polymer bulk. Also the ablation of surface modified
layer may influence the different surface contact
angle and its changes during the aging process. The
knowledge of the aging process is of great impor-
tance, since together with the surface chemistry and
morphology play an important role in biocompati-
bility applications [21].

3.3. Surface chemistry
The surface chemistry was evaluated by the surface
oxygen concentration determined with ARXPS. The
samples treated with 6–12 mJ·cm–2 with 6000 pulses
were determined (Figure 5). It was confirmed ear-

lier, that excimer laser exposure may lead to a sig-
nificant changes in in surface chemistry of biopoly-
mer [12, 28]. It was found, that maximum oxygen
concentration was detected under perpendicular
position of the sample to the detector (i.e. 0°), which
means, that the data are observed mostly from the
whole plane of the sample. By changing the detec-
tion angle also a penetration depth of photoelec-
trons changes. With increasing angle of photoelec-
trons detection the oxygen concentration mostly
decreased. Also the difference between the particu-
lar oxygen concentrations collected for the different
detection angles decreases with the increasing laser
fluence. The oxygen concentration and its distribu-
tion can have a significant influence on the conse-
quent growth of the metal structures and may also
influence cell growth and proliferation positively
[21].
Zeta potential diagram can describe the surface
charge and surface chemistry as a function of sur-
face morphology due to inhomogeneity of created
electrical double layer when the surface is rough.
The zeta-potential determination is closely related
to the oxygen concentration, wettability and ability
to catch and release ions, which may have a signifi-
cant influence on consequent biocompatibility
applications and potentially can also influence the
metal layer growth. The influence of ripple pattern
on zeta potential determined by streaming current
method is introduced in Figure 6. Apparently the
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Figure 4. Dependence of contact angle of laser treated PS
on number of laser pulses treated with fluences 6–
12 mJ·cm–2 (a). The graph (b) represents depend-
ence of contact angle on time from the laser treat-
ment (aging time) for samples exposured with
6000 pulses and laser fluence 6, 9 and 12 mJ·cm–2 Figure 5. The dependence of oxygen concentration for

treated PS on laser fluence (6000 pulses). The
detection angles of photoelectrons by ARXPS
were 0, 67 and 81°.



zeta potential depends strongly on surface rough-
ness and morphology that means on the electrolyte
flow through the surface in parallel or perpendicu-
lar position to the surface ripple pattern. It is evident,
that the zeta potential values of PS treated with
9 mJ·cm–2 (both 1000 and 6000 pulses) are almost
similar, if the direction of the electrolyte flow applied
on the PS surface is in parallel with the surface pat-
tern structure. Rather different situation is observed,
when the electrolyte is applied perpendicularly to
the ripple pattern. The big difference of zeta poten-
tial evolution was achieved for 6000 pulses, when
the difference in zeta potential was over 15 mV. The
influence of ripple pattern on the ability of ion cap-
turing and release was confirmed, since the PS sur-
face treated with only 1000 pulses exhibited signif-
icantly lower difference if compared the perpendi-
cular and parallel electrolyte flow. These differ-
ences can be caused by the amount of oxygen groups
on surface. While the electrolyte flows parallel to
the ripples, majority of oxygen groups created dur-
ing laser treatment on surface (either on the ‘hills’ or
in the ‘valleys’ of the surface) is in contact with
electrolyte and electrical double layer is created
homogenously on the whole surface. If the elec-
trolyte flows perpendicularly to the ripples, the situa-
tion is different, due to the higher surface roughness
electrical double layer is created only on the ‘hills’.
As it was proved previously, amount of oxygen
groups created by laser treatment on the surface is

different on the ‘hills’ and in the ‘valleys’ signifi-
cantly [29].

3.4. Gold nanolayers deposition
The polystyrene exposed with laser fluence 6–
12 mJ·cm–2 and 6000 pulses was consequently met-
allized with 100 nm of Au layer so that the influ-
ence of input surface morphology and chemistry on
consequent metallization could be studied. The gold
sputtering increases the surface roughness in the
interval of laser fluences 6–10 mJ·cm–2 significantly,
however on samples with no regular structure the
sputtering has no such dramatic effect (Figure 7).
The effect of roughness change is opposite to those
obtained on PEN [30]. This difference is probably
caused by the lower homogeneity of ripple pattern,
which together with differences in surface chemistry
can cause different gold nanocluster formation on
the PS surface. However, the ripple pattern structure
created in interval 8–10 mJ·cm–2 is maintained also
after gold sputtering process (Figure 8). For lower
laser fluences the globular structure is preserved
after Au metallization. On the contrary, the gold
metallization does not have any significant influ-
ence on the surface roughness or pattern formation
for higher laser fluences 11–12 mJ·cm–2 (Figure 8c),
because of higher ripple pattern roughness. It was
also observed, that the width of the ripple pattern
remains similar to that without metallization. The
pattern of Au deposited foils was proved to be elec-
trically continuous. The height of the ripple pattern
increases or remains similar after Au metallization.
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Figure 6. Zeta potential of pristine PS, PS treated with
9 mJ·cm–2 and 6000 resp. 1000 pulses with perpen-
dicular flow (to the ripple pattern) in the chamber
(#) and parallel flow ($) of the electrolyte

Figure 7. Dependence of PS surface roughness (10"10 µm2)
on laser fluence in the interval 6–12 mJ·cm–2

(treated by 6000 pulses) and the same set of sam-
ples consequently metallized with 100 nm of Au.
The AFM detail structure of laser treated PS
(10 mJ·cm–2 and 6000 pulses) and the same sam-
ple metallized with 100 nm of Au is also intro-
duced.



4. Conclusions
A study of KrF laser treatment on PS foil surface
was performed. The influence of number of laser
pulses and laser fluence on surface properties (mor-
phology, wettability and chemistry) of PS was inves-
tigated. The optimal input parameters for ripple
nano-patterning with high regularity were deter-
mined. The input parameters for construction of rip-
ple-like surface with extremely high roughness
were determined. It was found that the surface
roughness of PS is strongly dependent on number
of pulses. The surface chemistry of exposed PS was
studied with ARXPS and zeta potential measure-
ments. It was proved, that the oxygen concentration
is significantly influenced by the KrF laser expo-
sure. The wettability strongly increases with num-
ber of pulses in comparison to the pristine PS. The
aging study revealed that the higher contact angle
achieves the samples treated with higher laser flu-
ence. The PS ripple nano-pattern has a strong influ-
ence on the zeta potential of studied surface, i.e. it
has the capability to influence the electrolyte flow
(parallel vs. perpendicular position). The deposition
of gold nano-layer increases the surface roughness
of nano-patterned surface. As previously confirmed
the applications of nano-patterned PS surface are
promising as tissue carriers, metallized pattern can
find application in construction of SERS.
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1. Introduction
Epoxy resins are presently important organic matri-
ces in composite industry. They are frequently used
in demanding applications due to their excellent
mechanical properties, thermal stability and chemi-
cal resistance. Furthermore, they also have good
resistance to moisture, solvents and chemical attacks
[1, 2]. However, their brittleness, poor resistance to
crack propagation and poor wear resistance [3, 4]
limit their applications. Numerous studies have been
conducted to explore the toughness of epoxy com-
posites [5, 6]. Addition of thermoplastic polymers
can improve fracture toughness, but it is always at
the expense of the glass transition temperature (Tg)
and modulus or high cost [7]. Inorganic additives,
such as silica and alumina have been used to increase
the toughness of epoxies without sacrificing their
basic properties, but the presence of numerous inor-

ganic particles increase the viscosity leading to
poor dispersion and processing difficulty [8–10].
In recent years, graphene oxide (GO) has attracted
significant interest for the preparation of polymer
composites due to its excellent mechanical [11],
electrical and thermal properties, simple preparation
technique and low cost [12]. GO can be regarded as
graphene sheets derivatized with carboxylic groups at
the edges and phenol, hydroxyl and epoxide groups
on the basal planes [13–15]. These abundant oxy-
gen-containing functional groups enable graphene to
be further modified by chemical reactions, and thus
many different functional groups can be introduced
onto the graphene sheets. Accordingly, we can eas-
ily to prepare a variety of excellent functional com-
posites.
Liquid crystalline epoxies (LCE) form a unique
class of thermosetting materials, which combine the
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properties of both liquid crystal and conventional
thermosets, as shown by their anisotropic mechani-
cal properties, excellent thermal stability and chem-
ical resistance [16–18].Curing of low molecular
weight, rigid rod, and multifunctional monomers
result in the retention of a liquid crystalline phase
by the three dimensional crosslinking networks [19,
20]. Hence, it can be used to improve toughness of
composites. Unlike other additive such as rubber par-
ticles, the presence of liquid crystalline domains will
not sacrifice Tg or modulus of the material. These
outstanding properties make LCE as good candi-
dates for a wide range of potential applications,
such as optical switches, electronic packaging, and
matrices for high performance composites [21–23].
In this report, we firstly prepared GO by a modified
Hummers method, then the GO was grafted by ther-
motropic liquid crystalline epoxy (TLCP-g-GO).
The GO and grafted GO were characterized by Fou-
rier-transform infrared spectra (FT-IR), wide angle
X-ray diffraction (WAXD) and so on. Meanwhile, the
epoxy composites were prepared by casting with
the addition of 0.5, 1.0, 1.5, 2.0 and 3.0 wt% TLCP-
g-GO. Finally, we studied the effect of the TLCP-g-
GO on mechanical and thermal properties of the
epoxy composites.

2. Experimental section
2.1. Materials
Nature flake graphite (325 mesh, 99%) was pro-
vided by Hengrui Graphite Co., Ltd. (Qingdao,
China). Phydroxybenzoic acid and paraphthaloyl
chloride were obtained from Xiya Chemical Reagent
Company (Chengdu, China). Thionyl chloride
(SOCl2) and glycidol were purchased from Aladdin
Chemistry Co., Ltd. (Shanghai, China). H2SO4 (98%),
HCl (36%), H2O2 (30%), KMnO4, P2O5 and K2S2O8
were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China) and used without purifi-
cation. N, N!-dimethylformamide (DMF) and pyri-
dine were obtained from Xiya Chemical Reagent
Company (Chengdu, China) and first refluxed over
calcium hydride and then distilled under a reduced
pressure prior to use. The epoxy resin used in this
study is diglycidylether of bisphenol A (DGEBA,
E-51, epoxy value = 0.51 and viscosity value =
12 Pa·s at 25°C) supplied by Yueyang Chemical Plant
(Yueyang, China). 4, 4!-diaminodiphenylsulphone
(DDS) purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China), with a molecular mass

of 248.31 and purity >96% according to the supplier.
Deionized (DI) water was used in all the process of
aqueous solution preparation and washing.

2.2. Preparation of graphene oxide (GO)
The modified Hummers method [24–26] was uti-
lized to oxidize nature flake graphite for the synthe-
sis of GO. The detailed processing is described as
following: in a pretreatment step, K2S2O8 (10 g) and
P2O5 (10 g) were mixed with H2SO4 (98%, 80 mL)
in a 500 mL beaker placed in water bath. The solu-
tion was stirred and heated to 90°C until the reac-
tants were completely dissolved. Graphite powder
(3 g) was then introduced into the acid. The mixture
was kept at 90°C for 4.5 h under intensive stirring.
Then the mixture was cooled to room temperature
and diluted with DI water (1000 mL) and then fil-
tered and washed to remove the residual acid. The
product was dried under ambient conditions
overnight.
In the second oxidation step, the pretreated graphite
powder was put into 150 mL 98% H2SO4 at 0°C.
Then KMnO4 (10 g) was added slowly under stir-
ring, and the temperature of the mixture was kept
below 10°C by cooling. After that, the mixture was
allowed to react at 35±3°C for 2 h. As the reaction
progressed, the mixture gradually became pasty.
The next step was to cool the suspension tempera-
ture to 20°C, and DI water (500 mL) was added with
vigorous agitation. The mixture was stirred for 6 h,
and then additional DI (700 mL) water was added.
30% H2O2 was added to the mixture until the color
of the suspension changed to brilliant yellow. For
purification, the mixture was rinsed and centrifuged
with 5% HCl and DI water for several times. The
collected graphite oxide was dispersed in DI water
by ultrasonication to exfoliate the graphite oxide to
GO, the suspension was dried by freeze-drying
machine. Finally, GO obtained 1s a spongy solid.

2.3. Synthesis of the liquid crystalline epoxy
grafted graphene oxide (TLCP-g-GO)

Typical procedure of preparing TLCP-g-GO is
described as Figure 1. To functionalize GO, the as-
prepared GO (0.1 g) was placed in a 250 mL dried
three-necked flask with 100 mL DMF/pyridine (10:1)
mixing solvent and dispersed through sonication for
30 min. Then 15 mL DMF containing 28 mmol para-
phthaloyl chloride was slowly dropped into the GO
suspension at 0~5°C, and the mixture was stirred at
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60°C for 12 h. After the reaction finished, 10 mL
SOCl2 was loaded in the flask at ambient tempera-
ture. The mixture was kept at 65°C under stirring,
using a CaCl2 guard tube. After 24 h, the excess
SOCl2 was removed by distillation, and the product
was allowed to react with 5 mL glycidol at 60°C for
12 h. After cooling, the solution was poured into
plenty of DI water. The precipitate was collected by
filtration and washed with a mixture water/ethanol
several times. The solid was vacuum dried at 60°C
for overnight. The last, TLCP-g-GO was obtained.

2.4. Preparation of TLCP-g-GO/epoxy
composites

Composition of epoxy composites was as follows.
The required amount of filler was first dispersed in
acetone by sonication for 30 min. This dispersion
was then mixed with epoxy resin to give concentra-
tions of 0.5, 1.0, 1.5, 2.0 and 3.0 wt% grafted GO as
compared to the weight of the epoxy resin. The

mixture was stirred under high-speed for 0.5 h for
homogenization. In order to evaporate the acetone,
the mixture was degassed for at 120°C for 2 h. After
that, epoxy resin was mixed with stoichiometric
amounts of DDS (30 g/100 g of epoxy resin) at
150°C for 30 min. The resulting mixture was then
cast into a preheated mould coated with silicone
resin. The residual solvent and bubbles in the mix-
ture were removed by placing the mold in a vacuum
oven for 30 min at 120°C. Finally, the mold was
placed in a convection oven to cure at 120°C for 2 h,
160° C for 2 h and 180°C for 2 h. The details of the
process of epoxy composites are shown as Figure 2.

2.5. Characterization
Fourier-transform infrared spectra (FT-IR) were
recorded on a Perkin-Elmer 1710 spectrophotometer.
The frequency range of FT-IR was 4000–500 cm–1,
using KBr pellets at room temperature.
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Figure 1. The synthetic routes of TLCP grafted GO

Figure 2. Preparation process of the epoxy composites



The wide angle X-ray diffraction (WAXD) meas-
urements were carried out on a D8 ADVANCE X-
ray diffractometer equipped with a computer con-
troller. The scanning was performed from 5 to 50°
with a speed of 2°/min.
The fracture surfaces of the specimens were investi-
gated using field emission scanning electron
microscopy (FE-SEM, JSM-6701F, Japan) at an
accelerating voltage of 20 kV, and the fracture sur-
faces were coated with sputter-gold to improve the
conductivity.
The liquid crystalline transitions and optical tex-
tures were made using a Leica DMxRP polarizing
microscope with an INSTEC STC-200 hot stage.
Small amounts of samples (2–3 mg) were pre-melted
on a microscope slide then covered with a piece of
cover glass to form a uniform thin film. The forma-
tion and development of the LC phase were exam-
ined under polarized light.
The surface functionalization of the GO was ana-
lyzed qualitatively by X-ray photoelectron spec-
troscopy (XPS) using a VG-microtech ESCA2000
spectrometer equipped with a hemispherical elec-
tron analyzer and a MgJa (hm = 1.2536 keV) X-ray
source.
Thermogravimetric analysis (TGA) of the samples
with 2~3 mg was conducted on NETZSCH STA-
449 from 50 to 700°C at a heating rate of 10°C/min
under N2.
Differential scanning calorimetry (DSC-204, NET-
ZSCH, Germany) was performed at temperature
from 30 to 250°C at heating rate of 10°C/min. All
tests were performed in a nitrogen atmosphere with
a sample weight of about 8 mg.
Dynamic mechanical analysis (DMA) was per-
formed on a DMA Q800 dynamic mechanical ana-
lyzer (TA Instruments, USA) to determine modulus
and glass transition temperature (Tg). The tests were
carried out in the single cantilever mode at a fre-
quency of 1.0 Hz from 40 to 250°C at a heating rate
of 3°C/min.
Mechanical properties of the composites were eval-
uated by impact, tensile and flexural measurements.
Izod impact strength was measured on a tester of
type XJJ-5, which is with no notch in the specimen
according to National Standard of China (GB1043-
79). The experiments were carried out on cubic sam-
ples (80 mm"10 mm"4 mm). The tensile strength
was examined on a universal tensile tester of type
RGT-5 according to National Standard of China

(GB1040-92). The tensile rate was 2 mm/min. Flex-
ural tests were performed according to WDW-20
(Shenzhen Jun Red Instrument Equipment Co., Ltd,
China) using a three-point bending mode of the uni-
versal testing machine with a crosshead speed of
2 mm/min. The conditions of the tests and the spec-
imens conformed to GB1449-2005. All the pre-
sented results are the average value of five speci-
mens.

3. Results and discussion
In order to prove the grafting of TLCP on the sur-
face of GO, FT-IR measurement was conducted.
The FT-IR spectra of GO and TLCP-g-GO are pre-
sented in Figure 3. GO depicts a strong OH peak at
3406 cm–1 [5, 24].The characteristic adsorption
band corresponding to the C=O carbonyl stretching
is 1732 cm–1, and the C-O band is presented at
1053 cm–1.The spectrum also shows a C=C peak at
1619 cm–1 corresponding to the remaining sp2 char-
acter [27, 28]. Comparing the spectra of TLCP-g-GO
with that of GO, several new peaks are observed.
Upon grafting, remarkably reduced hydroxyl absorp-
tion (3406 cm–1) indicates a shielding effect of TLCP
chains, and a sharp absorption peak appears at
1690 cm–1 that can be attributed to the carbonyl
stretching vibration of the esters in TLCP. The
bands of 1255 and 1070 cm–1 can be explained
owing to the C–O–C symmetric and asymmetric
stretching vibration. The band of 1160 cm–1 is due
to the C–O stretching vibration of the ester group in
TLCP [29, 30]. The FT-IR curve affords support for
covalent bonding at the interface.
TGA is a complementary technique that can reveal
the composition and changes in thermal stability of
the samples. As shown in Figure 4a, the samples

                                                   Qi et al. – eXPRESS Polymer Letters Vol.8, No.7 (2014) 467–479

                                                                                                    470

Figure 3. FT-IR spectra of GO and TLCP-g-GO



exhibit different thermal behavior. And the XPS
survey spectra of GO was inserted in Figure 4a. As
shown in the illustration, there are two peaks at 529
and 285 eV corresponding to the O1s and Cls bind-
ing energy of GO. The existence of O element is due
to the oxygen-containing functional groups, which
is in good agreement with FT-IR analysis. So pris-
tine GO is not thermally stable, and mass loss starts
even below 100°C and is rapidly at 150°C [13, 31],
which are respectively attributed to evaporation of
the remaining water and the decomposition of labile
oxygen groups [32]. In contrast, the weight loss of
TLCP-g-GO starts at 280°C, which is roughly 130°C
higher than that of GO. And the weight retention at
800°C for TLCP-g-GO is about 10%. In addition,
as can be seen from the DTG curves in Figure 4b,
the maximum degradation temperature (Tmax) of the
GO also is slightly improved by grafting TLCP. The
Tmax is observed at about 213°C for GO, and the
GO-g-TLCP shifts the corresponding value to about
326°C, i.e. an evident increase of about 107°C. All
of these indicate that the polymer is indeed attached
onto the surface of GO sheets, and the polymer can
improve the thermal stability of the GO.
The study by DSC and POM enables us to deter-
mine the transition temperatures. The DSC thermo-
grams of TLCP-g-GO are shown in Figure 5. The
DSC curves of TLCP-g-GO show a melting transi-
tion at 149°C and a nematic–isotropic phase transi-
tion at 248°C on heating, as well as displays an
isotropic–nematic phase transition at 237°C and a
crystallization process at 135°C on cooling. The
POM results show that TLCP-g-GO exhibits liquid
crystalline phase in the heating and cooling cycle.
Furthermore, the phase transition temperatures
observed by POM are consistent with the DSC

determination results. The typical optical texture of
TLCP-g-GO is shown in inset of Figure 5. It can be
seen that the marbled texture of the nematic phase
is found to appear between the two peaks in each
process.
The wide-angle X-ray scattering patterns of TLCP-
g-GO and GO are shown in Figure 6. It can be seen
that GO spectra shows a strong peak at 9.14° and a
weak, broad peak at 18.60°. However, the strong peak
at 9.14° in the GO pattern is not present in the TLCP-
g-GO pattern, indicating that TLCP cause the GO
sheets to stack more loosely. At the same time, the
curve for TLCP-g-GO shows a group of sharp dif-
fraction peaks in the 2# region of 15~30°, but no
sharp peaks in the small-angle region appeared, sug-
gesting no smectic layers [33]. All these results indi-
cate that the TLCP-g-GO displays nematic meso -
phase. Meanwhile, the optical photographs of GO
and TLCP-g-GO solution are shown in the inset of
Figure 6. GO can be dispersed well in water due to
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Figure 4. (a) TGA curves of GO and TLCP-g-GO, inset: XPS survey spectra of GO, (b) DTG curves of the GO and TLCP-g-GO

Figure 5. DSC curves of TLCP-g-GO, inset: POM figure of
TLCP-g-GO at 200°C



the hydroxyl, carboxyl and epoxide groups on its
surface. However the TLCP-g-GO only dispersed
well in CHCl3 solvent. The optical photographs pro-
vide more direct evidence to prove that thermo -
tropic liquid crystalline epoxy is successfully
grafted onto the surface of GO.

3.1. Morphological analysis of the composites
The morphologies of the fracture surfaces of the
neat epoxy and its composites are presented in Fig-
ure 7. For each specimen, two types of micrographs
are presented, one at a relatively low magnification
(Figure 7a, 7c and 7e) and the other at a higher
magnification (Figure 7b, 7d and 7f). As shown in
Figure 7a and 7b, the fracture surface of the neat
epoxy exhibits river patterns and very smooth. In
addition, the cracks spread freely and randomly,
revealing its nature of weak resistance to crack ini-
tiation and propagation [8, 34, 35]. Accordingly, the
fracture process of neat epoxy is a typical brittle
fracture pattern. On the contrary, the composites
with TLCP-g-GO exhibit a rougher fracture surface
(Figure 7c and 7e), and numerous tortuous and
indentations and deep cracks can be observed. The
large surface area and liquid crystalline groups sig-
nificantly improve the interfacial adhesion between
the filler and matrix, leading to plastic deformation
when impacted. Figure 7d reveals that the filler ran-
domly dispersed as a three dimension network
through the polymer matrix rather than simply align-
ing parallel to the surface of the sample. Meanwhile,
high embedding and tight binding with epoxy
matrix, these further confirm that strong interfacial
interaction between filler and epoxy resins. How-

ever, with the filler loading increasing, nanosheets
exist in the form of agglomerates, as shown in Fig-
ure 7e and 7f. The agglomerates usually delaminate
or slip by each other during the fracture process due
to the weak adhesion between both the sheet/sheet
and sheet/matrix [36].

3.2. Thermal properties
Figure 8 shows the change in Tg for the neat epoxy
and epoxy composites. Here the intermediate tem-
perature is denoted as the glass transition tempera-
ture. It can be observed that the Tg of neat epoxy is
174.9°C. Meanwhile, the Tgs shift to higher values
with the addition of nanosheets into the epoxy
matrix and the Tg of composites increases by 15°C
when TLCP-g-GO content is 1.5 wt%. This phe-
nomenon is attributed to the following two factors.
First, nanosheets confine polymer chains and reduce
the chains mobility after introducing nanosheets
into the matrix. It is believed that nanosheets can
act as physical interlock points in the cured organic
matrix, which generally not only provides a steri-
cally hindered environment for curing reactions of
composites, but also restrains the chain mobility
[37]. Second, the matrix and chemical groups on
the filler surface may participate in the curing reac-
tion, leading to the higher crosslinking density.
Figure 9 shows the TGA and DTG curves for all the
samples. It is apparently seen that all samples exhibit
similar thermal behavior and only one-step decom-
position, suggesting that the existence of nano -
sheets did not significantly alter the degradation
mechanism of the epoxy matrix. The composites
show a high thermal stability with decomposition
temperatures (Td) at 5% weight loss occurred
greater than 345°C. The Td of epoxy increases from
345.4 to 381.2°C by addition of 1.0 wt% TLCP-g-
GO. It is also noted the char yields of all composites
are increased as compared to neat epoxy. Moreover,
as can be seen from the DTG curves, the maximum
degradation temperature (Tmax) of the materials also
is slightly improved by addition of the nanosheets.
The Tmax is 18°C higher than that of the neat epoxy
resin when filler content is 1.0 wt%, and the spe-
cific data of thermal decomposition are summarized
in Table 1.The significant improvement of thermal
stabilities can be attributed to the layered structure
of the composite, which causes tortuous pathway
for the volatile degradation products, thus delays
the decomposition rate of the whole composites
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Figure 6. WAXD patterns of GO and TLCP-g-GO, inset:
photographs of GO and TLCP-g-GO



[38, 39]. At the same time, the filler surface and the
matrix take place crosslinking by curing reaction,
which restrict thermal motion of the polymer molec-
ular and also improve the thermal stability of the
polymer.
Figure 10 shows the variations in storage modulus
and tan$ as a function of temperature from below
the glassy state temperature range to the rubbery
plateau of neat epoxy and its composites. As shown
in Figure 10a, the storage modulus of the materials
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Figure 7. FE-SEM images of fracture surfaces of (a), (b) neat epoxy; (c), (d) 1.5 wt% epoxy; (e), (f) 3.0 wt% epoxy

Table 1. The initial decomposition temperatures (IDTs) and
maximum degradation temperatures (Tmaxs) of
composites

TLCP-g-GO
content
[wt%]

Initialde composition
temperatures (IDTs)

[°C]

Maximum degradation
temperatures (Tmaxs)

[°C]
0.0 345.4 400.1
0.5 371.5 407.7
1.0 381.2 418.1
1.5 376.9 415.5
2.0 376.0 412.8
3.0 372.3 408.6



was significantly increased by the addition of TLCP-
g-GO fillers. It can be seen that below 150°C, the
storage modulus of the composites is approximate
to the neat epoxy. But in rubbery region, the storage
moduli of the composites appears much higher than
that of the neat epoxy. For instance, at 165°C the stor-
age modulus was about 36% higher than neat epoxy
resin when filler content is 1.5 wt%. This can be

attributed to two reasons. Firstly, the filler effect
mentioned earlier, namely filler can act as physical
interlock points, which confine polymer chains and
reduce the chains mobility [40]. Secondly, the LC
domains also act as crosslink, tying segments of the
polymer chain together [19]. They do not relax or
become soft at higher temperature, and therefore
the movements of the polymer chains are restricted
by these rigid LC domains. Upon the incorporation
of 2.0 wt% of TLCP-g-GO, however, the storage
modulus decreases, probably because the particle
loading exceeds the critical level. The excess TLCP-
g-GO particles form agglomerates in the polymer
matrix. The agglomerates affect the homogeneous
dispersion of filler in polymer matrix, and reduce
the crosslinking of composites.
The Tg measured from the peak of the tan$ curve
also shows that composites have higher Tg com-
pared to that of neat epoxy. As shown in Figure 10b,
the Tg of neat epoxy polymer was about 184.4°C.
With the addition of 1.5 wt% TLCP-g-GO, the Tg
value increased to 198.9°C. Both of the filler effect
and the crosslink effect are responsible for the high

                                                   Qi et al. – eXPRESS Polymer Letters Vol.8, No.7 (2014) 467–479

                                                                                                    474

Figure 8. DSC curves of the cured neat epoxy and epoxy
composites

Figure 9. (a) TGA and (b) DTG curves of the neat epoxy and its composites

Figure 10. (a) Storage moduli and (b) tan$ as a function of temperature of the neat epoxy and its composites



Tg observed in composites. The free volume of the
composites is significantly reduced due to the pres-
ence of fillers, thereby decreasing the mobility of
the segments in response to an applied thermal
energy. While the dramatic drop in the Tg at 2.0 wt%
loading, which can be due to increased agglomera-
tion sites within the composites. The agglomerates
are physical imperfections in the epoxy composites,
which hinder the curing of resin and lead to the low
crosslinking density. The Tg of the polymer was
measured using DSC, which is in agreement with
the DMA results. Although measured through dif-
ferent experimental technique, the composites
always show higher Tg than neat epoxy.

3.3. Mechanical properties of nanocomposites
Typical stress–strain curves of the epoxy compos-
ites obtained during tensile testing are shown in
Figure 11. The tensile strength and elongation at
break were varied with the filler contents [41]. As
shown in Figure 11, the composites exhibit linear
stress–strain character up to failure, without plastic
deformation, and every specimen shows a similar
curve shape [42]. The results also show an improve-
ment in tensile strength and modulus of composites
compared to neat epoxy for all concentrations of the
filler. That is to say, the mechanical properties of
composites get a high reinforcement by the disper-
sion of TLCP-g-GO in polymer matrix.
The variations of impact strength and tensile
strength according to the filler contents are shown
in Figure 12. Obviously, the impact strength and ten-
sile strength of the composites are enhanced effec-
tively with the addition of fillers. As seen in Fig-
ure 12, for neat epoxy impact strength and tensile

strength are 26.25 kJ/m2 and 55.43 MPa, respec-
tively. With increasing concentration of TLCP-g-
GO in the composite, impact strength and tensile
strength first increase steeply, reach a plateau and
decrease again at higher TLCP-g-GO loadings. The
most significant improvement is obtained at a load-
ing with 1.0 and 1.5 wt% TLCP-g-GO reaching
51.43 kJ/m2 and 80.85 MPa, for impact strength and
tensile strength respectively, which are increase of
96 and 46% compared to neat epoxy. This is attrib-
uted to the large surface area and multiple interac-
tions between the functional groups of the filler and
matrix in the composites [43, 44].
Figure 13 shows the flexural properties of the neat
epoxy and its composites. The results show an
improvement in strength and modulus of the com-
posites compared to neat epoxy for all concentra-
tions of TLCP-g-GO. A similar increasing tendency
with TLCP-g-GO content is also found for the flex-
ural strength. The composites with the flexural
strength values ranging from 97.8 to 110.1 MPa,
which are much higher than that of neat epoxy
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Figure 11. Typical stress-strain curves for the neat epoxy
and its composites

Figure 12. Impact strength and tensile strength of neat
epoxy and epoxy composites

Figure 13. Flexural strength and modulus of neat epoxy and
its composites



(79.5 MPa).The maximum improvement in flexural
strength is observed at the 1.0 wt% filler content.
The improved flexural strength is attributed to fol-
lowing reasons. Graphene oxide has large surface
area, which can serve as connecting bridges to pre-
vent the matrix from fracturing upon mechanical
deformation. In addition, liquid crystalline groups
have certain rigidity, and it can also improve the
properties of epoxy composites. However, as the
filler concentration exceeded 1.0 wt%, the flexural
strength of the composites decreased suddenly,
probably because the particle loading exceeds the
critical level, called mechanical percolation [45].
The excess particles may form agglomerates in the
polymer matrix, and lead to cracks to initiate and
propagate easily, consequently, produce the reduced
strength of the composites [36].The modulus of the
composites increases steadily with the incorpora-
tion of the fillers to 1.5 wt% of TLCP-g-GO, the
maximum improvement is 890 MPa. Beyond this
concentration, the modulus decreased. Neverthe-
less, it remained still above that of the neat epoxy.
This phenomenon is possibly because the addition
of TLCP-g-GO caused a dilution effect in the
matrix, i.e. the volume fraction of epoxy resin matrix
decreased with increasing filler loading, which
would lead to a decrease of crosslinking of compos-
ites. In addition, the filler agglomerates in the epoxy
composites can delaminate or slip by each other
during the external role process due to the weak
adhesion between both the sheet/sheet and sheet/
matrix.
In general, a significant improvement in the mechan-
ical properties is attributed to the strong interaction
between TLCP-g-GO and epoxy matrix, so that the
efficient load transfer between nanosheets and the
epoxy matrix [46, 47]. Moreover, the nanosheets
may serve as connecting bridges to prevent the matrix
from fracturing upon mechanical deformation, thus

enhancing the mechanical properties of epoxy.
Another reason may be that, during the casting
process, the nanosheets are inclined to lay flat and
oriented along the flow of epoxy resin direction,
which is beneficial for the efficient stress transfer
and thus reinforcing the mechanical properties of
composites [48, 49]. Table 2 summarizes the mechan-
ical properties data.

4. Conclusions
In this paper, we prepared high performance TLCP-
g-GO/epoxy composites with good thermal proper-
ties, high strength and high modulus. By thermo -
tropic liquid crystalline epoxy modified GO ensured
excellent dispersity and good compatibility in the
polymer matrix. The composites showed a high rein-
forcing efficiency, which attributed to the special
two dimensional morphology of GO and the func-
tionalized surface of GO providing well dispersion,
high contact area in matrix. The composites exhibit
around a 96% increase in impact strength, 46%
improvement in tensile strength, and 48% reinforce
in flexural modulus for a low filler content (1.0 or
1.5 wt%). Meanwhile, with the incorporation of
1.5 wt% of TLCP-g-GO, the Tg of composites
increases by 15°C. The decomposition temperature
(Td) at 5% weight loss is 35.8°C higher than that of
the neat epoxy resin. In short, we provide a promis-
ing approach to prepare graphene based composites
with enhanced performances.

Acknowledgements
The authors gratefully acknowledge the financial support by
National Natural Science Foundation of China (51163004
and 51303034), the Natural Science Foundation of Guangxi
Province, China (No.2013GXNSFAA019308), the Opening
Funding of Guangxi Key Laboratory for Advance Materials
and New Preparation Technology (12KF-8), Innovation
Team of Guangxi Universities’ Talent Highland and
Guangxi Funds for Specially-appointed Expert.

                                                   Qi et al. – eXPRESS Polymer Letters Vol.8, No.7 (2014) 467–479

                                                                                                    476

Table 2. The mechanical properties of neat epoxy and its composites

TLCP-g-GO content
[wt%]

Impact strength
[kJ/m2]

Tensile strength
[MPa]

Flexural strength
[MPa]

Flexural modulus
[MPa]

0.0 26.25±0.90 55.43±1.33 79.5±2.8 1840±40
0.5 45.12±1.21 77.95±0.55 109.2±1.8 2105±55
1.0 51.43±1.85 78.96±0.86 110.1±1.5 2275±41
1.5 48.46±1.67 80.85±1.01 104.8±2.0 2730±48
2.0 41.12±1.82 74.29±1.95 100.8±2.5 2613±40
3.0 34.67±1.74 71.76±1.04 97.8±3.0 2580±55
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1. Introduction
Among conducting polymers, polycarbazoles are
known for their good electro-activity [1, 2] and
thermal [3–5], electrical [6], photo-physical [7], and
electrochromic properties [8]. They have been sug-
gested for a number of applications, such as electro-
luminescent devices [9], sensors [10, 11], redox cat-
alysts [12], and electrochromic displays [13]. The
functional groups, such as amino, imino and sul-
fonic groups have been performed for achieving
new polymers which meet the criteria of commer-
cial applications [14–16]. There are many novel

syntheses of functional polycarbazole papers. 3,6-
bis (2,3-dihydrothieno [3,4-b][1,4] dioxin-5-yl)-9-
tosyl-9H-carbazole [17], 5-(3,6-Dibromo-9H-car-
bazole-9-yl)-pentane nitrile [18], 9-tosyl-9H-car-
bazole [19], 9-tosyl-9H-carbazole-co-pyrrole [20],
N-(1,4-Dimethyl-9H-carbazole-3-ylmethyl)-N-tosyl
aminoacetaldehyde diethyl acetal [21], ethyl 4-
hydroxy-9-tosyl-9H-carbazole-3-carboxylate [22],
4-[2-carbazole-3-yl) vinyl] pyridium tosylate [23],
N-(o-ethynyl)phenylynamides and arylynamides
[24] and 9-(4-nitrophenylsulfonyl)-9H-carbazole
[25] were given in literature. The synthesis was per-
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formed especially with donor-acceptor group, which
supported electron rich and poor region on the poly-
mer skeleton [26].
Electrochemical impedance spectroscopy (EIS) is
one of the most frequently used analytical tools for
the characterization of capacitors or supercapacitors
[27]. EIS is used to explain behavior of modified
electrodes explaining two models, which are known
as uniform [28] and porous medium [29]. In this
study, porous medium was evaluated by EIS. At
present, the electrode materials for supercapacitors
have been widely investigated especially for carbon
materials such as activated carbons, the mostly
widely used electrode materials due to their large
surface area, relatively good electrical properties
and moderate cost [30–32]. Among the carbon
materials, carbon nanotubes (CNT) are considered
to be potential candidates as the electrodes in super-
capacitor, due to their high accessible surface, chem-
ical stability, excellent mechanical properties, good
electrical conductivity, and unique pore structure
[33, 34]. The other electrode materials such as tran-
sition metal oxides and conducting polymer [35,
36] are being widely investigated to improve the
specific capacitance and the energy density of
supercapacitor [37, 38].
Herein, in this study, we principally synthesized CS2
and tosyl group of substituent of carbazole mono -
mer and compare the effects of these functional
groups on EIS properties. Also we investigated the
equivalent circuit model of R(C(R(Q(RW))))(CR)
with Kramers-Kronig transform to fit the experi-
mental and theoretical data. As a result, this paper
presents a new approach of circuit Modeling and
capacitive behavior of a novel polymer synthesis by
using EIS technique.

2. Experimental
2.1. Materials
Carbazole (Alfa Aesar, USA), sodium hydroxide
(NaOH), carbon disulfide (Aldrich, USA), p-toluen-
sulfonyl chloride (Aldrich, USA) were received with-
out further purification. Dichloromethane (CH2Cl2),
dimethylsulfoxide (DMSO), diethyl ether, acetoni-
trile (CH3CN), tetraethylammonium tetrafluorobo-
rate (TEABF4) were supplied from Merck Chemi-
cal Co. (Germany) and they were used as received.
Silica gel, used for synthesis experiments, was
described as an efficient and reusable catalyst.

2.2. Electrochemical tests
Cyclic voltammetry (CV) was performed by using
PARSTAT 2273, USA (software: powersuit and
Faraday cage: BASI Cell Stand C3, West Lafayette,
Indiana, USA) in a three electrode configuration,
which employed glassy carbon electrode (GCE)
(area: 0.07 cm2) as the working electrode, platinum
wire as the counter electrode and Ag/AgCl (3.5 M)
as the reference electrode. All electrochemical
experiments were carried out at 20±1°C.

2.3. Structure characterization
Modified carbon fiber microelectrode (CFME) was
characterized by Fourier transform infrared- attenu-
ated total reflection (FTIR-ATR) spectroscopy
(Perkin Elmer, Spectrum One B, with an universal
ATR sampling accessory (4000–550 cm–1) with a
diamond and ZnSe crystal, USA). The Atomic force
microscopy (AFM) images were obtained with Park
System XE100 Suwon, Korea. In all AFM analysis,
the non-contact mode was employed by using Al
coated high resonance frequency silicon tips (265–
400 kHz) with 4 !m thickness, 35 !m mean width,
125 !m length and 20–75 N/m force constant. High
resolution images (1024"1024 pixels) and the raw
data were collected by the XEI image. Melting point
was determined in a capillary tube on Electro ther-
mal IA 9000 apparatus and uncorrected (Stone
Staffordshire, UK). Mass spectra were determined
by means of Agilent 5973 model of GC-MS (Santa
Clara, CA, USA).

2.4. Electrochemical impedance spectroscopy
and modeling

Electrochemical impedance spectroscopic (EIS)
measurements were performed for Cz and TCzC in
the initial molar concentration of 3.0 mM in 0.1 M
tetraethylammonium tetrafluoroborate  (TEABF4)/
dichloromethane (CH2Cl2) – acetonitrile (CH3CN)
volume ratio of (8:2). EIS measurements were done
in monomer-free electrolyte solution with perturba-
tion amplitude of 10 mV and DC potential from –0.1
to +1.0 V on glassy carbon electrode (GCE) over a
frequency range of 0.01 Hz to 100 kHz with PAR-
STAT 2273 model Potansiostat/galvanostat. All
measurements began at the open circuit potential,
modified polymer films were allowed to equilibrate
for ~10#min at each potential before being measured.
The equivalent circuit model of R(C(R(Q(RW))))(CR)
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was taken by Kramers-Kronig Transform (ZSimp-
win programme).

3. Results and discussion
3.1. Synthesis procedure
A suspension of NaOH (1.2 g, 30 mmoles) in
dimethylsulfoxide (DMSO, 150 mmoles) was pre-
pared. Afterwards, carbazole (5 g, 29.9 mmoles)
was added under vigorous stirring. The reaction
mixture was stirred for 2 hours at room tempera-
ture. Carbondisulfide (2.2 g, 30 mmoles) was added
dropwise into the mixture, and the resultant reddish
solution was stirred for 4 hours at room tempera-
ture, and then by adding slowly p-toluensulfonylchlo-
ride (5.7 g, 30 mmoles) in DMSO (30 mL). The final
mixture was stirred for a night. The resultant reac-
tion mixture which was poured into large amount of
water and yellow solid was obtained by filtration.
The crude product was purified by silica gel chro-
matography and crystallised from diethyl ether. The
resultant mass was 6.5 g. 4-toluene 9H-carbazole-
9-carbodithioate (yield: 59%) was obtained at the
melting temperature of 194°C and molecular weight
of 337.53 g/mol obtained by coupled gas chroma-
torgpahy and mass spectrometry (GC-MS) (Fig-
ure 1).
As a basis for the synthetic approaches to 4-toluene-
9H-carbazole-9-carbodithioate was synthesized from
carbazole by using similar methods given in the lit-
eratures [39, 40]. The spectra of dithiocarbamates
obtained were identical to those of the produced in
the above literatures.
C=S bond on CS2 group connected with carbazole
and electron pair on nitrogen atom showed a reso-

nance structure and formed an active side with pos-
itive (+) charges on the carbazole structure of 3 and
6 position. An easy polymer formation was sup-
plied by cationic polymerization with conjugation
system. Polymerization formation was crucially
affected by substituted groups on conjugation sys-
tem due to electron donor and acceptor groups as
shown in Figure 2.
Carbazole was treated with NaOH and carbondisul-
fide in the presence of DMSO then added 4-methyl
benzene-1-sulfonylchloride to obtain 4-toluene-9H-
carbazole-9-carbodithioate (59% yield). 4-toluene-
9H-carbazole-9-carbodithioate was determined by
FTIR, 1NMR, and 13C-NMR.

3.2. Characterisation of  4-toluene
9H-carbazole-9-carbodithioate monomer

FT-IR analysis (potassium bromide): $3058 cm–1

(aromatic C–H), 1593 cm–1 (aromatic C=C),
1487 cm–1 (aromatic C=C), 1435 cm–1 (aromatic
C=C). The peak of N–H at 3000–3500 cm–1 was not
observed in the FTIR spectrum. It proved the inser-
tion of the CS2 group into the carbazole structure as
shown in Figure 3.
1H-NMR (deuterochloroform) spectrum of TCzC: %
2.31 (s, CH3), 7.07–7.12 (d, 2H, aromatic C–H),
7.25–7.33 (d, 2H, aromatic C–H ), 7.35–7.41 (m, 2H,
aromatic C–H ), 7.46–7.90 (m, 2H, aromatic C–H),
8.31–8.34 (d, 2H, aromatic C;H). 4-toluene-9H-car-
bazole-9-carbodithioate was determined by NMR
experiments and FT-IR spectroscopy. The most char-
acteristic value of it 1H-NMR spectrum was a sin-
glet of methyl proton peaks at 2.31 ppm, as well as
between 7.07–7.90 ppm aromatic protons.
1H-NMR (deuterochloroform) spectrum of Cz: %
7.21–7.25 (m, 4H, aromatic CH), 7.39–7.51 (m, 4H,
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Figure 1. Synthesis procedure of 4-toluene 9H-carbazole-
9-carbodithioate

Figure 2. Resonance formation of 4-toluene 9H-carbazole-
9-carbodithioate



aromatic CH), 8.09 (s, 1H, NH). 1H-NMR peak dif-
ference between Cz and TCzC can be easily obtained
as shown in Figure 4.
13C NMR (deuterochloroform): % 194.85; 139.85;
127.11; 126.14; 124.27; 120.37; 115.38; 77.34;
77.22; 77.02; 76.70. Analytically calculated for
C20H15NO2S3 (397.53 g/mol) : C (71.01); H (4.72);

N (4.72); O (4.36). Found: C (71.04); H (4.76); N
(4.32) (Figure 5).

3.3. Electropolymerization of poly(4-toluene
9H-carbazole-9-carbodithioate) 

In our previous study [41], electrogrowth of 9-tosyl-
9H-carbazole on the carbon fiber microelectrode
(CFME) was studied by CV at a scan rate of
100 mV·s–1 at different initial monomer concentra-
tions (1.0, 3.0, 5.0 and 10.0 mM) in 0.1 M NaClO4/
ACN. The anodic peak potential appeared at 0.78 V
in the initial monomer concentration of 3.0 mM,
which was a reversible process. When CS2 group
included into 9-tosyl-9H-carbazole structure, anodic
peak potential was increased from 0.78 to 1.30 V.
The peak at 0.97 V can only be attributed to the redox
properties of the polymer P(Cz), not to carbazole,
the monomer as shown in Figure 6. The total charge
of PCz was obtained as 6.128 mC for 8th cycle dur-
ing electrogrowth process. When tosyl functional
group was added to the Cz structure, it increased the
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Figure 3. FTIR spectrum of 4-toluene 9H-carbazole-9-car-
bodithioate

Figure 4. 1H-NMR spectra of a) Cz and b) TCzC

Figure 5. 13C-NMR spectrum of TCzC

Figure 6. Cyclic voltammetry of a) Cz, [Cz]0 = 3.0 mM (Q = 6.128 mC), b) TCzC, [TCzC]0 = 3.0 mM (Q = 5.550 mC) on
glassy carbon electrode (GCE) in 0.1 M TEABF4/CH2Cl2–CH3CN (8:2), 8 cycle, scan rate: 50 mV·s–1, potential
range: 0.0– 1.8 V



Q = 9.15 mC. However, after addition of CS2 group
into the functional tosyl carbazole structure, the
total charge decreased to Q = 5.55 mC during elec-
trogrowth process. The main reason of this decrease
may be increasing of the length of the carbazole
structure. Another important effect of the diffusion
and migration of tetrafluoroborate and alkylammo-
nium ions, which has important influence on the
EIS. Therefore, P(TCzC) was difficult to electro -
polymerize compared to PCz on GCE.

3.4. Effect of scan rate in monomer-free
solution

P(Cz) and P(TCzC) were immersed into a monomer-
free electrolyte solution to check their redox behav-
iours. Scan rate was an important factor on the
polymerization behavior. Modified polymer films
were measured at the scan rate of 50, 100, 250, 500
and 1000 mV·s–1 in monomer-free solution. The
CVs peak potentials were similar for all scan rates
with a small increase in current, which showed the
doping and de-doping process of the polymer-
coated GCE [41]. The peak current density (ip) for a
reversible voltammogram at 25°C is given by the
following equation: ip = (2.69·105)·A·D1/2·Co·!1/2

where ! is the scan rate. A is the electrode area, D is
the diffusion coefficient of electro-active species in
the solution [42]. Peak current density is propor-

tional !1/2 in the range of scan rates (Regression fit
(RAn = 0.99069 and RCat = –0.98381) for P(Cz) and
(Regression fit (RAn = 0.9982 and RCat = –0.9972)
for P(TCzC)/GCE where diffusion control applies
[43], respectively as given in Figures 7 and 8.

3.5. FTIR-ATR measurements
In FTIR-ATR spectrum of  PCz and P(TCzC) were
given in Figures 9 and 10. A significant band at
1090 cm–1 has been attributed to BF4

– ion for P(Cz),
which is due to the electrolytes in TEABF4. For the
polymer, the band at 1600 cm–1 could be assigned
to the anti-symmetric and symmetric C–C stretch-
ing deformation. The peak at 3400 cm–1 was obtained
N–H stretching. The peak at 1230 and 720 cm–1

corresponding to stretching of aromatic C–N bonds
or vibration of disubstituted benzene ring and –C–H
(out of plane deformation of C–H bond in benzene
ring. P(TCzC) corresponds to peak at 3473 cm–1 for
C–H stretching, at 1626 cm–1 for C=C stretching, at
1483 cm–1 for CH3, at 1046 cm–1 for dopant ion
(BF4

–) and at 762 cm–1 for C–S stretching (Fig-
ure 10). The peak at 1156 cm–1 was the bond of
S=O bond in carbazole structure [44]. In our previ-
ous paper, PCz was electropolymerized on CFME
in 0.1 M NaClO4/PC. A significant band at 1093 cm–1

was attributed to ClO4
– ion. Other characteristic

peaks at 3559, 1626, 1233 and 681–728 cm–1 refer
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Figure 7. a) CV of PCz was obtained at different scan rates in monomer-free solution, b) scan rate vs. Current density,
c) square root of scan rate vs. current density plots, CV was taken as 8 cycle, scan rate: 50–1000 mV·s–1, potential
range: 0–1.8 V in 0.1 M TEABF4/CH2Cl2–CH3CN (8:2), [Cz]0 = 3.0 mM.



to –CH3 (sp3 CH str.), the anti-symmetric and sym-
metric C=C str. Deformation, –C–N (str. of aromatic
C–N bonds or vibrational of disubstituted benzene
ring) and C–H (out of plane deformation of C–H
bond in benzene ring) [45], respectively. PCz and
P(TCzC) have different characteristic peaks to dif-
ferentiate the functionality of polycarbazole.

3.6. SEM and AFM measurements
SEM micrograph of P(TCzC)/CFME was shown in
Figure 11. Polymerization was performed on a sin-
gle CFME (with diameter approximately 0.022 cm2).
Some pores of granules were shown on the CFME.
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Figure 8. a) CV of P(TCzC) was obtained at different scan rates in monomer-free solution, b) scan rate vs. current density,
c) square root of scan rate vs. current density plots, 8 cycle, scan rate: 50–1000 mV·s–1, potential range: 0–1.8 V
in 0.1 M TEABF4/CH2Cl2–CH3CN (8:2), [TCzC]0 = 3.0 mM

Figure 9. FTIR-ATR spectrum of P(Cz)/CFME in 0.1 M
TEABF4/CH2Cl2–CH3CN (8:2)

Figure 10. FTIR-ATR spectrum of P(TCzC)/CFME in
0.1 M TEABF4/CH2Cl2–CH3CN (8:2)

Figure 11. SEM images of P(TCzC)/CFME was performed
in 0.1 M TEABF4/CH2Cl2–CH3CN (8:2) while
the electropolymerization was carried out



AFM images of P(TCzC)/CFME were obtained by
fixing the fiber on a piece of silicon wafer with
resin as shown in Figure 12. The AFM average
roughness (Rq) value was obtained as 248.6 nm.
AFM images of P(TCzC) was given in Figure 12.
The electro-coating of modified electrodes was
observed with granules on CFME. It was found in
our previous study [46] from the cross-sectional
analyses that striations of uncoated CFME with
approximately 1 !m depth started disappearing and
lower a thickness value of 50 nm. There is no doubt
that average roughness value of uncoated CFME
was increased ~5 times by electro-coating process.
It is strong evidence of successful polymer forma-
tion provided by AFM analysis.

3.7. Electrochemical impedance spectroscopic
study

Among electrochemical characterization techniques
EIS represented useful results for the investigation
of conducting polymers due to the small perturba-
tions involved in the operative conditions for the
impedance measurements [47, 48]. The impedance
measurements, resistance was the real part and capac-
itance was calculated as C = –1/(2&fZ'), where & =
3.14, f was frequency in Hz, and Z' was the imagi-
nary part of the impedance [49]. The low frequency
capacitances (10 mHz) of P(Cz) (CLF = 1.44 mF·cm–2)
and P(TCzC)/GCE (CLF = 0.43 mF·cm–2) were taken
to identify the specific capacitance of polymer
modified films. For lower frequencies, the spectra
approached a nearly vertical line in the complex
plane, which was typical of an ideal capacitor behav-
ior. CLF value decreased of 3.34 times by addition
of CS2 and tosyl group into the carbazole monomer
(Figure 13a). In the Bode-phase plot, the maximum

phase angle was obtained as ~65° at the frequency
of ~5 Hz as given in Figure 13b. The maximum
capacitance value of P(TCzC)/GCE was obtained
as ~37 !F as shown in Figure 13c.
The model circuit comprised of eight elements, the
solution resistance (Rs) was in series with the elec-
trical double layer capacitance (Cdl) at the electrode
and electrolyte. Cdl was in parallel with R1 and (R2,
W, and Q). The Warburg impedance was associated
with the semi-infinite diffusion of ions in the elec-
trode [50, 51]. The values of circuit parameters
were estimated qualitatively from the fittings of
experimental impedance spectra and presented for
PCz/GCE in Table 1 and P(TCzC)/GCE in Table 2.
The mean error of the modulus was ~10%. The chi-
squared ((2) was obtained as 10–3 and 10–4 for the
circuit evaluations. (2 was the function defined as
the sum of the squares of the residuals.
In literature, capacitors and supercapacitors are mod-
eled by using many simple RC circuits. However,
these models cannot accurately describe the voltage
behavior of the modified polymer film and elec-
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Figure 12. AFM analysis of P(TCzC)/CFME was performed in 0.1 M TEABF4/CH2Cl2–CH3CN(8:2) while the elec-
tropolymerization was carried out

Table 1. Electrical equivalent circuit model of
R(C(R(Q(RW))))(CR), which is obtained for
PCz/GCE

Circuit
components

DC potential for PCz/GCE
–0.1 V 0.1 V 0.5 V 1.0 V

Rs [)] 360.7 313.0 300.3 313.2
Cdl [!F] 2.24 1.61 4.54·10–2 6.21·10–2

R1 [)] 560.4 142.9 40.3 5.29
Q [µS·sn] 12.6 16.0 18.8 12.4
n 0.76 0.80 0.71 0.74
R2 [)] 1.29·105 7.08·104 3.18·104 202.3
W [µS·s–n] 18.0 36.8 144.0 21.7
CGCE [!F] 0.624 0.041 43.5 0.94
RGCE [)] 48.0 38.6 9924.0 1068.0
(2 5.54·10–4 9.02·10–4 3.28·10–4 2.04·10–3



trolyte system [52, 53]. For fitting the data all capac-
itances in the equivalent circuit model of
R(C(R(Q(RW))))(CR) had to be replaced by a con-
stant phase element CPE or Q [ZCPE = ACPE(jw)–n] in
order to adopt for non ideal behavior [54]. If n = 1
then 1/ACPE = C with the dimension F·cm–2. The
value of an ideal capacitance can be determined from
the Bode plot of the impedance by extraploting the
measured capacitance with the slope –n to the fre-
quency f = 1000 Hz [55]. The highest n value of PCz
was obtained as 0.80 at the DC potential of 0.1 V by
applying EIS measurement. However, there were
values as 0.82 and 0.89 for P(TCzC)/GCE system at
the potential of 0.1 and 1.0 V, respectively. The high-
est double layer capacitance (Cdl) was obtained as

2.24 !F for PCz and 0.87 !F for P(TCzC)/GCE at
the DC potential of –0.1 V. R1 and R2 values decrease
by increasing of DC potential of PCz. However,
there was no systematic relation of P(TCzC)/GCE.
The highest R1 = 144.5) at the DC potential of 0.1 V.
However, R2 = 3.82 M) at the DC potential of 
–0.1 V.
The highest conductivity of P(TCzC)/GCE was
obtained at the DC potential of 0.3 V for P(TCzC)/
GCE as shown in Figure 14. There was an order
from DC potential from –0.1 to 1.0 V. There was a
deviation of 0.3 V for the P(TCzC)/GCE.
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Figure 13. a) Nyquist graph inset: electrical equivalent circuit model of R(C(R(Q(RW))))(CR), b) Bode magnitude and
Bode-phase plot, c) capacitance graph of poly(TCzC) obtained by simulation ZSimpWin 3.10 program. Experi-
ments were performed by simulation as the following conditions. [TCzC]0 = 3.0 mM, 0.1 M TEABF4/
CH2Cl2–CH3CN (8:2). Potential range was taken from 0 to1.8 V.

Table 2. Electrical equivalent circuit model of
R(C(R(Q(RW))))(CR), which is obtained for
P(TCzC)/GCE

Circuit
components

DC Potential for P(TCzC)/GCE
–0.1 V 0.1 V 0.5 V 1.0 V

Rs [)] 381.8 216.0 342.2 330.8
Cdl [!F] 0.87 0.46 0.67 0.69
R1 [)] 0.01 144.5 62.4 0.09
Q [µS·sn] 4.39 1.75 5.80 18.9
n 0.48 0.82 0.79 0.89
R2 [)] 3.82·106 7.53·104 1.47·105 0.037
W [µS·s–n] 252.0 5.48 18.2 34.7
CGCE [!F] 1.41 1.35 19.1 8.75
RGCE [)] 67.4 147.0 3734.0 1026.0
(2 1.06·10–3 3.65·10–4 3.14·10–4 2.47·10–3

Figure 14. Admittance graph of P(TCzC) obtained by dif-
ferent DC potentials from –0.1 to 1.0 V. [TCzC]0 =
3.0 mM, 0.1 M TEABF4/CH2Cl2–CH3CN (8:2).
Potential range was taken from 0 to1.8 V.



4. Conclusions
EIS was employed to characterize the capacitive
behavior of electrochemically prepared novel syn-
thesis of P(TCzC) film electrodes in organic elec-
trolytes. The changing of polymer capacitance in
dependence of the potential range from –0.1 to 1.0 V
for PCz and P(TCzC)/GCE. Cdl was obtained as
2.24 !F for PCz and 0.87 !F for P(TCzC)/GCE at
the DC potential of –0.1 V. And the resistance of
GCE was obtained as RGCE = 9924 ) for PCz and
RGCE = 3734 ) for P(TCzC) at the DC potential of
0.5 V. The double layer capacitance of P(TCzC)
was lower than PCz. CS2 group with tosyl group into
Cz monomer decreased the capacitor behavior of
the polymer.
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1. Introduction
Recent environmental concerns have triggered the
use of natural fibers because they fulfil the sustain-
ability criteria for development in the third millen-
nium, and are readily available from renewable
sources at a low price. Natural fibers like henequen,
sisal, jute, coir, etc. possess physical and mechanical
properties that make them attractive as reinforcing
materials for the substitution of engineering man-
made fibers which are neither biodegradable nor
renewable. Additionally, their hollow tubular struc-
ture enhances their acoustic and thermal insulating

properties, which could lead to energy saving in
several industrial applications [1–8].
Several studies on henequen fibers (Agave four-
croydes) reinforced polyolefins composites have
been conducted in the last few years. The most
important drawback to overcome for a more ample
use of these hydrophilic natural fibers in compos-
ites is their chemical incompatibility with hydropho-
bic thermoplastic polyolefins. It is known that incom-
patibility at the fiber-matrix interface limits the
stress transfer capability, meaning that the reinforc-
ing potential of natural fibers cannot be exploited to
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Abstract. In order to improve the bonding between henequen fibers (Agave fourcroydes) and High Density Polyethylene
(HDPE), they were treated in an ethylene-dielectric barrier discharge (DBD) plasma operating at atmospheric pressure. A
23 factorial experimental design was used to study the effects of the plasma operational parameters, namely, frequency,
flow rate and exposure time, over the fiber tensile mechanical properties and its adhesion to HDPE. The fiber-matrix Inter-
facial Shear Strength (IFSS) was evaluated by means of the single fiber pull-out test. The fiber surface chemical changes
were assessed by photoacoustic Fourier transform infrared spectroscopy (PAS-FTIR) and the changes in surface morphol-
ogy with scanning electron microscopy (SEM). The results indicate that individual operational parameters in the DBD
plasma treatment have different effects on the tensile properties of the henequen fibers and on its bonding to HDPE. The
SEM results show that the plasma treatment increased the roughness of the fiber surface. The FTIR result seems to indicate
the presence of a hydrocarbon-like polymer film, bearing some vinyl groups deposited onto the fibers. These suggests that
the improvement in the henequen-HDPE bonding could be the result of the enhancement of the mechanical interlocking,
due the increment in roughness, and the possible reaction of the vinyl groups on the film deposited onto the fiber with the
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their full extent, especially for short fiber compos-
ites [9–14].
Several chemical-based approaches have been used
to improve the compatibility between natural fibers
with different polymeric matrices, e.g. alkali treat-
ments (mercerization), silanization, acetylation, ben-
zoylation, maleated coupling agents, isocyanate treat-
ments and grafting of synthetic polymers [1, 3, 7, 12,
13, 15–17]. Silanization is by far most effective fiber
surface treatment, judged by the improvements in
material property increases, above a 100% in the
tensile and flexural strengths [11, 12]. However,
even though the wet chemical treatments of fiber
surfaces have been somewhat successful in improv-
ing the interfacial bonding, there are still problems
related to the appropriate handling and disposal of
the large amounts of hazardous chemicals that are
often involved and concerned with environmental
pollution problems. These problems have limited a
wider industrial application of chemical fiber sur-
face treatments [4, 16–20]. Cold plasma is a sol-
vent-free technique with no liquid waste generated
and can therefore be considered as an environmen-
tally sound method. Also, the plasma-based surface
modification is restricted to a thin depth of the
material, e.g. the bulk properties of materials are
retained and it uses small quantities of monomers.
The surface functionalization can be carried out in
one step and several functional groups, e.g. OH,
COOH, NH2, CNH, can be grafted on polymer sur-
face depending on monomer selected [21–25]. de
Valence et al. [26] studied the effect of cold air
plasma treatment on the hydrophilicity of electro-
spun polycaprolactone scaffolds in order to improve
cell-material interactions and promote better tissue
regeneration for biodegradable vascular graft appli-
cations. They pointed out that the plasma treatment
significantly increased the hydrophilicity of the
scaffold and accelerated tissue regeneration without
compromising the mechanical strength, which are
valuable advantages for vascular tissue engineering.
Kaklamani et al. [27] pointed out that the active
screen plasma nitridizing (ASPN) treatment of
UHMWPE enhanced cell attachment without alter-
ing the mechanical properties and topography of the
polymer surface. They treated the UHMWPE with a
gas mixture 80% N2 and 20% H2 (v/v) at 2.5 mbar
pressure and 90°C followed by growth of 3T3
fibroblasts on the treated and untreated polymer
surfaces. The chemical properties of the ASPN-

treated UHMWPE surface were studied using X-
ray photoelectron spectroscopy, revealing the pres-
ence of C–N, C=N, and C!N chemical bonds. Parv-
inzadeh Gashti et al. [28] carried out the plasma
functionalization of PET using Ar/O2 (4:1) and NH3/
C2H4 (1:1) gas mixtures followed by incubation in
simulated body fluids (SBF) in order to investigate
the effect of the cold plasma process in the forma-
tion of bone-like hydroxyapatite (HAp). Their results
suggest that Ar/O2 and NH3/C2H4 plasmas as poten-
tially useful tools for bone tissue regeneration pro-
cedures. The use of the dielectric barrier discharge-
process (DBD) to generate a reactive cold plasma to
modify the surface chemistry of synthetic a natural
materials has been explored by several groups [24,
25]. It is characterized by relatively low engineering
costs, high speed, and simplicity compared to low-
pressure (vacuum) plasma techniques. Another
advantage from an industrial viewpoint is that con-
tinuous in-line processing can easily be performed.
The control of external plasma operational parame-
ters, such as frequency of discharges, exposure time
and flow rate of the monomer makes this technique
very promising for modifying the surface chemistry
and topography of henequen fibers, which can
thereby be tuned to design henequen surfaces com-
patible with high density polyethylene. In this work
we used DBD treatments with ethylene at atmos-
pheric pressure to modify the surface properties of
henequen fibers (HF), (Agave fourcroydes) and the
main goal was to improve their adhesion to HDPE.
A 23 factorial experimental design was used to study
the effects of the plasma parameters, frequency, flow
rate and exposure time, onto the HF tensile mechan-
ical properties and its adhesion to High Density
Polyethylene (HDPE). The chemical functionaliza-
tion and topography of the surfaces were analyzed
by means of PAS-FTIR and SEM to better under-
stand the surface modification.

2. Experimental
2.1. Materials
Henequen fibers with an average diameter of
180 µm and average length of 9 cm, supplied by
Desfibradora Yucateca, S.A. (DESFIYUSA Co.) of
Mérida, Yucatán, México were used. High density
polyethylene, HDPE (Petrothene) extrusion grade,
was supplied by Quantum Chemical Inc. A melt
flow index of 0.33 g/10 min was determined using
ASTM standard D-1238-79 at 190°C and a weight
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of 2160 g. A density of 0.96 g/cm3 was determined
using ASTM standard D-792-86 and benzene as an
immersion liquid. The melting point (135°C) was
determined in a DSC-7 Perkin Elmer calorimeter.
Ethylene (C2H4) (99%, INFRA, Guadalajara, Mex-
ico) and UHP Helium (99.99%, INFRA, Guadala-
jara, Mexico) were used as received without further
purification.

2.2. Plasma treatments and design of
experiments

2.2.1. Dielectric barrier discharge treatments
Dielectric barrier discharges were generated in a
parallel-plate reactor prototype described elsewhere
[29]. In a typical treatment, once the discharge gap
and the frequency had been selected, 9 cm long
henequen fibers were vacuum-oven dried, (60°C,
135 Torr, 12 h) and placed on the reactor, and then,
the reactor was closed. Helium was allowed to flow
(2 L/min) for a period of 5 min to free the reactor
chamber from air and other impurities. The ethyl-
ene reagent was then fed for 3 min and then the dis-
charge was ignited, selecting both flow and time of
discharge according to the experimental design. All
the reactions were carried out at atmospheric pres-
sure and room temperature (25°C). The reagent was
allowed to flow for one more minute in order to
quench the free radicals, and helium was fed again
at 2 L/min for 5 min to evacuate the reaction cham-
ber. The henequen samples were collected and stored
(overnight) in plastic bags until ready for further
analysis. Xylene extraction of henequen fibers in a
Soxhlet apparatus for 6 h after the ethylene-plasma
treatments was carried out at 120°C for 12 h in
order to make sure that the deposited layers could
not be easily removed by physical or chemical
means.

2.2.2. Statistical experimental design
A common method used to investigate the effects of
the values of the operational parameters (factors) on
a process is the usual approach of changing the
value of one factor at a time and noting its influence
on a given characteristic of the final product
(response). However, this method has some disad-
vantages: it requires a large number of trials and it
does not reveal the possible interactions between
factors. In contrast, factorial experimental designs
can be efficient when several factors (more than
two) are under study. By factorial design, it means

that in each complete trial all possible combinations
of the levels of the factors are investigated. The fac-
tors are commonly used at two levels. Normally, it
is assumed that the response is approximately linear
over the range of the factor level chosen. In a two-
level factorial design a (2k factorial design), it is
understood that the measured property y (the
response of the system) can be related with the exper-
imental variables through the polynomial first order
regression model shown in Equation (1):

y = b0+ b1X1 + b2X2 + b3X3 + b12X1X2 + b13X1X3 +
b23X2X3 + b123X1X2X3 + !                               (1) 

where, Xi is the coded values of the considered fac-
tors.
A two-level full factorial design 23 with five central
points was employed to investigate the effects of
the external plasma operational parameters: fre-
quency of discharges (A), plasma exposure time (B)
and the flow rate of ethylene (C) over the tensile
mechanical properties of henequen fibers and the
Interfacial Shear Strength (IFSS) between henequen
fibers and the HDPE. The levels of the three inde-
pendent variables studied are indicated in Table I.
They were selected on the basis of preliminary stud-
ies of this polymerization system [29].
For the convenience of handy data processing and
to simplify calculation of the regression coeffi-
cients, the independent variables investigated were
re-coded so as to give normalized variables varying
within the range of [–1, 1]. Thus, if A denotes the
natural variable plasma frequency; B the natural
variable exposure time of the fiber and C the ethyl-
ene flow rate, then the coded variables are calcu-
lated as Equation (2):

, ,

                                     (2)

The standard experimentation matrix is shown in
Table 2. Columns 2 to 4 give the variable levels

X3 5
C 2 0.604 L>min

0.414 L>min

X2 5
B 2 4.5 min

3.5 min
X1 5

A 2 145 Hz
25 Hz

X2 5
B 2 4.5 min

3.5 min
X1 5

A 2 145 Hz
25 Hz

X3 5
C 2 0.604 L>min

0.414 L>min

                                           Aguilar-Rios et al. – eXPRESS Polymer Letters Vol.8, No.7 (2014) 491–504

                                                                                                    493

Table 1. Levels of factors in experimental design

Levels
Factor

Frequency (A)
[Hz]

Exposure time (B)
[min]

Flow rate (C)
[L/min]

Lower (–1) 120 1.0 0.204
Higher (+1) 170 8.0 1.018



coded in the dimensionless coordinate while as
columns 5 to 7 give the natural variable levels.
A statistical analysis of the data was performed
using the commercial software Design Expert 7,
(Stat-Ease, Inc., Minneapolis, MN, USA). The analy-
sis of variance (ANOVA) provided a study of the
variation present in the results of the experiments
carried out and the test of statistical significance, p-
value, was determined according to the total error
criteria considering a confidence level of 95%. The
influence of a factor is considered significant if the
value of the critical level (p) is lower than 0.05; dis-
carding the meaningless parameters for p-values over
0.05 [30]. An empirical regression model encom-
passing all the operating variables and their binary
interactions was calculated for the dependent vari-
ables, tensile strength, tensile modulus and IFSS
between henequen fiber and HDPE. 

2.3. Mechanical properties
2.3.1. Tensile srength test
Single-fiber tensile tests were conducted according
to ASTM D3822-01 to determine the tensile strength
of treated and untreated henequen fibers using a
Shimadzu universal testing machine, Model AGS-X.
A single fiber was selected and cut to a length of
30 mm. The diameter of each henequen fiber tested
was measured at several points along its length
using an optical microscope Motic Digital Micro-
scope DMI 43 before the test. The henequen fibers
were conditioned at 60% RH and a temperature of
25°C before they were tested. The gauge length was
12.5 mm and the cross-head speed was set to
1 mm/min. The results of 15 single fiber tests were

evaluated in terms of tensile strength, tensile modu-
lus and elongation at break.

2.3.2. Interfacial shear strength test (pull-out test)
To measure the IFSS the pull-out test was used. In
this test, one end of the fiber is embedded in a block
of the polymer matrix and a force is applied to the
free end to pull it out of the matrix while the force is
continuously monitored and recorded. The average
IFSS can be calculated from the force at which the
debonding occurs using Equation (3):

                                                              (3)

where F is the maximum load measured prior to
debonding of the fiber, d is the fiber diameter and l
is the fiber embedded length [11, 14, 31, 32].

2.3.3. Preparation of the pull-out test sample
The pull-out specimens were made using the follow-
ing procedure: the henequen fibers were attached to
a frame using high temperature adhesive tape. Then,
they were placed between two sheets of HDPE and
the mold was subjected to a 1 ton constant pressure
at 180°C, in a Carver laboratory press for 10 min-
utes and then cooled to room temperature under
constant pressure. The specimens were cut in rec-
tangles of 3 cm"1 cm in such a way that one end of
the fiber was embedded along the main axis of the
rectangle. The nominal fiber embedded length was
produced by perforating the sample at a specified
position. The actual embedded length and the appar-
ent diameter of the fiber of each probe were recorded
with a Motic Digital Microscope DMI 43 (Cole

t 5
F
pdl

t 5
F
pdl
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Table 2. Experimental variables in the factorial experimental design 23 with five central points
Run

(Standard order) X1 X2 X3
A

[Hz]
B

[min]
C

[L/min]
Tensile strength

[MPa]
Tensile modulus

[MPa]
IFSS

[MPa]
1 –1 –1 –1 120 1.0 0.204 350.0 12.3 2.40
2 +1 –1 –1 170 1.0 0.204 340.0 12.0 3.00
3 –1 +1 –1 120 8.0 0.204 345.0 12.6 2.42
4 +1 +1 –1 170 8.0 0.204 335.0 12.4 2.30
5 –1 –1 +1 120 1.0 1,018 400.0 13.0 2.65
6 +1 –1 +1 170 1.0 1.018 380.0 12.7 2.35
7 –1 +1 +1 120 8.0 1.018 320.0 12.5 3.50
8 +1 +1 +1 170 8.0 1.018 310.0 12.7 2.60
9 0 0 0 145 4.5 0.611 365.0 12.8 2.64

10 0 0 0 145 4.5 0.611 367.0 12.7 2.63
11 0 0 0 145 4.5 0.611 362.0 12.7 2.67
12 0 0 0 145 4.5 0.611 364.0 12.1 2.62
13 0 0 0 145 4.5 0.611 363.0 12.7 2.60



Parmer Int., Vernon Hills, IL, USA) optical micro-
scope. The specimens were subjected to a tensile
force using a MINIMAT (Rheometric Scientific Inc.,
Piscataway, NJ., USA)  miniature testing machine
equipped with a 500 N load cell and the load-dis-
placement curve was recorded using a cross-head
speed of 1.2 mm/min. in all the experiments.

2.4. Surface characterization
2.4.1. Infrared spectroscopy (FTIR)
The henequen fibers were cut to an average length of
1.5 mm and then a FTIR analysis was performed on
a Nicolet model Protege 460 Magna IR (Nicolet
Inst. Corp., Madison, WI, USA) spectrometer using a
Photoacoustic attachment (MTEC Photoacoustics,
Inc., Ames, IA, USA). The spectra were recorded
with 60 scans, 4 cm–1 resolution a speed of 0.15 cm/s.

2.4.2. Scanning electron microscopy (SEM)
The henequen fibers were coated with gold and then
analyzed using a JEOL JSM-6360LV (JEOL de Mex-

ico, D.F, MX) scanning electron microscope oper-
ated at 20 keV.

3. Results and discussion
3.1. Surface characterization
3.1.1. SEM analyses
The surface morphology of the ethylene-plasma
treated henequen fibers at different conditions of
external operational parameters (frequency, expo-
sure time, flow rate) of atmospheric pressure DBD
ethylene-plasma are shown in Figure 1a–1d.
As it can be seen, the untreated fiber surface is rela-
tively more homogeneous than the ethylene-plasma
treated fibers. It can also be seen that there are some
changes in the fiber topography that suggest an
increment in fiber roughness and the formation of
tiny cracks or cavities for the plasma treated fibers
at conditions (120, 1.0, 1.018), see Figure 1b, com-
pared with the untreated ones displayed in Figure 1a.
A rougher surface morphology and several defects
in the form of cracks, pits and corrugations are pro-
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Figure 1. SEM micrograph ("350) showing the longitudinal section of henequen fibers (a) untreated; ethylene-plasma
treated: (b) (120, 1.0, 1.018); (c) (170, 1.0, 1.018) and (d) (170, 8.0, 1.018)



duced in the fibers treated at (170, 1.0, 1.018) can
be seen in Figure 1c. It is notorious that the incre-
ment in the frequency of discharges, results in an
increase of the deterioration of the fiber surface
because they are exposed to a greater amount of
energy during its residence time on the DBD reac-
tor. Also, the effect of exposure time on the fiber sur-
face topography is evident in Figure 1d where it can
be seen that the deterioration of the fiber surface is
more severe for the fibers exposed during 8 min to
the plasma discharges (170, 8, 1.018). A large amount
of crevices and torn microfibrils are evident because
the longer the time of treatment, the more severe is
the etching of the fiber surface than that resulting
from the increase in the frequency of the discharge.
These surface modifications are evident if Fig-
ures 1c and 1d are compared. Furthermore, Fig-
ures 1b–1d also depict the presence of a thin layer of
material (shown with arrows) indicating that expo-
sure of the fibers to the ethylene plasma, induced
the formation of a polymeric film. The amount of
polymer deposited seems to be larger with the time
of exposure (compare Figure 1b to Figure 1d) than
with an increment in the frequency of discharge
(compare Figure 1b to Figure 1c).

3.2. FTIR analyses
Figure 2 shows the infrared spectra of the ethylene-
plasma treated curve (a); the untreated henequen
fiber curve (b) and the difference between them
curve (c). In Figures 2#curve#(a, b) it can be seen that
both spectra, the untreated and the ethylene-plasma

treated henequen fibers, are very similar and shows
the absorbance peaks related to the characteristic
functional groups of a lignocellulosic fiber. The broad
and intense peak at 3400 cm–1 suggests hydrogen-
bonded O–H stretching vibration from the cellulose
and the lignin and to the water present on the fiber.
The bands in the range 2800–3000 cm–1 are related
to C–H saturated hydrocarbon stretching. The
shoulder at about 1730 is due to the carbonyl (C=O)
stretching of acetyl groups of hemicellulose. The
broad band around 1000–1300 cm–1 has been attrib-
uted to the C–O–C stretching vibration of cellulose
and hemicellulose. [33, 34]. A more detailed analy-
sis shows that definitely there are some differences
between the spectra of the fibers processed in the
plasma reactor and the untreated ones. In order to
highlight these differences the subtraction of both
spectra is plotted in Figure 2#curve#(c).
It can be observed that there are changes in the
3000–3500, 2800–3000 cm–1, and around 1600,
1460, 900 and 750 cm–1. The decrease in the 3400
peak could be attributed to the reduction of the O–H
hydrogen bonds in the surface of the fiber due to an
increment in its hydrophobicity, attributed to the
deposition of a hydrocarbon polymeric film, formed
during the exposure to the ethylene-plasma. The
appearance of the peaks at 2940 cm–1 (asymmetric
stretching) and 2840 cm–1 (symmetric stretching),
the peak at 1460 cm–1 (bending) and the peak at
750 cm–1 (rocking deformation) of methylene group
(–CH2–) suggest the presence of a hydrocarbon film
on the henequen fiber surface. Moreover, the peaks
at 3030, 1605 and at 905 cm–1 could be attributed to
the existence of vinyl groups in the deposited film
[35, 36]. Tibbit et al. [37], Donohoe and Wydeven
[38], Oran et al. [39] and Swaraj et al. [40] have
pointed out that the plasma polymerization of ethyl-
ene yields a plasma-polyethylene polymer with dif-
ferent structural characteristics with respect to that
obtained with conventional methods. The plasma-
polyethylene polymer possesses chemical crosslinks,
ramifications and unsaturated vinyl groups.

3.3. Fiber tensile test results
The determination of tensile properties of henequen
fibers is crucial because it gives a measure of how
much improvement in mechanical properties can be
expected when the fibers are incorporated in a poly-
mer matrix. The sensitivity of henequen fibers to
moisture content has been reported in the technical
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Figure 2. PAS-FTIR spectra of untreated and plasma treated
henequen fibers. (a) Plasma treated (120, 1.0,
1.018); (b) untreated (pristine) fiber and (c) dif-
ference (a)–(b) spectrum.



literature and it is known that the variation in mois-
ture content can affect the tensile properties of
fibers. Therefore, the fibers tested for tensile prop-
erties were equilibrated at 25°C and 60% relative
humidity (RH) before the testing. The typical stress-
strain curve of henequen fiber in tensile testing is
shown in Figure 3. The curves presented a non-linear
region starting at stress levels of 50 MPa or below.
This non-linear region, following the initial portion
of the stress–strain curve has been hypothesized to
be due to a collapse of the weak primary cell walls
and delamination between fiber-cells [10].
The knowledge of the internal structure of a
henequen fiber [10] allows for the elaboration of an
interpretation of its deformation mechanisms. The
first linear zone of the stress-strain curve corre-
sponds to a global loading of the cell walls. The
curved zone can be associated to a visco-elasto-plas-
tic deformation of the amorphous parts of the fiber
together with an alignment of the cellulose microfib-
rils with the fiber axis. Finally, after this rearrange-
ment, the third linear zone could be characteristic of
the elastic deformation of the microfibrils. Ethylene-
plasma treated fibers show a drop in the tensile
strength and elongation at break that can be partially
linked to the introduction of defects (e.g., cracks and
pits) onto the surface of the fibers after plasma treat-
ment, the longer the exposure to the plasma treat-
ment the higher the flaw population.

3.4. Interfacial shear strength test (pull out
test) results

The typical load-displacement curves for the pris-
tine henequen fiber and subjected to two different

conditions on the ethylene-plasma reactor in the
pull-out test are shown in Figure 4. It can be noted
that all the curves exhibit the non-linear behavior
characteristic of a ductile matrix [41].
However, once the load reaches its maximum value
there are clearly significant differences in the way
these curves drop. For the pristine henequen it can
be seen that the load increases gradually and when
it reaches a maximum value there is a smooth tran-
sition and it begins to decrease in a linear fashion
until the total embedded length of the fiber is pulled-
out. This behavior agrees well with the behavior of
a poor interphase that results because of the incom-
patibility between the hydrophilic fiber and the
hydrophobic matrix. This behavior shows a slight
change in the case of the henequen fibers treated at
(170, 1.0, 0.204) because the higher the roughness of
the plasma treated fiber the better the fiber-matrix
mechanical interlocking, i.e., the fiber-matrix interac-
tion is improved. For the (120, 1.0, 1.018) treated
fiber, the load-displacement curve depicts better
bonded interphase; after the interphase has failed,
the fiber can still be extracted in a controlled way
and friction was measured until the fiber was com-
pletely pulled-out. This behavior suggests a better
fiber-matrix interlocking and to the possible interac-
tion between the hydrocarbon film deposited onto the
surface with the HDPE matrix [11, 14–16, 18–20].
Henequen fibers are polar hydrophilic lignocellu-
losic fibers because they have a chemical composi-
tion consisting of cellulose (70% w/w), hemicellu-
lose (20% w/w), lignin (8%) and extractives (2%).
Cellulose consists of long chains of anhydro-D-glu-
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Figure 3. Typical stress-strain behavior of henequen fibers:
(a) untreated; ethylene-plasma treated: (b) (120,
1.0, 1.018) and (c) (170, 8, 1.018)

Figure 4. Typical average interfacial shear stress-strain
behavior of henequen fibers subjected to different
ethylene-plasma treatments: (a) (120, 1.0, 1.018);
(b) (170, 1.0, 0.204) and (c) untreated



copyranose units each bearing three hydroxyl groups
(one primary and two secondary moieties), with the
exception of the terminal ones. Valadez-Gonzalez et
al. [9] have pointed out that pristine surface henequen
fibers possess both acidic and basic sites since the
surface acid-base characteristics of cellulose and
lignin are different. While cellulose is strongly acidic,
lignin is more evenly bipolar, with a much weaker
acidity and a similar basicity than cellulose. The
acetyl groups in the hemicelluloses also contribute
to the basic character of the henequen fibers. On the
other hand, High density Polyethylene is a non-
polar hydrophobic thermoplastic matrix due to the
lack of reactive groups on its backbone chains and
therefore only can interact by non-dispersive Van
der Waals forces. Therefore, the adhesion between
henequen fibers and HDPE is expected to be poor at
the interface because of the different polarity. It is
known that the surface treatments modify the fiber
surface energy and so the nature of the fiber-matrix
interphase. Several reports in the literature pointed
out that the chemical surface treatment modifies the
fiber surface free energy, i.e., it changes the surface
dispersive and non-dispersive energies. Wettability,
by a HDPE matrix, of henequen fibers can be
improved by the action of ethylene plasma treat-
ments, due to the reduction of the polar components
of surface energy. The plasma-polymerized struc-
ture is usually complex but it is known that ethyl-

ene-based plasma-polymerized structures are highly
branched crosslinked and that they contain some
degree of unsaturation [37].

3.5. Factorial design analysis
The experimental values obtained for the selected
responses tensile strength, tensile modulus and
interfacial shear strength (IFSS) are presented in
Table 2.

3.5.1. Model fitting and statistical analysis 
The half-normal probability plot for tensile strength
and tensile modulus of henequen fibers and the
related to the henequen-HDPE IFSS are shown in
Figures 5a, 5b and 6 respectively.
The half-normal probability plot is a graphical tool
that uses the ordered estimated effects to help assess
which factors are important and which are unimpor-
tant. From the half-normal probability plot of |effects|
we should be able to identify the most important
factors since the estimated |effect| of an unimpor-
tant factor will typically be on or close to a near-
zero line, while the estimated |effect| of an important
factor will typically be displaced well off the line.
As can be seen in Figures 5a and 5b the exposure
time is the most important plasma operational
parameter for both tensile strength and modulus.
Followed by the interaction time"flow rate; the fre-
quency of discharge and last, the ethylene flow rate.
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Figure 5. Half-normal probability plot showing the effects of plasma operational parameters on tensile properties of
henequen fibers: (a) tensile strength and (b) tensile modulus



In the case of the IFSS, Figure 6, the three plasma
operational parameters studied are significant. How-
ever it can be seen that the interaction time"flow
rate is the most important whereas the frequency of
discharges is the most important among the main
effects.
The empirical relationships for tensile strength and
tensile modulus as determined by Design-Expert
software are shown in Equations (4), (5) and (6)
below after eliminating the non-significant main
effects and interaction terms:

FIB_TENSILE =
347.5 – 6.25A – 20.0B + 5.0C – 17.5BC         (4)

FIB_MODULUS =
12.46 – 0.075A – 0.26B – 0.16BC                   (5)

IFSS_FIBPLASMA =
2.63 – 0.071A + 0.07B + 0.10C – 0.16AB –
0.19AC + 0.24BC                                             (6)

The goodness of the regression model can be
assessed because the excellent agreement between
the experimental values and the predicted by the
model as can be observed in the Figures 7a, 7b and
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Figure 6. Half-normal probability plot showing the effects
of plasma operational parameters on Henequen-
HDPE Interfacial Shear Strength (IFSS)

Figure 7. Scatter diagram of predicted response vs. actual response for (a) tensile strength and (b) tensile modulus of ethyl-
ene-plasma treated henequen fibers

Figure 8. Scatter diagram of predicted response vs. actual
response for interfacial shear strength of ethyl-
ene-plasma treated henequen fibers-HDPE



for henequen fibers tensile strength and modulus
respectively, and in Figure 8, for henequen-HDPE
IFSS.

3.5.2. Response surface plot and contour plot
analyses of tensile strength and modulus

The response surfaces and contour plots are the
graphical representations of regression equation.
They provide a method to visualize the relationship
between the response and each variable, and the
interactions between any two tested variables. The
fitted response surface plot was generated by statis-
tically significant above model by Design-Expert
program to understand the interaction of the opera-
tional plasma parameters selected (independent
variables) on the tensile mechanical properties of
henequen fibers and their interfacial shear strength
with HDPE. The plots are shown in Figures 9–11
and were obtained from Equations (4), (5) and (6)
respectively. Two parameters of each model were
plotted at any one time on the X and Y axes with the
response variable (tensile strength, modulus or
IFSS) in Z axis. The other remaining parameter was
set constant. The shape of the contour plots (straight
or curved) indicates whether the mutual interactions
between variables are significant or not. A straight
contour plot indicates that the interactions between
related variables are negligible. A curved contour
plot indicates that the interactions between related
variables are significant. Analyses of the response
surfaces and their respective contour plots allowed
us to conveniently investigate the interactions
between any two variables, and locate the optimum
ranges of the variables efficiently such that the
response was maximized. The contour plot and the

corresponding surface plot for tensile strength
[MPa] of ethylene-plasma treated henequen fibers,
as a function of the exposure time [min] and the
ethylene-flow rate [L/min] are shown in Figures 9a
and 9b.
In Figure 9a it is observed that the highest fiber ten-
sile strength was obtained at high flow rates and
short exposure times. On another hand, the lowest
fiber tensile strength value is found at high expo-
sure times and high flow rates. This behavior high-
lights the importance of interaction between the
operational parameters since the effect of flow rate
depends on exposure time. At short times, (1 min),
it increases the fiber strength whereas at longer
times, (8 min), it decreases the fiber strength. We
can observe how this strong interaction results in a
‘twisting’ of the surface response. Another fact that
can be observed in Figure 9 is that the rate of change
of the tensile strength is higher at short times com-
pared with larger times, e.g. the sensibility of the
process is greater at short times and more robust at
longer ones.
The contour plot and the corresponding surface plot
for tensile modulus [MPa] of ethylene-plasma
treated henequen fibers, as function of exposure
time [min] and ethylene-flow rate [L/min] are shown
in Figures 10a and 10b. The general behavior of the
tensile modulus is similar to that of tensile strength,
i.e. the higher moduli were obtained at short times
of exposure and high flow rates; the smaller moduli
were found at longer times and high flow rates.
However the interaction between both operational
parameters, time of exposure and flow rate is weak
as can be seen the more straight contour lines in Fig-
ure 10a. The corresponding surface plot is slightly
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Figure 9. Contour plot (a) and the corresponding surface plot (b) of tensile strength of ethylene-plasma treated henequen
fibers



twisted and the rate of change of property is similar
at short and high exposure times. For the tensile mod-
ulus concern, it seems that the process is robust. In
other words the reactor condition for ethylene-
plasma treatments slightly affects the henequen
fiber modulus. The contour plot and the correspon-
ding surface plot for interfacial shear strength
[MPa] between henequen fiber and the HDPE ten-
sile strength [MPa] of ethylene–plasma treated
henequen fibers, as a function of exposure time
[min] and ethylene-flow rate [L/min] are shown in
Figures 11a and 11b. In Figure 11a it is observed
that the higher IFSS (3.5 MPa) between the ethyl-
ene-plasma henequen fibers and HDPE is accom-
plished at low frequency of discharges, high flow
rate of ethylene and longer exposure times. On
another hand, the smaller values of IFSS (2.3 MPa)
were obtained at high frequency, longer exposure
times and low flow rates. From these results it can
be seen that we can improve the IFSS by approxi-

mately 50% with a suitable choice of operational
parameters of DBD plasma reactor. The contour
lines shown in Figure 11a are curved, as can be
expected, because the interaction flow rate-expo-
sure time is statistically significant. Accordingly the
surface response is twisted and shows a complex
behavior at slow flow rates and short exposure
times. Another fact that can be observed in Fig-
ure 11a is that the rate of change of IFSS is greater
at longer exposure times than at short ones.
For example, increasing the ethylene flow rate from
0.21 to 1 L/min, it increases the IFSS from 2.4 to
2.46 MPa (2.5%) at exposure times of 1 min, whereas
it increases from 2.43 to 3.4 MPa (40%) at expo-
sures time of 8 min.

4. Conclusions
In order to improve the bonding between henequen
fibers and High Density Polyethylene their surface
modification was realized by exposing them to eth-
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Figure 10. Contour plot (a) and the corresponding surface plot (b) of tensile modulus of ethylene-plasma treated henequen
fibers

Figure 11. Contour plot (a) and the corresponding surface plot (b) for Interfacial shear strength of ethylene-plasma treated
henequen fibers-HDPE



ylene dielectric barrier discharge (DBD) plasma
operating at atmospheric pressure. The present
study indicates that individual operational parame-
ters in DBD plasma treatment have different effects
on the properties of henequen fibers and on its bond-
ing with HDPE. The statistical analysis approach
used here has determined that the chosen plasma
operational parameters, frequency of discharges,
exposure time and ethylene flow rate, have a selec-
tive effect on the nature and scale of the polymer
modification that occurs in each case. The results
shows that  the conditions on the plasma  reactor
leads to a significant change in bonding between
henequen fibers and HDPE as determined by the
IFSS determined by means of the pull-out test. It was
also found that the interactions between, exposure
time-flow rate and frequency-flow rate, have more
impact on the IFSS. The processing conditions that
improve the IFSS to a great extent were frequency
120 Hz, exposure time 8 min and ethylene flow rate
1.018 L/min. Also, if a frequency 170 Hz, exposure
time 8 min and flow rate 0.204 L/min had been cho-
sen, the IFSS would have dropped to its minimum
value. The SEM results show that the exposure to
plasma modifies the morphological properties of
the fibers increasing their roughness. The FTIR
results suggest the presence hydrocarbon-like poly-
mer film, with some vinyl groups, that, it could react
with the HDPE, deposited onto the fibers. These
findings suggest that the improvement in the
henequen-HDPE bonding could be the result of
enhancing the mechanical interlocking, due the
increment in roughness, and the possible reaction of
the vinyl groups present in the hydrocarbon-like
polymer film deposited onto the fiber.
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1. Introduction
Toughening of carbon fiber/epoxy composites has
attracted a long-standing attention [1–4]. One of the
most effective methods is by coating the carbon
fibers with a ductile polymeric material to modify the
mode of failure and thus the potential energy absorb-
ing capacity of their composites [5–7]. However,
many researches showed that thin coatings were
finite in toughening the composites whereas thick
coatings resulted in the reduction of composite
strength and modulus [8, 9]. In our previous study
[10–13], similar results showing that the prolonga-
tion of the flexible blocks increased the thickness of
the flexible layer and as a result the interfacial shear

strength decreased due to the low cohesive strength
and modulus of the flexible chains, were also
obtained. Therefore, achievement of a ductile inter-
layer that has both high cohesive strength and large
deformation capacity is one of the most effective
methods to toughen the CF/epoxy composites with-
out any significant loss in strength of the composite.
There are various approaches to improve the strength
and modulus of polymers. For instance, as we known,
the strength of polymer is mainly reflected in the
chemical bond of the main chain and the intermole-
cular force, and thus to increase the polarity of the
polymer or generate hydrogen bond may improve
the strength of the polymer. Secondly, the introduc-
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tion of the rigid polymer chain groups (such as
phenyl, etc.) or increasing the degree of branching
of the molecular chain will increase the strength of
a polymer to some extent. In addition, the polymer
chains with a suitable crosslinking can effectively
increase the intermolecular forces, consequently
avoiding the relative slippage of the molecular chains.
As the degree of crosslinking increases, the deforma-
tion of the molecular chain will be reduced. There-
fore, in this way, cohesive strength and deformation
ability of polymers can be effectively controlled.
Among the physical and chemical crosslinking meth-
ods [14, 15], photo-crosslinking exhibits consider-
able advantages, including mild reaction condi-
tions, minimum byproduct formation, absence of
potential toxic catalysts and initiators and easily con-
trolled processing [16]. Consequently, in recent years
there has been an increasing interest in utilizing
photo-crosslinking as a means of biomaterial prepa-
ration in the field of medicinal and biomedical sci-
ence [17–21]. However, to our knowledge, introduc-
tion of photosensitive materials into the interface
between carbon fibers and resin matrix has never
been reported.
In our previous study [13], we designed a series of
diblock copolymers poly(n-butylacrylate)-b-poly
(glycidyl methacrylate) (PnBA-b-PGMA) and intro-
duced them into the interface between carbon fibers
and epoxy resin. The assembly behavior of the
grafted diblock copolymers at the interface was
proved to be that the flexible PnBA block, having
poor compatibility with the resin matrix, forms the
interfacial flexible layer on the fiber surfaces, while
the other block PGMA can react with the epoxy
resin and stretch into the matrix. The introduction of
the flexible layer could uniformly disperse the stress
at interface, decrease the stress concentration, relax
the residual stress and improve the toughness of the
composites. However, when the PnBA block was too
long, large deformation of the flexible layer would
lead to easier interfacial slippage or damages due to
the low cohesive strength and modulus of the PnBA
block, resulting in the decreased interfacial shear
strength.
Therefore, in this paper, we aim to improve the cohe-
sive strength and modulus of the flexible chains and
consequently control the deformation ability of the
flexible interlayer through the formation of the
interfacial network structure via photo-crosslink-
ing. Following our previous consideration, we design

and synthesize a diblock copolymer (poly(n-buty-
lacrylate)-co-poly(2-hydroxyethyl acrylate))-b-
poly(glycidyl methacrylate) ((PnBA-co-PHEA)-b-
PGMA) by atom transfer radical polymerization
(ATRP). On one hand, the hydroxyl groups of the
PHEA moieties in the flexible blocks can react with
the functional groups on carbon fiber surfaces. On
the other hand, the photo-crosslinkable groups (such
as methacrylic groups, cinnamic groups, etc.) can be
introduced into the flexible blocks by reacting with
the hydroxyl groups. Additionally, by adjusting the
molar ratio of nBA/HEA, the introduced amount of
hydroxyl groups and thus the photo-crosslinkable
groups can be controlled. With the introduction of
such photo-crosslinkable groups into the interface,
an interfacial network structure can be received
under the ultraviolet (UV) irradiation. Afterwards,
microbond test was employed to estimate the for-
mation of the interfacial network structure in car-
bon fiber (CF)/epoxy resin composite.

2. Experimental section
2.1. Materials
The resin used in this study was the two part E-
51(618)/T-31 epoxy system, provided by Shanghai
Resin Factory Co. Ltd. Carbon fibers (CFs) (T700-
12K) were purchased from Toray Industries, Inc.
N,N,N!,N!,N"-pentamethyldiethylenetriamine
(PMDETA, Aldrich, 99%), #-Bromoisobutyryl bro-
mide (Aldrich, 98%), 2-Hydroxyethyl acrylate (HEA,
Aldrich, 96%), and methacryloyl chloride (TCI Co.,
Ltd, 80%) were used as received. n-Butyl acrylate
(n-BA Shanghai Lingfeng Chemical Reagent Co.,
Ltd, AR grade) and glycidyl methacrylate (GMA
Shanghai Yuanji Chemical Co., Ltd, AR grade) were
purified by passing through a neutral aluminum
oxide column, distilling under reduced pressure and
then keeping in the presence of 4 Å molecular sieve
prior to use. CuBr (Sinopharm Chemical Reagent
Co., Ltd, AR grade) and CuCl (Sinopharm Chemical
Reagent Co., Ltd, AR grade) were purified by wash-
ing with glacial acetic acid, followed by absolute
ethanol and ethyl ether and then dried under vacuum.
Toluene (Aldrich, 99.8%) and triethylamine (TEA,
Aldrich, 99%) were dried over calcium hydride
(CaH2) and then distilled under reduced pressure.
Cyclohexanone (Shanghai No.1 Chemical Plant,
AR grade) was also distilled under reduced pressure
before use.
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2.2. Polymerization procedures
2.2.1. Synthesis of diblock copolymer

(PnBA-co-PHEA)-b-PGMA
The diblock copolymer (PnBA-co-PHEA)-b-PGMA
was synthesized in two steps by atom transfer radi-
cal polymerization (ATRP), which depicted in Fig-
ure 1.
In a typical procedure, the random copolymer PnBA-
co-PHEA was first synthesized. The monomers of
HEA and nBA dissolved in cyclohexanone were
charged in a three-neck round-bottom flask (250 mL),
followed by adding the catalyst CuBr and ligand
PMDETA with a ratio of 1:1. After being degassed
and back-filled with nitrogen three times, the solu-
tion became a stable complex under a continuous
stirring. Then the initiator EBriB was injected in it
via a syringe, simultaneously immersed in a ther-
mostated water bath of 70°C to initiate the polymer-
ization. When the polymerization was stopped, the
polymer solution was diluted with THF, passed
through a column of neutral alumina to remove Cu-
catalyst. After concentrated and precipitated twice
in ether, and once more in methanol/water (1:1), the
random copolymer Br-terminated PnBA-co-PHEA
was dried under vacuum and then used as macroini-
tiator to initiate the polymerization of diblock
copolymers.
Second, the diblock copolymer (PnBA-co-PHEA)-
b-PGMA was synthesized in a similar manner to the
polymerization of PnBA-co-PHEA, except Br-ter-
minated PnBA-co-PHEA was used as the macroini-
tiator, CuCl as the catalyst, GMA as the monomer
and n-hexane as precipitator. After the polymeriza-
tion was conducted in a 30°C water bath for 3 h, the
diblock copolymer was purified in a similar way to

that described for the random copolymer Br-termi-
nated PnBA-co-PHEA.

2.2.2. Synthesis of copolymer PnBA-co-PMEA
To study the ability of the copolymer PnBA-co-
PHEA to introduce photosensitive groups and sub-
sequent photopolymerization upon UV irradiation,
copolymers poly(n-butylacrylate)-co-poly(2-metha -
cryloyloxyethyl acrylate) (PnBA-co-PMEA) were
prepared as follows: first, the as-prepared copoly-
mers Br-terminated PnBA-co-PHEA, dissolved in
toluene, and excess anhydrous TEA were charged
into a 500$mL, three-necked, round-bottom flask,
which was cooled at 0°C in ice water. Then metha -
cryloyl chloride, diluted with dry toluene, was added
dropwise under a nitrogen environment. The reac-
tion mixture was kept stirring at room temperature
for 2 days, followed by filtering carefully to remove
triethylamine hydrochloride salt. After being concen-
trated and precipitated twice in n-hexane, the end-
product was finally dried under vacuum overnight
at 40°C. The synthetic illustration of PnBA-co-
PMEA was shown in Figure 1.

2.3. Treatment of carbon fibers
2.3.1. Pre-treatment of carbon fibers
The carbon fibers as received were first extracted
with acetone and petroleum ether in a Soxhlet appa-
ratus for 24 h respectively, and then dried under
vacuum at 60°C, denoted as CF0. Then, the chemi-
cal oxidation of CF0 was performed by refluxing in
nitric acid (HNO3) for 5 h at 100°C. The end-prod-
uct was finally washed with distilled water to neu-
tral PH, and dried under vacuum overnight at 60°C,
named CF-COOH.
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Figure 1. Synthetic routes of the copolymers (PnBA-co-PHEA)-b-PGMA and PnBA-co-PMEA



2.3.2. Grafting of diblock copolymers onto CFs
The as-prepared CF-COOH was immersed in thionyl
chloride and stirring at 70°C for 24 h. The residual
thionyl chloride was removed by reduced pressure
distillation, giving acyl chloride-functionalized CF-
COCl. Then, 2.4 g (PnBA-co-PHEA)-b-PGMA dis-
solved in 120$mL anhydrous dioxide was added
immediately. The reactor was degassed under vac-
uum and back-filled with pure nitrogen for three
times, and elevated temperature to 90°C. Finally,
CFs grafted with diblock copolymer (PnBA-co-
PHEA )-b-PGMA were taken out after 48 h, and
extracted with acetone in a Soxhlet apparatus for 48 h
to remove the physisorbed copolymers. After dried
under vacuum overnight at 40°C, the grafted end-
product was denoted as CF-PHEA. The typical
grafting procedure was described as Figure 2.

2.3.3. Methacrylic functionalization of
copolymers

A dried round bottom made-to-order reactor equipped
with stirrer and pressure equalizing addition funnel
was charged with 0.5 g CF-(PnBA-co-PHEA)-b-
PGMA and 150 mL of dry toluene. After stirring for
15 min to mix uniformly under nitrogen atmosphere,
1.2 mL of triethyl amine were added in under con-
tinuous stirring. Subsequently, 0.5$mL methacryloyl
chloride, diluted with 25 mL of dry toluene, were
added dropwise to the reactor. After reacting at room
temperature for 2 days under nitrogen atmosphere
and continuous stirring, the CF-(PnBA-co-PMEA)-
b-PGMA was obtained and named CF-PMEA. The
schematic illustration of the preparation of CF-

PMEA was shown in Figure 2. After that, the sam-
ples of CF-PMEA were extracted with THF in a
Soxhlet apparatus for 24 h, and then dried under
vacuum overnight at 40°C before use.

2.3.4. UV irradiation
The random copolymers PnBA-co-PMEA were first
dissolved in THF and uniformly coated on glass
slide. After solvent evaporation, the films of the ran-
dom copolymers adhered to glass slide, were exposed
to a 1000 W high-pressure mercury lamp (LT-101,
Blue Sky UV and IR Techmology Development Co.)
with a distance of around 10 cm for a certain time.
The carbon fibers grafted with diblock copolymers
(PnBA-co-PMEA)-b-PGMA were divided into two
groups to subject to UV irradiation. One was first
incorporated with epoxy resin and cured, then sub-
jected to UV irradiation, denoted as curing-cross -
linking samples; the other was first subjected to UV
irradiation and then incorporated with epoxy resin
and cured, named as crosslinking-curing samples.
The samples were subjected to UV irradiation in a
similar manner with that of the random copolymers.

2.4. Preparation of the microbond testing
samples

The detail of the preparation of CF/epoxy micro-com-
posite for microbond test was same as that used in
our previous study [22].

2.5. Instrument and measurements
Fourier transform infrared (FTIR) spectra of samples
were recorded on a Thermo Electron Corporation
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Figure 2. Schematic illustration of grafting block copolymer onto CF and subsequent methacrylic functionalization of the
grafted copolymers



Nicolet 5700. The block copolymers were ground
with potassium bromide (KBr) and pressed into
pieces before FTIR test. CFs grafted with copoly-
mers was recorded by attenuated total reflection of
Fourier transform infrared spectroscopy (ATR-
FTIR) using Ge crystal plate and Smart iTR acces-
sory.
1H-NMR spectra were recorded in deuterated ace-
tone using a Bruker DSX 300 MHz spectrometer
with the typical acquisition parameters.
A twice-detector gel permeation chromatography
(GPC), equipped with an refractive index detector
(Wyatt Technology Corp., Optilab REX) and a multi-
angle static laser light scattering detector (Wyatt
Technology Corp., DAWN HELEOS), was used to
determine the absolute molecular weight and molec-
ular weight distribution of diblock copolymers. The
GPC was operated at a normal flow rate of
1 mL/min at 45°C, DMF with 0.05M LiBr used as
eluent.
Scanning electron microscopy (SEM) was applica-
ble to investigate the surface morphology of the car-
bon fibers. Samples were fixed to a platform with
conductive tape, vacuum-dried and sputtered with
gold. Images were taken on a HITACHI S-4800
scanning electron microscopy, operating at 15 kV.
A TA DMAQ800 dynamic mechanical thermal ana-
lyzer (USA) was employed to test the glass transi-
tion temperature of samples. The random copoly-
mers were loaded into the lower tray of powder
clamp used in conjunction with a dual cantilever
clamp, and then placing the upper cover plate on top
of the sample. After the filled clamp was installed,
the test was performed from –60 to 80°C at 3°C/min
with constant oscillation amplitude of 20 µm and
frequency of 1 Hz.
The microbond test was performed on a YG004A
Electronic single fiber tensile strength tester, pro-
vided by Changzhou No.2 Textile Machinery Co.
Ltd. The interfacial shear strength (IFSS) was cal-
culated as in the literature [23] and more than 30
specimens were successfully tested for each com-
posite.

3. Results and discussion
3.1. Structure characterization of copolymers
Figure 3 shows the FTIR spectra of the obtained
copolymers PnBA-co-PHEA and (PnBA-co-PHEA)-
b-PGMA. The absorption peaks at 2960 and
2870 cm–1 represent the alkane C–H stretching vibra-

tions. The characteristic peak at 3430 cm–1 is
assigned to the characteristic absorption of –OH
group. The strong characteristic peak at 1730 cm–1

is attributed to the C=O stretching vibration. The
absorption peaks at 1165 and 1070 cm–1 correspond
to the characteristic absorption of C–O group. These
characteristic absorption peaks suggested that the
monomer nBA and HEA were involved in the ATRP
copolymerization. Furthermore, comparing with
PnBA-co-PHEA, the FTIR spectrum of (PnBA-co-
PHEA)-b-PGMA exhibited the characteristic peak of
the epoxy ring at 909 and 841 cm–1, indicating the
successful synthesis of the block copolymer (PnBA-
co-PHEA)-b-PGMA by ATRP.
The structure of the copolymer PnBA-co-PHEA was
also characterized by 1H-NMR. Based on the com-
position of copolymers determined by 1H-NMR, the
reactivity ratio of HEA/nBA monomer pair is esti-
mated to be rHEA = 1.505 and rnBA = 0.894 by Kelen-
Tüd%s method, which has been reported in our pre-
vious paper [24], suggesting that the PnBA-co-
PHEA was random copolymers. Therefore, there is
a uniform random distribution of hydroxyl groups in
PnBA-co-PHEA and thus the photosensitive groups
in copolymer PnBA-co-PMEA after the esterifica-
tion of hydroxyl groups with methacryloyl chloride,
which may reduce the phenomenon that the local
crosslinking density is too large during the forma-
tion of the interfacial crosslinking network.
The absolute molecular weights and molecular
weight distributions of the synthesized copolymers
were determined by GPC. The RI traces of GPC of
PnBA-co-PHEA and (PnBA-co-PHEA)-b-PGMA
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Figure 3. FTIR spectra of copolymers PnBA-co-PHEA and
(PnBA-co-PHEA)-b-PGMA



were presented in Figure 4, and the calculated val-
ues for random copolymers PnBA-co-PHEA were
listed in Table 1. It can be seen that both GPC traces
of the random copolymer and block copolymer in
Figure 4 are unimodal, and their molecular weight
distributions is relatively narrow (M—w/M—n), as seen
in Table 1. A series of random copolymers of various
polymerization degrees and molar ratio of nBA/
HEA were successfully synthesized. Besides, the
eluent time for block copolymer is smaller than that
of the random copolymer, and the peak of the block
copolymer is shifted toward higher molecular
weight position in Figure 4, indicating that the ran-
dom copolymers can further initiate the polymer-
ization of GMA monomers to prepare some kinds
of block copolymers. Furthermore, the polymeriza-
tion degree of GMA can be calculated from the
absolute molecular weight and is about 100~110 for
all the diblock copolymers.

3.2. Surface analysis of carbon fibers
The ATR-FTIR spectra of CF0 and CF-PHEA are
shown in Figure 5. Compared to CF0, some new
peaks of ester (–C=O, 1730 cm–1), ether (–C–O–C,
1165 and 1070 cm–1) and epoxy ring (909 and

841 cm–1) that are all the characteristics of pure
(PnBA-co-PHEA)-b-PGMA (Figure 3) appeared in
ATR-FTIR spectra of CF-PHEA, indicating that
(PnBA-co-PHEA)-b-PGMA chains have been suc-
cessfully grafted onto CF surfaces.
It can be also seen from SEM micrographs of CFs
(see Figure 6) that, the CF0 desized the commercial
coatings has a relatively smooth surface (Figure 6a),
whereas for the grafted CF, there are a few poly-
mers deposited on the fiber substrate, resulting in a
rough surface as shown in Figure 6b. Since the CFs
were thoroughly washed by acetone to remove the
physisorbed polymers after the grafting reaction, it
would be reliable to conclude that the block copoly-
mer (PnBA-co-PHEA)-b-PGMA was successfully
chemically-grafted onto carbon fiber surface.

3.3. Photo-crosslinking of random copolymer
PnBA-co-PMEA

To study the ability of the random copolymer
PnBA-co-PHEA to introduce photosensitive groups
and subsequent photopolymerization upon UV irra-
diation, the copolymer PnBA-co-PMEA was syn-
thesized and initiated photopolymerization. Figure 7
shows the 1H-NMR and ATR-FTIR spectra of the
random copolymer PnBA-co-PMEA.
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Figure 4. The RI traces of GPC of copolymers PnBA-co-
PHEA and (PnBA-co-PHEA)-b-PGMA

Table 1. Molecular weights, distributions and molar ratio of nBA/HEA of the synthesized random copolymers PnBA-co-
PHEA

Random copolymers M—n, GPC
[g/mol]

M—w, GPC
[g/mol] M—w/M—n

Molar ratio of
nBA/HEA

(PnBA-co-PHEA)190 23 400 31 920 1.36 160:30
(PnBA-co-PHEA)220 28 470 33 940 1.19 160:60
(PnBA-co-PHEA)300 37 410 53 600 1.43 260:40
(PnBA-co-PHEA)310 40 910 53 760 1.31 210:100
(PnBA-co-PHEA)320 40 260 54 060 1.34 160:160

Figure 5. ATR-FTIR spectra of CF0 and CF-PHEA



It can be found from Figure 7a that the peak of the
methylene protons adjacent to the hydroxyl groups
in random copolymer PnBA-co-PHEA at 3.8 ppm
[24] completely disappeared. The peak (a) at 1.9 ppm
is assigned to the methyl protons in methacrylic
(MA) groups, while the peak (b1 + b2) at 4.0 ppm is
due to the methylene protons adjacent to the MA
groups. From the intensity of the two isolated and
sharp peaks, we could accurately calculate their
molar ratio to be 3/3.96, which is extremely close to
that when the hydroxyl groups in PHEA moieties
are totally substituted by the MA groups (3/4). Thus,
it can be concluded that methacrylic functionaliza-
tion of the random copolymer PnBA-co-PHEA,
giving PnBA-co-PMEA, was completed under the
reactive condition in this study.
The ATR-FTIR spectra of random copolymers
PnBA-co-PMEA before and after UV irradiation

are shown in Figure 7b. Compared with the FTIR
spectrum of PnBA-co-PHEA (see Figure 3), the char-
acteristic peak at 1636 cm–1 attributed to stretching
vibration of the double bonds in methacrylic groups
was observed, indicating the successful esterifica-
tion of methacryloyl chloride with hydroxyl groups
of the random copolymer PnBA-co-PHEA. After
UV irradiation, the infrared absorption intensity at
1636 cm–1 of methacrylic double bonds in copoly-
mer PnBA-co-PMEA decreased. This is attributed
to the photopolymerizationof the methacrylic dou-
ble bonds upon UV exposure, reported by many
researchers [25–28] and schematically shown in
Figure 8. Consequently, the content of methacrylic
double bonds in PnBA-co-PMEA copolymers sig-
nificantly reduced, corresponding to the decreased
absorption intensity at 1636 cm–1 as illustrated in
Figure 7b.
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Figure 6. SEM micrographs of CF0 (a) and CF-PHEA (b)

Figure 7. (a) 1H-NMR spectrum of random copolymer PnBA160-co-PMEA40; (b) ATR-FTIR spectra of copolymers PnBA-
co-PMEA before and after UV irradiation



The glass transition temperatures (Tg) of the copoly-
mers PnBA160-co-PHEA160 and PnBA160-co-
PMEA160 were evaluated by DMA and shown in
Figure 9. It was found that all of the copolymers
exhibited a single glass transition peak, conforming
to the characteristic of the random copolymers.
Compared to PnBA-co-PHEA, PnBA-co-PMEA
that introduces MA groups, had no obvious increase
in the glass transition temperature, only shifting from
–27.7 to –26.2°C. This suggested that the photo-
crosslinkable copolymer PnBA-co-PMEA retained
the good flexibility of the random copolymer block.
However, after UV irradiation, the transition loss
peak decreased in intensity, broadened, and shifted
to higher temperature of –16.5°C, which is the char-
acteristic of crosslinking reaction and indicates the
formation of the crosslinked network structure by
the photopolymerization reaction [29]. It is noted
that the glass transition temperature is still below
zero temperatures, implying that the random copoly-

mer block after UV irradiation is a lightly cross -
linked polymer and acts as an elastomer.

3.4. Formation of interfacial network
structure

3.4.1. Physical crosslinking by H-bonds
Undoubtedly, the interfacial molecular structure can
significantly determine the mechanical properties
of interface region such as strength and modulus
etc. and thus the bonding of fiber-interface region
and interface region-matrix. Therefore, interfacial
adhesion strength may be, in some cases, a response
to interfacial molecular structure as matrix and fiber
are fixed. In this paper, we first measured the inter-
facial shear strength of CF-PHEA/epoxy and CF-
PMEA/epoxy micro-composites, respectively to
investigate the variation of the interfacial molecular
structure.
Figure 10 showed the IFSS results of epoxy resin
micro-composites reinforced with different CFs.
Due to the increased oxygen-containing functional
groups on CF surface by oxidation, the IFSS value
of CF-COOH composite increase d from 29.8±2.8
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Figure 8. Schematic illustration of photopolymerization of copolymers PnBA-co-PMEA

Figure 9. DMA curves of various copolymer samples
(a) PnBA-co-PHEA; (b) PnBA-co-PMEA with-
out UV irradiation; and (c) PnBA-co-PMEA after
UV irradiation for 30 min

Figure 10. Influence of surface modification on the interfa-
cial shear strength of CF/epoxy micro-compos-
ites (260:40, 210:100 and 160:160 are the molar
ratio of nBA/HEA or nBA/MEA in the grafted
copolymers with the same length of PGMA)



to 34.9±1.4 MPa, in consistent with the results of our
previous study [13]. Furthermore, with the introduc-
tion of diblock copolymers (PnBA-co-PHEA)-b-
PGMA or (PnBA-co-PMEA)-b-PGMA into the inter-
face, the interfacial adhesion of the composites was
further improved, partly resulting from that the
PGMA blocks in diblock copolymers can be involved
in the curing reaction of the epoxy matrix. On the
other hand, the existence of the interfacial flexible
layer, forming by the other blocks PnBA-co-PHEA
or PnBA-co-PMEA, can effectively transfer loads
through its deformation and chain-movement, con-
tributing to the increased IFSS values in CF-PHEA
and CF-PMEA composites.
It was noted that all the IFSS values of CF-PHEA/
epoxy composite are higher than those of the corre-
sponding CF-PMEA/epoxy composite as illustrated
in Figure 10. For CF-PHEA/epoxy composite, since
the PHEA moieties in the grafted diblock copoly-
mer contain many hydroxyl groups, it is easy to form
the H-bonds between the PHEA moieties in the
flexible layer (see Figure 11) [30]. It can be also
reflected from the result in Figure 10 that the Tg of
PnBA-co-PMEA is only slightly higher than that of
PnBA-co-PHEA. It is supposed to be that the sub-
stitution of MA groups (methacrylic double bonds)
for hydroxyl groups can strongly increase the Tg of
PnBA-co-PMEA, but this effect is partly offset by
the destroy of the H-bonds due to the disappearance
of hydroxyl groups. However, in the CF-PMEA/
epoxy composite, the interfacial structure without
crosslinking possesses low cohesive strength and
modulus, although PnBA-co-PMEA has higher Tg
than that of PnBA-co-PHEA. Thus, the formation
of the interfacial network structure in CF-PHEA/
epoxy composite, crosslinking by H-bonds, improved
the strength and modulus of the flexible layer to a

certain extent, and thereby the interfacial shear
strength.
Furthermore, we can see that with an increase in the
molar units of PHEA in the random copolymer
PnBA-co-PHEA from 40 to 100 and 160, the IFSS
value had a slight decrease. This indicates that the
hydroxyl groups in PHEA moieties prefer to form-
ing the H-bonds between each other, rather than
being involved in the curing reaction of the epoxy
resin in the presence of the PGMA blocks, because
if the hydroxyl groups tend to involve in the curing
reaction, the increase in the molar units of PHEA
will be beneficial to the improvement in the interfa-
cial adhesion. The slight decrease in IFSS resulted
from that the total length of the flexible chain
increased from 300 (PnBA/PHEA = 260:40) to 310
(PnBA/PHEA = 210:100) and 320 (PnBA/PHEA =
160:160). A more significant trend to decline was
observed in the CF-PMEA/epoxy composite due to
the destruction of the physical crosslinking by H-
bonds. The increase in the total length of the flexi-
ble chain resulted in the larger deformation and inter-
facial slippage or damages, and thus the IFSS value
of the CF-PMEA/epoxy composite decreased more
significantly and from 40.15±1.4 to 38.3±1.5 MPa
and 36.0±1.4 MPa.

3.4.2. Crosslinking by chemical bonds
In this section, the carbon fibers grafted with diblock
copolymers (PnBA160-co-PMEA160)-b-PGMA were
subjected to UV light for irradiation before and
after being incorporated with the epoxy resin, respec-
tively. The fibers that were first incorporated with
epoxy resin and cured, then subjected to UV irradi-
ation, are denoted as curing-crosslinking samples;
while those with the treatment steps contrary to the
above ones are named as crosslinking-curing sam-
ples. During the UV irradiation, the PMEA moieties
in the grafted copolymers reacted with each other, as
discussed in section 3.3, resulting in the crosslink-
ing of flexible layer by chemical bonds. The IFSS
values of the CF-PMEA/epoxy resin composites
after UV irradiation for different time (15 and 20 min)
through the two processes, respectively, are pre-
sented in Figure 12.
For the curing-crosslinking samples, the random
copolymers PnBA-co-PMEA assembled into many
hemispheres to form a perfect interfacial flexible
layer on carbon fiber surface due to an entropic
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Figure 11. Illustration of the formation of the interfacial
network structure crosslinking by H-bonds



repulsion during the curing process of the compos-
ite (see Figure 13) [10]. In this case, the unreacted
low-molecular-weight epoxy resin and curing agent
would be very hard to enter into the assembled flex-
ible layer during the following process. Therefore,
such an interfacial assembled structure that can
release stress and uniformly transfer load, was per-
fectly retained after UV irradiation, resulting in the
obviously increased interfacial shear strength, from
36.0±2.1 to 44.5±2.0 MPa for 15 min and
47.4±2.1 MPa for 20 min. However, since the molec-
ular movement of the assembled hemispheres was
difficult, the photo-crosslinking reactions between
the PMEA moieties may tend to occur inside the
isolated hemispheres. Thereby, the crosslinking
between the hemispheres is less than the crosslink-
ing inside the hemispheres, resulting in the cross -
linked flexible interlayer with a regularly latticed
distribution of crosslinking degree. Such an interfa-

cial crosslinked structure can preferably retain the
whole deformation ability of interface, but may
lead to the local over-crosslinking inside the hemi-
spheres as the crosslinking reaction proceeding.
When the carbon fibers were first irradiated with
UV light, the PMEA moieties in the grafted copoly-
mers reacted with each other, forming the crosslink-
ing networks in the flexible layer, which could be
very difficult to reassemble in the following com-
pounding process with epoxy resin. In this case, the
grafted diblock copolymers, existing in a single
chain, had strong motion ability before UV irradia-
tion, beneficial to the crosslinking reaction and con-
sequently the improvement of the crosslinking
degree of the flexible blocks. Furthermore, due to the
low molecular weight of the unreacted epoxy resin,
some of the matrix polymer chains and the curing
agent could diffuse into the photo-crosslinking net-
work in the curing process. Therefore, the interfa-
cial photo-crosslinked network and the epoxy cured
network would form an interpenetrating crosslinked
network structure in the interface region as illus-
trated in Figure 13. Such an interfacial network struc-
ture possesses high strength and modulus, which
will benefit for the load transfer at the interface.
Therefore, the interfacial adhesion between carbon
fiber and epoxy resin was strongly enhanced, corre-
sponding to the results (as seen in Figure 12) that
the IFSS value sharply increased to 47.4±2.1 MPa
after UV irradiation for 15 min, and 49.3±1.4 MPa
for 20 min.
However, it should be noted that for the CF-PMEA/
epoxy composite with the crosslinking-curing
process, because of the formation of the interpene-
trating crosslinked network and especially the small
deformation ability of the epoxy crosslinked net-
work, the whole deformation of the interfacial layer
could be dramatically reduced, and thus the interfa-
cial toughness of the composite may be decreased
accompanying with the improvement of the interfa-
cial adhesion.

4. Conclusions
In this study, a series of diblock copolymers (PnBA-
co-PHEA)-b-PGMA containing one flexible ran-
dom copolymer block PnBA-co-PHEA were suc-
cessfully synthesized by ATRP. On one hand, the
hydroxyl groups of the PHEA moieties in the flexi-
ble blocks can react with the functional groups on
carbon fiber surfaces. On the other hand, the photo-
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Figure 12. Effect of photo-crosslinking on IFSS of carbon
fibers grafted with diblock copolymers (PnBA160-
co-PMEA160)-b-PGMA/epoxy resin composite

Figure 13. Illustration of the formation of the interfacial net-
work structure crosslinking by chemical bonds



crosslinkable MA groups can be introduced into the
flexible blocks by reacting with the hydroxyl
groups. Due to the existence of the hydroxyl groups
in the PHEA moieties, an interfacial network struc-
ture crosslinking by H-bonds was formed. While
with the introduction of the photo-crosslinkable
MA groups into the interface, an interfacial network
structure crosslinking by chemical bonds was
finally received by UV irradiation before (cross -
linking-curing) and after (curing-crosslinking) CF
incorporated with epoxy resin.
Microbond test showed that the formation of the
interfacial network structure via photo-crosslinking
greatly improved the cohesive strength of the flexi-
ble blocks, corresponding to the increased Tg, and
thus effectively retained the whole deformation
ability of the flexible interlayer. Furthermore, due
to the formation of the interpenetrating crosslinked
network structure between the photo-crosslinking
network and the epoxy crosslinking network in the
crosslinking-curing process, which possesses high
strength and modulus and thus benefit for the load
transfers of the interface, the interfacial properties
of the CF/epoxy composites cured by the curing-
crosslinking process and by crosslinking-curing
process were slightly different. Consequently, the
interfacial shear strength increased from 36.0±2.1
to 40.5±2.5 MPa for the interfacial network struc-
ture crosslinking by H-bonds, 47.4±2.1 MPa for
20 min UV irradiation in the curing-crosslinking
process, and 49.3±1.4 MPa in the crosslinking-cur-
ing process.
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1. Introduction
Polymers that derived from biomass have received
considerable attention due to the sustainability issue
and environment concern. Poly(hydroxyalkanoates)
(PHAs) are synthesized and accumulated intracellu-
larly by a number of micro-organisms [1, 2]. The
best-known PHA is poly(3-hydroxybutyrate) (PHB)
discovered in Bacillus megaterium by Lemoigne in
1926 [3]. PHB is a semi-crystalline thermoplastic
with niche applications due to its biocompostability
under both aerobic and anaerobic conditions, biocom-
patibility and renewable nature [4]. The mechanical
and thermal properties of PHB are similar to those

of poly(propylene). However, poly(propylene) can-
not be substituted by PHB yet since there are many
drawbacks which limit the applications of PHB,
e.g. high production cost, poor processability and
brittleness.
The brittleness of PHB is ascribed to large spherulites
and cracks inside of the spherulites [5]. Conse-
quently, PHB has low elongation at break (!b ~3%)
and low impact toughness ("i ~2 kJ/m2) [6]. Tech-
niques such as synthesis of PHB copolymers by
biological modification [7–9], blending [6, 10–14]
and improvement on processing conditions [15, 16]
have been developed to minimize the drawbacks.
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Synthesis of PHB copolymers could improve the
toughness but compromise the strength and crystal-
lization rate. On the other hand, blending is prefer-
ably used to toughen PHB.
The toughness of PHB could be improved by incor-
poration of rubbers. The "i was increased by 440%
after addition of epoxy natural rubber using maleated-
poly(butadiene) as a compatibilizer [10]. The !b of
PHB was increased to 10% after addition of 20 wt%
poly(hydroxyoctanoate) accompanied by a consid-
erable reduction in tensile strength, crystallization
temperatures (Tc) and melting temperatures (Tm)
[11]. The !b of PHB was even increased by a factor of
50 after addition of cellulose nanowhiskers using
poly(ethylene glycol) as a plasticizer [12]. In another
study, the ductility of poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV, HV content = 12 mol%)
was considerably enhanced by incorporation of
20 wt% bisphenol-A (BPA) ascribing to a formation
of hydrogen bond network between the two compo-
nents [13]. The yield stress and "b of the PHBV/BPA
(80/20, wt/wt) blend were reported to be 16 MPa
and 370% respectively. In our previous study, both !b
and "i of PHB were increased by melt blending with
biodegradable copolymers, i.e. poly(d,l-lactic acid)
and poly(butylene succinate). The !b and "i were fur-
ther improved via in situ compatibilization using per-
oxide as a free radical initiator [6, 14].
Blending is an effective and economic route to
improve mechanical properties of polymers, how-
ever the toughness of PHB was only increased to a
certain extent by blending with immiscible (co-)poly-
mers. Some miscible (co-)polymers were blended
with PHB in literatures such as poly(methyl metha -
crylate) [17], poly(ethylene oxide) [18] and poly
(vinyl acetate) [19]. However, the effect of the mis-
cible (co-)polymers on the mechanical properties of
PHB was rarely studied. PHB-based thermoplastic
elastomer (TPE) was even less reported.
The prime objective of this paper is to provide a
method to prepare partially bio-based thermoplastic
elastomers by physical blending PHBM and poly(eth-
ylene-co-vinyl acetate) (EVA) copolymer. In the
first part, the effect of vinyl acetate (VA) content on
the miscibility, morphology and mechanical proper-
ties of the PHBM/EVA blends were investigated. In
the second part, mechanical properties and morphol-
ogy of the miscible PHBM/EVA blends were stud-
ied in detail and a mechanism for the thermoplastic
elasticity was proposed based on the relation between

properties and morphology. The thermoplastic elas-
tomeric behavior of PHBM via melt blending with
EVA, to the best of the authors’ knowledge, has not
been reported yet, which might broaden the appli-
cation range of this polymer.

2. Experimental details
2.1. Materials
Commercial grade poly(hydroxyalkanoate)s (Mirel™
M6000) was supplied by Metabolix, Inc. USA, which
is a mixture of poly(3-hydroxybutyrate) and poly
(3-hydroxybutyrate-co-4-hydroxybutyrate). Since
the two components are miscible, the mixture shows
single phase morphology and thus is referred to as
PHBM in this paper. EVA copolymers (Levapren®

EVM) with VA contents from 40 to 90 wt% were
supplied by Lanxess Chemical Co., Ltd.. The EVA
with VA content of x wt% is coded as EVAx in this
paper. The parameters of each grade EVA are shown
in Table 1. Behenamide (analytical standard) as a
nucleating agent was purchased from Fluka. All the
materials were used as received.

2.2. Blend preparation
The PHBM and EVA copolymers were dried at 50°C
in a vacuum oven for 12 hours before use. PHBM/
EVA blends with 0.5 wt% of behenamide based on
the weight of PHBM were prepared in a twin-screw
mini-extruder at 170°C for 3 min. The speed of
screw was 90 rpm.
Two series of blends were studied:
–#PHBM/EVA (80/20, wt/wt) blends with varying

the VA content in EVA copolymers from 40 to
90 wt%;

–#PHBM/EVA90 blends with compositions of
100/0, 90/10, 80/20, 70/30, 50/50, 30/70 and
0/100 (wt/wt).

The extrudates of PHBM/EVA blends were com-
pression-molded into sheets (0.6 mm in thickness)
at 175°C for 2 min and then cold compression-
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Table 1. Characteristics of EVA copolymers

aTested according to IS289/ASTM D 1646.
bMeasured by DSC at a heating rate of 10°C/min.

Sample
code

VA content
[wt%]

Mooney viscositya

ML (1+4) 100°C
[MU]

Density
[kg/m3]

Tgb

[°C]

EVA40 40±1.5 20±4 980 –32
EVA50 50±1.5 27±4 1000 –29
EVA60 60±1.5 27±4 1040 –28
EVA70 70±1.5 27±4 1080 –20 
EVA90 90±2.0 38±6 1150 14



molded for 15 min. The compression-molded sam-
ples were used for further characterizations. It has to
be addressed that the degradation of PHBM/EVA
blends under the above processing conditions were
not so serious as evidenced by a relatively stable
torque values of the mini-extruder as a function of
processing time.

2.3. Characterizations
Scanning electron microscope (SEM): SEM (Quanta
600-F-ESEM, FEI, the Netherlands) was used to
characterize the phase morphology of the PHBM/
EVA blends. The samples were first cryo-microtomed
at –80°C with a diamond knife and then sputter-
coated with a thin gold layer at 65 mA for 45 sec-
onds before observation.
Transmission electron microscope (TEM): TEM was
performed on the PHBM/EVA90 (80/20, wt/wt) sam-
ples using a Tecnai 20 microscope, operated at
200 kV. Ultrathin sections (~100 nm) were pre-
pared at –80°C using a Leica Ultracut S/FCS micro-
tome. No staining was applied because PHBM and
EVA copolymers have enough electron density con-
trast according to our previous study.
Two types of mechanical behavior were studied at
room temperature:
–#Universal tensile properties of the samples were

measured by using a Zwick Z100 tensile tester at
a crosshead speed of 10 mm/min. The narrow par-
allel-sided portion of the dumbbell-shaped tensile
bar was 12 mm in length, 0.6 mm in thickness and
2 mm in width.

–#Hysteresis cycle tests were performed on the same
tensile tester. The dumbbell-shaped tensile bar
was first stretched to 500% elongation with no
hold time imposed at extension, after which the
crosshead direction was immediately reversed to
170% elongation. The cross-head speed of stretch-
ing and recovering is 10 mm/min. Three repeat-
ing cycles were tested.

Dynamic mechanical analysis (DMA): DMA was
carried out on a DMAQ800 (TA Instruments, USA)
with a tensile-film mode. The specimens (13.0$6.5$
0.6 mm3) were measured from –60 to 170°C at a fre-
quency of 1 Hz, with a constant amplitude of 10 µm
and a temperature ramp of 3°C/min. The storage
modulus and loss modulus were recorded as a func-
tion of temperature.
Differential scanning calorimetry (DSC): DSC analy-
sis is performed on a DSC Q1000 (TA Instruments,

USA). The samples were heated from –50 to 190°C.
The first heating DSC scans were recorded and the
glass transition temperatures (Tg) were obtained
from the first heating DSC curves.
Polarized optical microscope (POM): Thin films of
PHBM/EVA blends were cryo-microtomed from
the compression-molded sheets. The spherulite mor-
phology of each film was observed by using a Zeiss
LM Axioplan microscope under polarization mode.
The spherulite growth rate (G) of PHBM was meas-
ured by using the microscope in combination with a
Linkam hot stage. Thin film of each sample was first
heated to 190°C to erase thermal history, then
quenched to designed temperatures, i.e. 70–130°C at
a cooling rate of 60°C/min, and kept at the designed
temperatures for isothermal crystallization. The
radii of the spherulites (r, [µm]) were recorded as a
function of time (t, [min]). The spherulite growth
rate (G) was obtained via equation G = %r/%t.

3. Results and discussion
3.1. Effect of VA content on the miscibility

and morphology of PHBM/EVA blends
A first insight in miscibility and phase separation of
two (co-)polymers is comparing their solubility
parameters (#). Two polymers may show miscible
behavior if their solubility parameters are close to
each other. An example is about poly(vinyl acetate)
(PVAc) and PHBM whose solubility parameters are
9.6 and 9.1 (cal/cm3)1/2 respectively [20]. The solu-
bility parameters of the EVA copolymers vary
between the # of LDPE (8.3 (cal/cm3)1/2 [20] and
the # of PVAc depending on composition. Thus, the
miscibility between PHBM and EVA could be tuned
by varying composition of the EVA copolymers.
The miscibility of polymers can be indicated by
analysis of the glass transition temperatures (Tg) in
their blends. The storage modulus (E&) and loss mod-
ulus (E') of the PHBM/EVA blends from dynamic
mechanical analysis (DMA) are presented in Fig-
ure 1. The peak temperatures of the E' are referred
to as Tg of the corresponding components. The neat
PHBM and the PHBM/EVA90 (80/20, wt/wt) blend
show single Tg of –1.3 and 8.3°C respectively. Each
of the other samples displays two separate Tg, one for
the PHBM phase (Tg-PHBM) and the other for the EVA
phase (Tg-EVA), as noted in Figure 1. The glass tran-
sition temperatures of the PHBM/EVM90 blends
were investigated as a function of EVA90 content,
as shown in Figure 2. Only single Tg is detected for
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each PHBM/EVA90 blend. Moreover, the Tg shows
strong dependence on compositions. These results
indicate that PHBM is thermodynamically miscible
with EVA90 but is immiscible with the other EVA

copolymers. The values and variation trend of the
storage modulus (E&) of the PHBM are slightly
affected by addition of 20 wt% of the EVA copoly-
mers since PHBM is a matrix.
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Figure 1. Storage modulus (E&) and loss modulus (E') of
the PHBM and the PHBM/EVA (80/20, wt/wt)
blends. The E' curves were shifted in the y axis to
avoid overlaps.

Figure 2. Glass transition temperatures (Tg) of the PHBM/
EVA90 blends as a function of EVA90 contents.
The Tg is measured by using DSC and DMA
respectively

Figure 3. SEM images (scale bar = 5 µm) of the PHBM/EVA (80/20, wt/wt) blends as a function of VA contents:
(a) 40 wt%, (b) 50 wt%, (c) 70 wt% and (d) 90 wt%. The EVA domains are indicated by arrays in PHBM matrix.
The slight orientation of the morphology in these images is resulted from section-preparation (microtome). A
TEM image of the PHBM/EVA90 (80/20, wt/wt) is shown as an inset in image d.



The morphology of PHBM/EVA (80/20) blends as a
function of VA content is shown in Figure 3. Phase
separation occurs between the PHBM and EVA
when VA content is less than 70 wt%, indicating an
immiscible feature. Since the vinyl acetate seg-
ments are miscible with the PHBM matrix, [19] the
interfacial properties of the PHBM/EVA blends are
improved with an increase in VA content. The parti-
cle size of the EVA40 in the blend is relatively large
(~3 µm) being ascribed to a high interfacial tension.
The EVA particle size is decreased to ~1 µm with
increasing the VA content to 70 wt% (Figure 3a–3c).
On the other hand, no phase separation is observed
in the PLA/EVA90 blend (Figure 3d) as they are
miscible. It has to be remarked that heterogeneities
and oriented pattern on the PHBM/EVA90 surface
(Figure 3d) are caused in sample preparation (micro-
tome) process. The single-phase morphology of the
PHBM/EVA90 blend is further confirmed by TEM
characterization as shown by the inset in Figure 3d.

3.2. Effect of VA content on the mechanical
properties of PHBM/EVA blends 

Miscibility and morphology are crucial to mechani-
cal properties of a polymer blend. Tensile properties
of the PHBM/EVA (80/20, wt/wt) blends as a func-
tion of VA content are investigated and shown in
Figure 4. All the blends show yielding behavior
during tensile test. The maximum tensile strength
("m-t) of the blends increases gradually with the VA
content. The highest "m-t (30 MPa) and elongation at
break (!b = 150%) are obtained at the VA content of
90 wt%. The E-modulus of the blends varies between
600 and 800 MPa when the VA content increases
from 40 to 90 wt%, as shown in Figure 4b. Neat
PHBM is rigid with "m-t and !b of 36 MPa and 5.6%

respectively (see Figure 5), thus the ductility of
PHBM was improved by addition of 20 wt% EVA.

3.3. Mechanical properties of PHBM/EVA90
blends

EVA90 is the most promising among the studied
EVA grades in improving mechanical properties of
PHBM (Figure 4), therefore the mechanical behav-
ior of the PHBM/EVA90 blends are investigated in
detail, as shown in Figure 5.
The stress-strain curves of the PHBM/EVA90 blends
are shown in Figure 5a. EVA90 shows typical stress-
strain behavior of an elastomer. In contrast, PHBM
is brittle with high tensile stress and low elongation
at break. It fractures without yielding (Figure 5a
curve 1). The PHBM/EVA90 (80/20, wt/wt) shows
strong strain-softening followed by a weak strain-
hardening. Consequently this blend breaks at rela-
tively low elongation, as shown in Figure 5a curve 2.
Strain-softening is an indication of strain localization.
If the strain cannot be delocalized brittle fracture
would occur. It is known that strain can be delocal-
ized via strain-hardening resulting in tough materials
[21]. The strain-softening behavior becomes less pro-
nounced with increasing the EVA90 content up to
70 wt%, while the strain-hardening becomes more
pronounced. As a consequence, the blends with high
EVA90 content behave as thermoplastic elastomers
(TPE) or thermoplastic vulcanizates (TPV) [22].
Figure 5b shows the yield stress ("y) and yield
strain (!y) of the PHBM/EVA90 blends. The "y
decreases monotonically with increasing EVA90
content accompanied by an increase in !y indicating
an enhanced ductility. The "m-t and !b of the blends
(Figure 5c) show similar trends as the "y and !y
respectively. Remarkably, the !b of the PHBM is
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Figure 4. Tensile properties of the PHBM/EVA (80/20, wt/wt) blends as a function of VA contents. (a) maximum tensile
strength and elongation at break and (b) E-modulus.



increased by a factor of more than 140 after addi-
tion of 30–50 wt% of the EVA90. Meanwhile, the
"m-t is much higher than the "y, notably at high
EVA90 content because of the pronounced strain-
hardening. In addition, E-modulus of the blends
decreases with increasing the EVA90 content, as
shown in Figure 5d. These results display elastic
behavior of the PHBM/EVA90 blends.

3.4. Strain-recovery behavior of
PHBM/EVA90 blends 

The PHBM/EVA90 blends show high and fast strain-
recovery within a short time (>60% within 4 min),
as demonstrated in Figure 6. The strain-recovery fea-
ture remains in the repeating cycles. These results
indicate good elasticity and rubbery characters of the
blends. Meantime, the PHBM/EVA90 blends exhibit
notable stress-strain hysteresis which is a character-
istic feature of thermoplastic elastomers [23] The
lower content of the EVA90 the more remarkable
hysteresis. It is also noticed that the hysteresis mainly
occurs in the first hysteresis stress-strain cycle since

the second and third cycles are close to each other
(the 3rd cycle is not shown here to make the curves
more readable). EVA90 shows very similar strain-
recovery behavior as the blends (Figure 6d). Hence,
the existence of EVA90 might be one of the key rea-
sons for the elastic behavior of the PHBM/EVA90
blends.

3.5. Mechanism of the thermoplastic elasticity
of PHBM/EVA90 blends
Heterogeneities are needed for toughness of poly-
mers while crosslink is required for elasticity. As
discussed above, the PHBM/EVA90 blends show
typical thermoplastic elasticity. However, neither
heterogeneities nor chemical crosslinks exist in the
blends. It thus would be of interest to reveal the
mechanism of the thermoplastic elasticity of the
blends.
A typical route to make TPE is by blending a plastic
with an immiscible rubber in combination with
dynamic crosslinking. [24–26] In such process the
rubber phase is crosslinked and re-dispersed in the
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Figure 5. Mechanical behaviour of the PHBM/EVA90 blends as a function of EVA90 contents. (a) stress-strain curves,
(b) yield stress and yield strain, (c) maximum tensile strength and elongation at break and (d) E-modulus. The
stress-strain curves of 1–6 in Figure 5a correspond to the PHBM/EVA90 blends with the EVA90 content of 0, 20,
30, 50, 70 and 100 wt% respectively, and the initial stage of the stress-strain curves is inset in Figure 5a to clarify
the yielding behavior of the samples.



plastic phase. The re-dispersed rubber phase inter-
connects leading to good elastic properties and the
properties are affected by rubber particle size, e.g.
TPE (or TPV) from poly(propylene)/ethylene-propy-
lene-diene rubber blends [22]. The other route to pre-
pare TPE is by making block copolymers contain-
ing both soft and hard segments, e.g. thermoplastic
poly(urethane) (TPU) and styrene-b-butadiene-b-
styrene copolymers (SBS) [27, 28].
PHBM is a brittle semi-crystalline thermoplastic. The
brittleness of PHBM is ascribed to large spherulites
and cracks in the spherulites [5]. Therefore, the crys-
tallization behavior (e.g. morphology and crys-
tallinity) is important to its mechanical properties.
In this study, the crystallization of PHBM in the
blends was complete since no cold crystallization
peaks were detected from the first heating DSC
curves, as shown in Figure 7. The crystallinity (Xc)
of PHBM is around 38% in the samples (Figure 8)
calculated via equation Xc = %Hm/(%H0·W)·100%,
where %H0 is the melt enthalpy of 100% crystalline
PHB (146.6 J/g) [29], %Hm is the measured melt

enthalpy of PHBM in the blends, W is the weight
fraction of the PHBM in the blends. Although the
Xc of PHBM was similar in different samples, the
crystallization kinetics, crystal morphology and the
Xc of the blends (obtained via equation Xc =
%Hm/%H0·100%) show strong dependence on the
compositions.
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Figure 6. Hysteresis stress-strain curves of the PHBM/EVA90 blends as a function of EVA90 contents: (a) 30 wt%,
(b) 50 wt%, (c) 70 wt% and (d) 100 wt%. The 1st and 2nd cycles are indicated by Arabic numerals in the figures.

Figure 7. The first heating DSC curves of the PHBM/EVA90
blends as a function of EVA90 contents: (a) 0 wt%,
(b) 10 wt%, (c) 20 wt%, (d) 30 wt%, (e) 50 wt%,
(f) 70 wt% and (g) 100 wt%



It was reported that crystallization kinetics of PHB
were slowed down by addition of miscible PVAc.
[19]. Similar behavior was observed in the PHBM/
EVA90 blends e.g., the spherulite growth rate (G) of
the PHBM decreases with increasing the EVA90 con-
tent, as shown in Figure 8. As a result, the spherulite
morphology of the PHBM/EVA90 blends was
improved by addition of the EVA90, which was
studied by using polarized optical microscope
(POM), as shown in Figure 9.
Large spherulites (~150 µm) with cracks are
observed in neat PHBM (Figure 9a) resulting in
brittleness of the PHBM. The spherulite size was
reduced to 50–100 µm after addition of 10–20 wt%
of the EVA90, leading to a notable improvement in
the toughness. Due to the decrease in G and the
presence of nucleating agents, a large number of
spherulites with sub-µm dimensions are uniformly
dispersed in the PHBM/EVA90 blends when the
EVA90 content is higher than 30 wt% (Figures 9d,
9e and 9f). Such morphology is associated with the
above discussed thermoplastic elastomeric proper-
ties. The EVA90 molecules are diluted in the PHBM
matrix when the EVA90 content is lower than
20 wt%, whereas the EVA90 molecules may inter-
entangle at high content (>30 wt%) in the blends.
Since the EVA90 is amorphous and rubbery (Fig-
ure 9g and Figure 5a), it exists as random coil in the
amorphous region of the blends, i.e. between PHBM
lamellae and between spherulites. The lamellae and
fine spherulites play a role of physical crosslink
points of the amorphous PHBM and the rubbery
EVA90 molecules resulting in a thermoreversible

network. The network is schematically illustrated in
Figure 10a. The stress under deformation can be
delocalized by stretching the random coils and the
physical network (Figure 10b), thus toughness and
ductility of the blends are obtained. The deformation
can be recovered to a high degree when the stress is
removed because random coil is the favorable state
of the rubbery molecules, as illustrated in Figure 10a–
10b. Consequently, this special structure results in
high elasticity of the PHBM/EVA90 blends. Another
advantage is that the blends are easily processable
after melting and show elastic behavior after crystal-
lization, as illustrated in Figure 10a–10c.

4. Conclusions
The properties of poly(hydroxyalkanoate)s (PHBM,
Metabolix) were modified by poly(ethylene-co-vinyl
acetate) (EVA) using a melt-blending technique.
The miscibility between the PHBM and EVA were
studied via thermal analysis (DMA and DSC) and
microscopy (SEM and TEM). The PHBM is immis-
cible with EVA at VA content lower than 70 wt%,
while is miscible with EVA90 which contains
90 wt% of VA. The effect of VA content on the
mechanical properties of the PHBM/EVA (80/20,
wt/wt) blends was studied. The PHBM/EVA90
(80/20, wt/wt) blend shows higher maximum ten-
sile strength ("m-t) and larger elongation at break (!b)
than the others. PHBM is brittle and stiff with high
"m-t and low !b. It is toughened by 20 wt% of the
EVA90 showing notable stress yielding and high
elongation at break. Interestingly, thermoplastic
elastomeric behavior of the PHBM/EVA90 blends
was achieved when the EVA90 content is higher than
30 wt%, i.e., high !b (>800%), good strain-recovery
and moderate E-modulus (<500 MPa). The thermo-
plastic elastomeric properties of the PHBM/EVA90
blends are associated with their structures. Crystal-
lization of the PHBM occurred in the PHBM/EVA90
blends upon cooling. Since the EVA90 is thermody-
namically miscible with the PHBM it exists among
the PHBM crystals (lamellae and spherulites). More-
over the spherulite growth rate of PHBM is reduced
in the presence of EVA90 which results in small
spherulite size but large in numbers. Consequently
the PHBM crystals, e.g. the large number of fine
spherulites act as crosslink points leading to a phys-
ical network in the blends. The physical network
and elastic EVA90 molecules are considered to be
responsible for the thermoplastic elastomeric prop-
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Figure 8. Crystallinity (Xc) of the PHBM and the PHBM/
EVA90 blends and spherulite growth rate (G) of
the PHBM as a function of EVA90 contents. The
G presented in Figure 8 was measured at 90°C
while it shows similar trend at other temperatures
(not shown here).
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Figure 9. Polarized optical microscope images (scale bar = 50 µm, same magnification) of the PHBM/EVA90 blends as a
function of EVA90 contents: (a) 0 wt%, (b) 10 wt%, (c) 20 wt%, (d) 30 wt%, (e) 50 wt%, (f) 70 wt% and
(g) 100 wt%. The images were taken from compression molded samples. The average spherulite size is shown on
the top left of each image.



erties. Therefore, a new class of partially bio-based
thermoplastic elastomers (bio-TPE) is designed and
prepared which has potential application in substi-
tution of conventional TPE materials.
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1. Introduction
The wetting properties of superhydrophobic sur-
faces have received worldwide and tremendous
attention [1] since the dual hierarchical structure of
the lotus leaf was discovered [2]. Lotus-Leaf-like
superhydrophobic surfaces, exhibit an amazing prop-
erty for not only being wetted by water leading to a
self-cleaning effect [3], but also for their great advan-
tages in applications. In recent years, superhy-
drophobic surfaces are widely used in the human
body implant materials [4], microfluidic tools [5],
Calix azacrown [6], tunable optical lenses [7], lab-
on-chip systems [8]. The wettability of the surface

is influenced by its chemical composition and mor-
phology [9], because chemical composition deter-
mines the surface free energy, and a lower surface
energy leads to higher hydrophobicity. Addition-
ally, the hierarchical structure (micro roughness
covered with nano roughness) was not only neces-
sary for a high contact angle (CA) but essential for
the stability of the water-solid and water-air inter-
faces [10] (the composite interface). For example,
Wang et al. [11] prepared cauliflower-like silica nano -
spheres with tunable wettability through regulating
chemical compositions. The chemical etching method
[12] used to prepare the superhydrophobic CuO
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surfaces with tunable adhesion by controlling the
etching time to control the morphology. However,
these reports mainly focused on realizing control-
lable wettability by different means, rather than the
reversibility and did not consider the transition of
the reversible. 
Functional surfaces with controlled wetting proper-
ties responsive to external stimuli become more
attractive for both the scientific interest and the prac-
tical application due to the wide range of their poten-
tial applications. A variety of approaches including
appropriate external stimuli [13], and exchange of
counterions [14] can dynamically trigger the
reversible wettability conversion. The external stim-
uli-responsive superhydrophobic materials have
been intensively studied, and many positive results
have also been obtained [15]. External stimuli, such
as light illumination [16], temperature [17], curva-
ture driven [18], ion pairs driven [19], pH [20], can
change the surface conformation or morphology of
stimuli-sensitive materials, thus resulting in the
change of wettability. However, most of these wet-
ting surfaces are responsive to only single stimulus,
such as temperature, optical or electric field, and
this may be the limitation in many important practi-
cal applications with complex environments, such
as biological devices, which often need the surface
can respond to more than one stimulus simultane-
ously [21]. It is, therefore, desirable to design dual-
or multiresponsive surfaces to meet with the needs
of double or multi-stimulation in complex environ-
ments.
Multiple functional and responsive surfaces with
special wettability and reversible properties, espe-
cially thermal-sensitive and photo-sensitive sur-
faces, have an extensive range of application in many
important fields [22–24]. Recently, several thermally,
pH, or optically responsive smart interfacial materi-
als that can switch between superhydrophilicity and
superhydrophobicity or hydrophobicity and super-
hydrophobicity have been reported [25–27]. For the
responsive superhydrophobic surfaces, it is neces-
sary to graft some responsive groups, onto the sur-
face of inorganic materials or organic compounds
for example, a temperature-responsive polymer poly
(N-isopropyl acrylamide (PNIPAAm) [28], reversible
pH-responsive group [29], photosensitive materials
[30], such as spiropyram [31], coumarin [32] and
azobenzene [33, 34]. Therefore, grafting functional
group or polymer with a responsive group onto the

inorganic sphere surface to construct multi-respon-
sive superhydrophobic materials is a feasible method,
and the most effective method to achieve the goal is
the click chemistry [35] which can fabricate the
core-shell structure. Additionally, it is convenient to
tune the surface roughness by controlling click
reaction cycles [35, 36] to obtain hierarchical struc-
tures with different sizes of SiO2. Coumarin and its
derivatives are one of the most common used to
prepare for photo-sensitive materials, such as the
superhydrophobic materials [32], which are poten-
tially applied in biological and medical fields [37–
39]. Reversible addition-fragmentation chain trans-
fer polymerization (RAFT) is an effective method
to synthesize living/controlled polymer and now
have been applied in polymerizing PVAc [40],
PHEMA [41], P4VP [42], PNIPAAm [43], PS [44]
etc. The high degree of compatibility with a wide
range of functional monomers and good tolerance
of water and oxygen in the systems make RAFT
technique has been widely used in the synthesis of
functional polymers. For example, coumarin and its
derivatives have been successfully grafted onto the
chain of polymer by living free radical polymeriza-
tion [45, 46].
In this work, we report a method for the fabrication
of photo- and thermal-sensitive superhydrophobic
surface by the combination of RAFT and click chem-
istry, resulting in that the block polymers are grafted
onto the surface of silica nanosphere. The strategies
in our work not only improve the grafting rate
between the organic group and inorganic materials
by click chemistry (thiol-NCO), but also increase the
stability of the superhydrophobic materials. More-
over, the copolymers containing coumarin and N-
isopmpylacrylamide group can be easily synthesized
by RAFT polymeric technology, and a superhy-
drophobic surface can be designed and constructed
by using the multiple responsive block polymers
which synthesized by RAFT polymeric technology.
To the best of our knowledge, it is the first time to
fabricate photo-sensitive and thermal-sensitive
superhydrophobic surfaces by the combination of
‘click’ chemistry and RAFT polymeric technology,
and graft the block polymer onto the silica surface.
Therefore, it would provide a new pathway to fabri-
cate multiple responsive superhydrophobic sur-
faces, and other responsive superhydrophobic sur-
faces can be designed and prepared by this method.
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2. Experimental section
2.1. Materials
All the other chemicals were analytical grade and
used as received without further purification. 7-
Hydroxy coumarin (7-AC) was received from Ziyan
Chemical Co. Ltd (Lianyungang, China). 1,6-dibro-
mohexane , silica nanoparticle and N-Isopropylacry-
lamide (NIPAAm recrystallized twice from benzene/
hexane) was purchased from Aladdin Co. Ltd.
(Shanghai, China). 2-Cyanoprop-2-yl-dithiobenzoate
(CPDB), N, N-dimethyl-formamide (DMF), petro-
leum ether  and ethyl acetate were purchased from
Sinopharm Chemical Reagent Co. Ltd (Shanghai,
China). Carbonic acid, ethanol, acrylic acid, potas-
sium hydroxide, dibutyltin dilaurate (DBTDL),
toluene di-isocyanate (TDI) and azodiisobutyroni-
trile (AIBN) were commercially available from Tian-
jin Damao Chemical Reagent Company (Tianjin,
China), respectively.

2.2. Synthesis of 7-(6-bromohexyloxy)
coumarin

The mixture of 7-hydroxy coumarin (10.0 g,
62 mmol) and excess 1,6-dibromohexane (45 g,
186 mmol) were dissolved in acetone (200 mL), then
anhydrous K2CO3 (17.4 g, 124 mmol) was added
into the flask. The resulted suspension was heated to
reflux for 24 h. The precipitate was filtered off and
extracted with acetone (3!100 mL). After the solvent
was removed in reduced pressure, water was added,
and used CH2Cl2 (3!200 mL) to extract the residue.
The extract was dried with anhydrous MgSO4, fil-
tered, and evaporated under reduced pressure. The
product was then purified by means of column chro-
matography on silica oxide with mixed petroleum
ether and ethyl acetate (5:1, v/v) as eluent, and
resulted in a white solid after dried in vacuum dry-
ing oven (14.8 g, 74.3%). The synthesis route of 7-
(6-bromohexyloxy) coumarin (7-6-BC) is shown in
Figure 1a.
1H NMR(CDCl3): 7.65(d, 1H), 7.38(d, 1H), 6.82(d,
1H), 6.80(d, 1H), 4.02(t, 2H), 3.43(t, 2H), 1.90(m,
4H), 1.50(m, 4H).

2.3. Synthesis of 7-(6-(acryloyloxy) hexyloxy)
coumarin

7-(6-bromohexyloxy) coumarin (5.8 g, 18 mmol) and
excess potassium acrylate (30 g, 27 mmol) were
dissolved in ethanol (150 mL). Hydroquinone (0.02 g,

1.8 mmol) was added. The solution was heated to
reflux for 24 h. The precipitate was filtered off and
extracted with ethanol (3!50 mL). After the solvent
was removed in reduced pressure, water was added,
and the residue was extracted with CH2Cl2
(3!100 mL). The residue was then purified by means
of column chromatography on silica oxide with
mixed petroleum ether and ethyl acetate (3:1, v/v)
as an eluent and resulted in a white solid after dried
in vacuum drying oven (4.6 g, 81.65%). The synthe-
sis process of 7-(6-(acryloyloxy) hexyloxy) coumarin
(7-6-AC) is presented in Figure 1b.
1H NMR(CDCl3): 7.65(d, 1H), 7.37(d, 1H), 6.80(m,
2H), 6.41(d, 1H), 6.26(d, 1H), 6.18(m, 1H), 5.82(t,
1H), 4.20(t, 2H), 4.03(t, 2H), 1.83(m, 2H), 1.65(m,
2H), 1.5(m, 4H).

2.4. Polymerization of 7-(6-(acryloyloxy)
hexyloxy) coumarin by RAFT 

A dry ampoule was filled with 7-(6-(acryloyloxy)
hexyloxy) coumarin (0.5 g, 1.58 mmol), AIBN
(1.3 mg, 0.0079 mmol), CPDB (8.75 mg,
0.0395 mmol), and N,N-dimethylformamide (DMF)
(1.5 mL). The Schlenk line was used to keep the
ampoule vacuum and filled with nitrogen. Then, the
ampoule was placed in an oil bath at the desired
temperature to polymerize. At timed intervals, the
ampoule was immersed into icy water and then
opened. The suspension liquid in the ampoule was
dissolved in 2 mL of tetrahydrofuran (THF) and
precipitated into a 200 mL of methanol. The poly-
mer was obtained by centrifuge at the speed of
15 000 rpm and dried at room temperature. The syn-
thesis process of poly7-(6-(acryloyloxy) hexyloxy)
coumarin (P(7-6-AC)) is presented in Figure 1c.

2.5. Synthesis of P(7-6-AC)-b-PNIPAAm
P7-6-AC (0.1 mmol, Mn = 8300), AIBN (5.47 mg,
0.033 mmol), NIPAAm (1.13 g, 10 mmol) were
placed in an ampoule (The volume fraction of block
copolymer was 30:10 ), the schlenk line was used to
keep the ampoule vacuum and fill with nitrogen,
and the process must be repeated at least 3 times or
more. Then DMF (1.5 mL) was added into the
ampoule by syringe. The ampoule was placed in an
oil bath at the desired temperature. At timed inter-
vals, the suspension liquid in the ampoule was poured
into 200 mL of methanol. The polymer was obtained
by the centrifuge at the speed of 15 000 rpm and dried
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at room temperature. The scheme and structure for
the synthesis of P(7-6-AC)-b-PNIPAAm are
described in Figure 1d.

2.6. Reduction of the end group of
P(7-6-AC)-b-PNIPAAm

The P(7-6-AC)-b-PNIPAAm (0.5 g, Mn = 9400)
was dissolved in THF (10 mL), then the NaBH4
(114 mg, 3 mmol) was added into the solution by
three times very slowly, stirring for 30 min under ice
salt bath, and the exhaust system must be kept unob-
structed. At last, the icy water was used to quench
the activity of NaBH4. The solvent was extracted by
CH2Cl2 (3!50 mL). Finally, CH2Cl2 was eliminated
by rotating distillation, and solid samples were
dried in vacuum at 35°C overnight. The synthetic
route is shown in Figure 1e.

2.7. Decoration of silica with toluene
diisocyanate

Silica nanosphere (14 nm) should be activated in a
vacuum drying oven at 110°C overnight, then the
silica (0.4 g) was dispersed evenly in ethyl acetate
(120 mL) by ultrasonic cleaner, then DBTDL
(0.5 mL) and TDI (2 mL) were appended in the reac-
tion system, the flask was placed into an oil bath
and heated to 60°C for 6 h under the nitrogen atmos-

phere. The final product was separated at the speed
of 4000 rpm in centrifuge. Then the products were
dried overnight at 60°C. Schematic representation
of the modified silica nanosphere with TDI is given
in Figure 2a.

2.8. The grafting of P(7-6-AC)-b-PNIPAAm
onto the surface of SiO2

The reduced P(7-6-AC)-b-PNIPAAm (0.5 g) and
silica modified with TDI (0.1 g) were dissolved in
THF (50 mL). DBTDL (0.25 mg) as catalyst was
added. The solution was heated to 40°C for 2 h
under the nitrogen atmosphere. The SiO2/P(7-6-
AC)-b-PNIPAAm was obtained after being cen-
trifuged and dried. Schematic representation of the
modified silica nanosphere with TDI is given in
Figure 2b.

2.9. Preparation of the film to measure the
contact angles

Silicon wafers were ultrasonically cleaned in water
and acetone for 10 min, respectively. Then the as-
prepared SiO2/P(7-6-AC)-b-PNIPAAm dispersions
were coated on the silicon wafer, and dried at room
temperature for 24 h. The static water contact angles
were measured with deionized water (4 µL) on a con-
tact angle goniometer (JC2001) instrument at room
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Figure 1. The scheme and structure for the synthesis of (a) 7-(6-bromohexyloxy) coumarin, (b) 7-(6-(acryloyloxy) hexy-
loxy) coumarin, (c) poly 7-(6-(acryloyloxy) hexyloxy) coumarin, (d) P(7-6-AC)-b-PNIPAAm, and (e) the reduc-
tion of the end group of P(7-6-AC)-b-PNIPAAm



temperature. The contact angles were measured at
three different points for each sample surface, and
the average values were reported here. The static
water contact angles were further measured after
the irradiation of UV light at 365 and 254 nm, respec-
tively.

2.10. Characterization
The morphologies of functional silica particles were
observed using transmission electron microscope
(TEM) (JEOL JEM-2000EXII, Japan). FT-IR analy-
sis was used to confirm the TDI functionalized SiO2
particles and P (7-6-AC)-b-PNIPAAm grafted with
SiO2 particles. All FT-IR spectra were recorded at
room temperature on a Magna-IR 760 (Nicolet,
USA) spectrometer using 32 scans at an instrument
resolution of 4 cm–1. Ultraviolet spectrophotometer
(Iambda 35, Perkin Elmer, Germany) was used to
confirm the copolymer successfully grafted with
functioned SiO2 and the transformation of
absorbance under 365 and 254 nm UV irradiation.
Thermal gravimetric analysis (TGA) (TGA 7, Perkin
Elmer, Germany) was performed to analyze the
weight-loss percent of the organic component. The
particles were heated from 20 to 600°C at the heat-
ing rate of 10°C/min under nitrogen atmosphere
with the rate of 50 mL/min. And the Attension
Theta Lite (Attension, Finland) was used to measure
the contact angle of the SiO2 particles as prepared.

3. Results and discussion
3.1. Preparation of P(7-6-AC)-b-PNIPAAm by

RAFT
The structures of 7-6-AC, P(7-6-AC) and P(7-6-
AC)-b-PNIPAAm were characterized by 1H NMR.
The 1H NMR spectra of the 7-6-AC, P(7-6-AC) and
P(7-6-AC)-b-PNIPAAm are shown in Figure 3,
respectively. Compared with 7-6-AC (Figure 3a), the
signals (5.84, 6.23 and 6.40 ppm (CH2=CH–)) of
P(7-6-AC) disappear in Figure 3b. It clearly demon-
strates that the double bond in the long chain has
been polymerized. In Figure 3c, the new signal
(7.95 ppm (O=C–N–H)) could be assigned to the
amide group in the repeat unit of PNIPAAm struc-
ture introduced into P(7-6-AC)-b-PNIPAAm. The
signals of ppm = 6.2, ppm = 6.6, ppm = 6.8, ppm =
7.3, ppm = 7.6 were attributed to the coumarin group
in 7-6-AC, P(7-6-AC) and P(7-6-AC)-b-PNIPAAm.
All the results indicate that the P(7-6-AC)-b-PNI-
PAAm with the end group which can easily restore
to sulfhydryl has been synthetized successfully.
The P(7-6-AC) (Mn = 8100 g/mol, PDI = 1.17) as the
macro-RAFT agent, which reacted with NIPAAm
to obtain the block polymer. Gel permeation chro-
matographic (GPC) curves (Figure 4) demonstrates
that there was an increase in the molecular weights
(from 8100 to 9400 g/mol) after chain extension.
However, the value of PDI increases from 1.17 to
1.22 with the chain extension of the polymer. The
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Figure 2. Synthesis route of (a) silica nanosphere modified with TDI, and (b) SiO2/P(7-6-AC)-b-PNIPAAm



increase can be due to the increase of the block and
the molecular weight of the P(7-6-AC)-b-PNI-
PAAm.

3.2. Fabrication of 
SiO2/P(7-6-AC)-b-PNIPAAm composites

Figure 5 presents the FT-IR spectra (I), contact
angles (II) and TGA profile (III) of (a) pure SiO2,
(b) SiO2/TDI and (c) SiO2/P(7-6-AC)-b-PNIPAAm,
respectively. In Figure 5(I) a, the peaks at 1105 cm–1

and the shoulder part between the bands of 1100–
1300 cm–1 correspond to the concerted (Si–O–Si)
stretches. Compared with the spectra of pure SiO2,
the intensity of the peak at 2276 cm–1 (Figure 5(I)b)
corresponded to the characteristic absorption peak
of –NCO group, and the typical benzene ring absorp-
tion bands at 1500–1600 cm–1 are clearly found,
implying that the TDI has been grafted successfully
onto the surface of SiO2. The absorption peak of
3167 cm–1 in Figure 5(I)c demonstrate the existence
of amide group, and the absorption appearing at
974 cm–1 implies that the –CH–CH2– groups existed
on the surface of SiO2 nanosphere. These results
suggest that P(7-6-AC)-b-PNIPAAm has been suc-
cessfully grafted onto the surface of SiO2 nanos-
phere by RAFT and thiol-NCO click chemistry.
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Figure 3. 1H NMR spectra of (a) 7-6-AC, (b) P(7-6-AC) and (c) P(7-6-AC)-b-PNIPAAm

Figure 4. GPC curves of the original macro-RAFT agent
(P(7-6-AC)) and the chain extended block copoly-
mer P(7-6-AC)-b-PNIPAAm in THF solution



Moreover, the typical absorption of the cyclic lac-
tones group appears at 1762 cm–1, which further
demonstrated that the SiO2/P(7-6-AC)-b-PNIPAAm
composites were synthesized. the characteristic
absorptions at 2929 and 2840 cm–1 are assigned to
the vibration of –CH2– groups, the correlative peak
of –CH3 group, and the peaks at 1470, 1380,
720 cm–1 can be assigned to the out-of-plane and in
plane bending vibration of –CH3 group. Addition-
ally, the absorption peak at 2276 cm–1 (Figure 5(I)c)
can be attributed to the residual –NCO groups
remaining on the surface of SiO2/TDI, which did
not react with –SH. The results can also be consid-
ered to the identification of the SiO2/P(7-6-AC)-b-
PNIPAAm by the TEM images, which show a core-
shell structure.
In Figure 5(II), the contact angles of SiO2, SiO2/TDI
and SiO2/P(7-6-AC)-b-PNIPAAm were 29±2, 58±2
and 98±2°, respectively. The results imply that the
wettability has been changed after the modification
of TDI and P(7-6-AC)-b-PNIPAAm on the surface
of SiO2. Low contact angles (29±2°) of pure SiO2
can be explained by the fact that many hydrophilic
groups (hydroxyl groups) covered on the pure SiO2
surface. As for SiO2/TDI, the contact angles increases
up to 58±2° for the hydrophobic group of TDI on the
surface of SiO2, which further demonstrated that
PDI has been grafted on SiO2. The sulfhydryl group
on P(7-6-AC)-b-PNIPAAm as the terminal group can
react with the portion of –NCO group on SiO2/TDI
surface. Therefore, the SiO2 particles covered with
–NCO group and P(7-6-AC)-b-PNIPAAm possess
a higher hydrophobic surface and higher contact
angles, and the high contact angle (98±2°) was pri-
marily attributed to P(7-6-AC)-b-PNIPAAm, which
own lower surface energy than inorganic molecule.

The thermal behavior of the SiO2, SiO2/TDI and
SiO2/P(7-6-AC)-b-PNIPAAm was investigated by
TGA in N2 for comparison, which serves to confirm
the percentage of the particles surrounding by organic
phase. Figure 5(III) shows the TGA analysis of the
bare SiO2, SiO2-PDI, and SiO2-P(7-6-AC)-b-PNI-
PAAm. As shown in Figure 5(III)a, the main tem-
perature regions of weight loss appear in the inter-
val 400–500°C, which can be assigned to the dehy-
dration condensation reaction of the hydroxyl on
the silica surface , and the chemical reaction equa-
tions can be expressed as Equation (1) [47]:

Si–OH + Si– OH " –Si–O–Si– + HtO               (1)

Figure 5(III)b, 5(III)c describes the thermal behav-
ior of SiO2/TDI and SiO2-P(7-6-AC)-b-PNIPAAm,
The results show the weight loss with 4.73% of
SiO2/TDI and SiO2-P(7-6-AC)-b-PNIPAAm was
27.2, 41.1%, respectively, and the peak pyrolysis
temperatures of SiO2/TDI and SiO2-P(7-6-AC)-b-
PNIPAAm are 291.4 and 349.4°C. According to the
reference [48], the surface grafting density of SiO2-
TDI and SiO2-P(7-6-AC)-b-PNIPAAm was calcu-
lated to be about 1.29 mmol/g (0.222 g/g) and
0.02 mmol/g (0.188 g/g) respectively. Obviously,
the graft density obtained from ‘click chemistry’ is
higher than that of the traditional and classic
method [49, 50], for example SiO2 surface silaniza-
tion using silane coupling agent.

3.3. The responsive switch of 
SiO2/P (7-6-AC)-b-PNIPAAm composites

It is well known that the properties of the block poly-
mer determined by the different ratio of its two
blocks. In P(7-6-AC)-b-PNIPAAm, the first block
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Figure 5. The FT-IR spectra (I), contact angles (II) and TGA (III) profile of (a) pure SiO2, (b) SiO2/TDI and (c) SiO2/P(7-6-
AC)-b-PNIPAAm, respectively



P(7-6-AC) may cause the cross-linking because of
the existence of coumarin group. If the ratio of the
coumarin block too high, the PDI will out of 1.2 and
the cross-linking of the coumarin will change the
property of the polymer. For the second block,
because of strong hydrophilicity of the amido group,
the high ratio of the NIPAAm will enhance the hydro -
philicity and the contact angles of the prepared nano -
particles will less than 150°. On the other hand, while
the ratio is too low, the thermal-sensitive features
are not obvious. In fact, a variety of block polymers
with different block unit, such as 10, 15, 20, 25, 30,
50 polymerization units, have been synthesized.
The thermal-sensitive characteristics and the con-
tact angles of the SiO2/P(7-6-AC)-b-PNIPAAm
composites with different ratio of P(7-6-AC) and
PNIPAAm is summarized in Table 1. Finally, we
choose the largest molecular weight in PDI under

1.2 as the target product (Mn = 8100, PDI =1.17, 25
units) to graft onto the surface of silica nanosphere.
The photoresponse of the prepared SiO2/P(7-6-AC)-
b-PNIPAAm was monitored by UV-Vis spectra by
the exposure of the clear dilute suspension of SiO2/
P(7-6-AC)-b-PNIPAAm in THF under different
wavelengths (365 and 254 nm) of UV light. As illus-
trated in Figure 6a and the absorbed intensity of

                                                  Han et al. – eXPRESS Polymer Letters Vol.8, No.7 (2014) 528–542

                                                                                                    535

Table 1. The thermal-sensitive characteristics and the con-
tact angles of the SiO2/P(7-6-AC)-b-PNIPAAm
composites with different ratio of P(7-6-AC) and
PNIPAAm

The ratio of 
P(7-6-AC) and

PNIPAAm

The thermal-
sensitive

characteristics

The contact angles
of the prepared
nanoparticles

30:5 Not obvious 159±2°
30:10 Obvious 157±2°
30:20 Obvious 148±2°
30:30 Obvious 141±2°

Figure 6. The absorbance at 320 nm according to the exposure time under the irradiation of 356 nm (a) and the subsequent
irradiation at ! = 254 nm (b); TEM images of the prepared SiO2/P(7-6-AC)-b-PNIPAAm (c) and its aggrega-
tions (d) under 365 nm irradiation



coumarin at 320 nm (characteristic absorption peak)
decreases continuously with the exposure time under
UV irradiation at 365 nm (Figure 6b). To the contrast,
the absorbance at 320 nm starts to increase for the
photocleavage of coumarin after exposure under the
irradiation of 254 nm UV light (Figure 6b) [51]. This
interconversion between hydrophobic and superhy-
drophobic can attributed to the reversible pho-
todimerization and photocleavage of the coumarin
group on SiO2/P(7-6-AC)-b-PNIPAAm under UV
irradiation at different wavelengths.
The reversible photodimerization and photocleav-
age of SiO2/P (7-6-AC)-b-PNIPAAm are also stud-
ied by TEM. As presented in Figure 6c, a well-
defined core-shell structure (20–30 nm) with SiO2
nanospheres as core and block polymer as shell has
been observed. It suggested that the SiO2 particles
were surrounded by P(7-6-AC)-b-PNIPAAm with a
thickness of about 3 nm. Moreover, the silica nano -
particles modified by P(7-6-AC)-b-PNIPAAm is
dispersive spherical particle with the size of 50 nm
before the exposure of UV light. On the contrary, the
SiO2/P(7-6-AC)-b-PNIPAAm nanoparticle aggre-
gated after the irradiation of UV light (365 nm), and
the size of the aggregations increased up to 300 nm,
suggesting that SiO2/P(7-6-AC)-b-PNIPAAm have
been cross-linked together by the photodimeriza-
tion of the coumarin under UV light at 365 nm irra-
diation (Figure 6d).
Figure 7 shows AFM and SEM images of the single
and aggregations of SiO2/P(7-6-AC)-b-PNIPAAm.
Compared with the results of TEM, the aggrega-
tions of the SiO2/P(7-6-AC)-b-PNIPAAm were also
observed by AFM and SEM (Figure 7b and 7d) [52].
On Figure 7a, we can find that the SiO2/P(7-6-AC)-
b-PNIPAAm disperse with each other, but at the
irradiation of 365 nm, the SiO2/P(7-6-AC)-b-PNI-
PAAm aggregate together (Figure 7b), which can be
due to the photodimerization of the coumarin groups.
Therefore, we can find the same result on the SEM
images (Figure 7c and Figure 7d). And a great num-
ber of cavities have also been constructed among
the SiO2/P(7-6-AC)-b-PNIPAAm in the process of
the UV irradiation at 365 nm.
The agglomeration of the prepared SiO2/P(7-6-AC)-
b-PNIPAAm caused by temperature and UV light are
also investigated by dynamic light scattering (DLS).
Figure 8b shows the size of SiO2/P(7-6-AC)-b-
PNIPAAm based on DLS results changed with tem-
perature and the UV irradiation at 365 nm. As shown

in Figure 8a, the radius of hydration of the SiO2/P(7-
6-AC)-b-PNIPAAm were about 50 nm, while the
temperature rises to 35°C, the radius of hydration
increases up to 90 nm. The results indicate that the
block polymer around the silica nanosphere is respon-
sible for temperature, and the formation of the aggre-
gates changed with temperature. Compared with
the original SiO2/P(7-6-AC)-b-PNIPAAm nano -
sphere, when the temperature rise to 35°C, the size of
the SiO2/P(7-6-AC)-b-PNIPAAm nanosphere is up
to 90 from 50 nm. On the other hand, the size of the
SiO2/P(7-6-AC)-b-PNIPAAm nanosphere after the
UV irradiation at 365 nm is up to 350 nm (25°C)
from 50 nm, and further increased to 530 nm after
the temperature rising to 35°C (Figure 6b), which
can be attributed to the crosslinking of the coumarin
after photodimerization. The data of DLS are con-
sistent with the results of TEM, and it also shows
the same results with the images of atomic force
microscope (AFM).
The mechanism of photo-sensitive and thermal-sen-
sitive of SiO2/P(7-6-AC)-b-PNIPAAm is proposed
in Figure 9. The photodimerization of the coumarins
is the primary factor for photo-sensitivity, and the
formation of cyclobutane rings ([2# + 2#]s cycload-
dition) (Figure 9a) leads to the aggregation of SiO2/
P(7-6-AC)-b-PNIPAAm, which will be further illus-
trated by TEM. In general, there are two main mech-
anisms for the explanation of the thermal-sensitiv-
ity of PNIPAAm. One is the change of the tempera-
ture leading to the change of the polymer structure
transition from linear structure to a nearly spherical
structure [53]. Another one is the formation and
rupture of the hydrogen bonds [54]. In SiO2/P (7-6-
AC)-b-PNIPAAm, we think that the thermal-sensi-
tivity can be mostly attributed to the formation and
rupture of hydrogen bonds between water and amide
(Figure 9b). It is favorable for the formation of hydro-
gen bonds between the water molecules and amide
bond under low temperature, while the hydrogen
bonds are broken under high temperature.
In general, contact angle (CA) is used to estimate the
wettability of a solid surface. Figure 10 describes the
changes of contact angles and the reversible wetta-
bility transitions of the surface of SiO2/P(7-6-AC)-b-
PNIPAAm on glass slide by alternating the temper-
ature and UV irradiations at the wavelengths of 365
and 254 nm. Obviously, the SiO2 particles grafted
with block polymer exhibit the hydrophobic behav-
ior (CA = 98±2° Figure 10 a) below the lower criti-
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cal solution temperature (LCST =32°C). However,
the CA increased evidently to 137±2° (Figure 10b)
when the temperature was up to 40°C, and the con-

tact angle can further increase once again to 157±2°
(Figure 10d) after UV irradiation at 365 nm, which
shows the superhydrophobic property. On the other

                                                  Han et al. – eXPRESS Polymer Letters Vol.8, No.7 (2014) 528–542

                                                                                                    537

Figure 7. The AFM (a, b) and SEM (c, d) images of SiO2/P(7-6-AC)-b-PNIPAAm upon 254 and 365 nm UV light irradia-
tion, respectively

Figure 8. The size distribution of SiO2/P(7-6-AC)-b-PNIPAAm nanoparticles (a) UV light at 254 nm and (b) UV light at
365 nm



hand, we change the order of the stimulation, first
irradiating at 365 nm and then heating to 40°C, the
same result (157±2°) can be obtained. It is noted that
the superhydrophobic surface can return to the orig-

inal state by changing temperature (143±2°) and
using UV irradiations at the wavelengths of 254 nm.
The results suggest that the surface with the reversible
wettability transitions properties has been acquired
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Figure 9. The mechanism for photoreaction and thermal-sensitive of the SiO2/P (7-6-AC)-b-PNIPAAm: (a) photodimeriza-
tion of coumarin, (b) the thermal-sensitive mechanism of PNIPAAm, (c) the morphological characteristics of the
prepared nanoparticles under different UV irradiation

Figure 10. The changes of contact angles (a)–(d) and the reversible wettability transitions (e) of the surface of SiO2/P(7-6-
AC)-b-PNIPAAm particles on glass slide by alternating the temperature and UV irradiations at the wavelengths
of 365 and 254 nm. The interval time of each cycle is five days.



by SiO2/P(7-6-AC)-b-PNIPAAm particles. To explore
the thermal-sensitive and photo-sensitive behavior
of the surface, cycles between hydrophobic and
superhydrophobic are shown in Figure 10e. We
repeatedly irradiated the particle surface with alter-
nating UV light at 365 and 254 nm, heating and cool-
ing, and measured the value of the CA as shown in
Figure 10e. These results prove that the surface wet-
tability can be reversibly tuned for several cycles.
The results show excellent reversibility and a quick
transformation between hydrophobicity and super-
hydrophobicity. Each cycle lasts only several min-
utes. It was reported that PNIPAAm [55] shows its
LCST at 32°C in aqueous solution. The hydrogen
bond is formed between the water and N-isopmpy-
lacrylamide group when the temperature under the
LCST, and it will display the hydrophilic proper-
ties. Upon heating, the predominantly intermolecu-
lar hydrogen bonding between the PNIPAAm chains
and water molecules, which contributes to the hydro -
philicity and relaxed PNIPAAm chains, is replaced
by intramolecular hydrogen bonding between C=O
and N–H groups along the PNIPAAm chains. This
results in compact and collapsed chains that interact
minimally with water and thus exhibit hydropho-
bicity.(Figure 6b).
N-isopmpylacrylamide group becomes exposed
and leads to a low surface free energy and large
water CAs, and the surface showed the hydropho-
bic property. Oppositely, the hydrogen bond is
formed between water and amide, shown its hydro -
philicity of as prepared SiO2 particles at the temper-
ature lower than 32°C. The photo-sensitive behav-
ior of the surface can be mainly attributed to the
coumarin group in the block polymer. At the irradi-
ation of 365 nm, the coumarin groups crosslink
with each other and form the disordered structure
surrounding the silica.
The TEM results (Figure 6c) have demonstrated
that a well-defined core-shell structure with SiO2 as
core and block polymer as shell had been con-
structed. Therefore, the particles convert into a series
of aggregations and the air trapping forming among
the aggregations at the same time after UV irradia-
tion at 365 nm, which will result in the construction
of the hierarchical structure [56].
According to the results observed from AFM and
SEM images (Figure 8), the surface can be con-
structed a hierarchical structure for the formation of
a series of branched and rugby-ball-like nanoparti-

cles, which indicates that this hierarchical structure
has the largest roughness. On the other hand, 7-(6-
(acryloyloxy) hexyloxy) coumarin possess a lower
surface energy for the alkyl chains, which may
affect the hydrophobic property of the coatings. As
for the thermal-sensitivity, the oxygen groups on
the prepared nanoparticles may be wrapped with
alkyl chains and be trapped between particles after
365 nm UV irradiation to avoid forming hydrogen
bonds with water. As a result, the CA increases with
irradiation time. After photocleavage of the dimers,
there is no chemical bonding between the prepared
nanoparticles, and water molecules interact with
oxygen groups by forming hydrogen bonds to
decrease the CA.
The Wenzel and Cassie mode can explain well why
the surface switches from hydrophobicity to super-
hydrophobicity after the irradiation of UV at 365 nm.
And it also demonstrates that the mutual transfor-
mation between Wenzel model and Cassie model
can be occurred via UV irradiation. The Wenzel
model can also be used to explain the static contact
angle. As described by Wenzel’s Equation (2) [57]:

cos" = rcos"r                                                        (2)

where is the roughness coefficient and the "Y is the
static contact angle calculated by Young’s equation.
After the 365 nm UV irradiation, the rough surface
comes into contact with water, air trapping in the
rough area may occur, which would contribute
greatly to the increase of hydrophobicity. By now,
because of the air trapping in the trough area, the
Cassie model was used to calculate the static con-
tact angle. The Cassie’s equation can by described
by Equation (3):

cos" = fcos"Y – (1 – f)                                          (3)

where f is the fraction of the liquid–solid interface,
while (1 –$f) is the air–liquid interface. And the air
trapping would contribute greatly to the increase of
hydrophobicity.

4. Conclusions
In conclusion, a stable superhydrophobic surface
with thermal- and photo-sensitivity was fabricated
successfully by a facile approach which combined
technology of RAFT with click-chemistry. The SiO2
particles as prepared form the air trapping by the
photoisomerization of coumarin groups under
365 nm UV irradiation along with the Wenzel Cassie

                                                  Han et al. – eXPRESS Polymer Letters Vol.8, No.7 (2014) 528–542

                                                                                                    539



transition, and the formation and rupture of hydro-
gen bond between amide and water were controlled
by the changing of temperature, all resulting in the
CA changing from 98±2 to 157±2°. The repeated
experiments of the CA changing indicate that the
surface wettability can be transformed between
hydrophobicity to superhydrophobicity reversibly,
indicating that the surface has good stability. This
novel method using RAFT technology to synthesize
multiple responsive block polymers will be widely
used in fabricating multiple responsive superhy-
drophobic surfaces. The multiple responsive super-
hydrophobic surfaces have great potential applica-
tion in the controlled release of drugs fields and the
fabrication of responsive switches.
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