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‘Energy Materials’ ... the role of polymers
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In physics textbooks energy is defined as the capac-
ity of a physical system to do work. Moreover, en-
ergy can be converted from a form to another, trans-
ferred and stored. Although the previous definition
appears to be confusing for non-scientists, energy is
related to everyday life worldwide. Regional and
global economies, and the resulting policies, are di-
rectly related to the production, transfer, storage and
utilization of energy. Energy resources, as well as the
transport pipelines constitute important points of the
geopolitical status.

Over the past decades huge amounts of fossil fuels
were consumed causing the rapid depletion of the
known reserves, in tandem with the worsening of en-
vironmental pollution, global climate change and
health effect. The output is an increasing demand for
renewable and clean energy sources, and a more ef-
ficient use of energy. Materials are crucial to all
stages of energy, including production, transporta-
tion, storage, harvesting and exploitation. A vast va-
riety of portable electronic devices and electric ve-
hicles became extremely popular in our days. The
development of these devices creates the necessity
for portable energy storage systems such as batteries,
supercapacitors etc. Requirements underline the de-
mand for a new class of materials characterized by
high energy/power density, flexibility, low weight
and cost. Materials for energy receive increasing at-
tention and polymers play an important role in this
aspect too.

Fuel cells are environmental friendly, silent since
they do not posses moving parts, and can be kept in
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operation as long as the oxidant and the fuel are suit-
ably fed. Fuel cells with polymer electrolyte exhibit
high power performance at low or intermediate tem-
peratures, being thus promising power supplies for
stationary and portable applications. Solid state
lithium polymer batteries is the next step in electro-
chemical storage systems due to their high safety,
energy density, and multiple charging/decharging cy-
cles. Major drawback appears to be their low ionic
conductivity at room temperature. Furthermore,
solar cells with organic quantum dots and polymer-
based organic photovoltaics constitute additional en-
ergy devices. The undeniable importance of electric
energy is related to the need of better storage. Mul-
tifunctional polymer composites could be exploited
as structural energy storing devices, where matrix
and filler synergistically undertake the roles of struc-
tural support and energy storage. Therefore, a break-
through in research and development of energy-ma-
terials is expected in near future.
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Abstract. The polycyclotrimerization reaction of dicyanate ester of bisphenol E (DCBE) in the presence of varying amounts
(from 0.5 to 5 wt%) of 1-octyl-3-methylimidazolium tetrafluoroborate ((OMIm][BF,]) ionic liquid has been investigated
using differential scanning calorimetry (DSC) and Fourier transform infrared spectroscopy (FTIR) techniques, after a curing
stage at 150 °C for 6 h. It is noteworthy that an amount of [OMIm][BF,] as low as 0.5 wt% accelerates dramatically the ther-
mal curing process leading to the formation of a polycyanurate network. The conversion of DCBE increased with increasing
[OMIm][BF4] content in the temperature range studied. A reaction mechanism associated with the ionic liquid-catalyzed DCBE
polycyclotrimerization is newly proposed via the involvement of a [CN]**~[OMIm]®- complex as a key intermediate.
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1. Introduction

Cyanate ester resins (CERs) — also known as poly-
cyanurates (PCNs) — are commonly used in aero-
space applications and electronic devices as high tem-
perature polymer matrices. The specific interest in
these high performance polymers arises from their
unique combination of intrinsic properties, including
thermal, fire, radiation and chemical resistance, high
tensile moduli (3.1-3.4 GPa) and glass transition tem-
peratures (7 > 250 °C), low dielectric constants (& ~
2.5-3.2), high adhesion to conductor metals and
composites as well as low water/moisture adsorption
[1,2].

Ionic liquids (ILs) have attracted widespread interest
in polymer science, due to their unique properties,
such as low melting temperature, incombustibility,
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electrochemical, and high-temperature stability. They
have progressively been used as solvents and sub-
stances with catalytic properties [3, 4] as well as con-
ductive fillers [5]. Miscellaneous reports on using
ILs in polymerization processes have been published
[6—12]. For instance, Wu et al. [ 12] have recently in-
vestigated the cationic polymerization of isobutyl
vinyl ether in 1-octyl-3-methylimidazolium tetraflu-
oroborate ([OMIm][BF,4]). It was noticed that the
cationic process led to higher monomer conversions
in the presence of [OMIm][BF4]. Although the poly-
merization reaction in [OMIm][BF4] could not be
controlled, due to the presence of -proton elimina-
tion, the monomer addition experiments confirmed the
existence of long-lived species. The results showed
that introducing a small amount of 2,6-di-tertiobutyl
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pyridine into the system might lead to a controlled
polymerization. In contrast, reports on ILs involved
in crosslinking processes are much scarcer [13].
The curing kinetics of neat CERs has extensively
been reported in the literature [14-21]. It is of com-
mon knowledge that the polycyclotrimerization of
dicyanate esters is rather slow, and it generally re-
quires the presence of a curing catalyst which may be
either a Lewis acids or acetylacetonates of Cu?*, Co>”,
Zn*" and Mn?" [22], or a chelate in the presence of
an active hydrogen-containing co-catalyst (such as
nonylphenol), acting as a source of proton. Recently,
Throckmorton [23] has examined the effect of ILs
on curing of cyanate esters in IL-modified ther-
mosets and their nanocomposites, and interestingly,
he concluded that the ionic liquids accelerated the
CER curing.

In the present work, we have highlighted the accel-
eration effect occurring in the polymerization of a
dicyanate monomer in the presence of a specific ionic
liquid, namely [OMIm][BF4], and for the first time
suggested the mechanism of the polycyclotrimeriza-
tion of cyanate ester in the presence of imidazolium
IL. It is worth noting that ILs are thermally stable com-
pounds that is important for the polycyclotrimeriza-
tion, which is usually carried out at high tempera-
tures up to 230-280°C [1, 2]. The structure of such
catalyst systems allows for easier separation, recov-
ery, and recycling from the reaction mixtures [24].
Additionally, introducing ILs into CER frameworks
may impart conductivity to the CER-based nanocom-
posites. ILs could be extracted and potentially used
repeatedly; therefore, CER/IL composites could be
applied as precursors to porous materials as well.

2. Experimental

2.1. Materials

1,1'-Bis(4-cyanatophenyl)ethane (dicyanate ester of
bisphenol E, DCBE) under the trade name Primaset™
LECYy, was kindly supplied by Lonza Ltd., Switzer-
land, and was used as received. The following chem-
icals were used for the synthesis of the 1-octyl-3-
methylimidazolium tetrafluoroborate ([OMIm][BF4]):
I-methylimidazole, 1-bromooctane, tetrafluoroboric
acid (50% in H,0), ethyl acetate, hexane, methylene
chloride, and sodium sulfate. The chemicals were
provided by Fluka and were used as received.
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2.2. Ionic liquid synthesis

I-octyl-3-methylimidazolium
[OMIm][BF4] was synthesized using the approaches
described elsewhere [25, 26]. The mixture of 1-bro-
mooctane (27 g, 0.14 mol) and 1-methylimidazole
(10 g, 0.12 mol) was heated at 140 °C for 2 h under
stirring and argon atmosphere. The viscous liquid of

tetrafluoroborate

light brown color obtained was cooled to room tem-
perature and washed with ethyl acetate-hexane mix-
ture (3:1 (v/v), 3x100 mL). Residual solvents were
removed under reduced pressure, and the obtained
product was dissolved in 150 mL of water. Tetraflu-
oroboric acid (25 mL) was added to the solution, fol-
lowed by stirring for 1 h. The water immiscible layer
formed was extracted with methylene chloride
(2x100 mL), and dried overnight with sodium sul-
fate. The solvent was distilled off, and the resulting
ionic liquid was dried under a reduced pressure of
1 mbar at 80 °C for 12 h. The product yield was equal
to 72%. The onset temperature of thermal degrada-
tion (74) was equal 343 °C as determined by thermo-
gravimetric analysis (TGA) under air.

"H NMR (300 MHz, DMSO-Dy): § = 0.86 (t, 3H,
CHj, J= 7.2 Hz), 1.25 (m, 10H, CH3(CH,)s), 1.78
(m, 2H, NCH,CH,), 3.85 (s, 3H, NCH3), 4.16 (t, 2H,
NCH,, J= 7.2 Hz), 7.67 (br s, 1H, C4~H), 7.74 (br
s, 1H, Cs-H), 9.06 (s, 1H, C,-H). "FNMR
(188 MHz, DMSO-Dg): 6 =—148.8 (s, 4F, BF).

2.3. Preparation of CER/[OMIm]|[BF4] samples
The blends of DCBE monomer with 0.5, 1.0, 2.0,
3.0, 4.0, and 5.0 wt% [OMIm][BF,] were stirred at
T= 20°C for 3 min to obtain homogeneous mix-
tures, followed by a heating step at 150 °C for 6 h.

2.4. Physico-chemical techniques

"H NMR and °F NMR techniques were used to char-
acterize the ionic liquid. The spectra were recorded
with a Varian (300 MHz) NMR spectrometer at 23 °C
using DMSO-D6 as the deuterated solvent.

The thermal stability of the ionic liquid was assessed
by TGA under air atmosphere using a TA Instruments
TGA Q-50 thermobalance over a temperature range
from 25 to 700°C at a heating rate of 10°C-min™".
Differential scanning calorimetry (DSC) measure-
ments were performed using a Perkin-Elmer DSC-7
under nitrogen atmosphere, in a temperature range
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from 150 to 340°C at a heating rate of 10°C-min~'.
The samples mass was about 6—9 mg. The post-cur-
ing conversion (o) of cyanate (O—C=N) groups
from DCBE was calculated from Equation (1) [27]:

_ AH,
aPOSt - <(Xc + AHtot ) -100

where ac[(AH o — AHpost)/ AH o] [28] is the conver-
sion after heating at 150 °C for 6 h, AH, is the reac-
tion enthalpy at time #, AH, is the total enthalpy of
polycyclotrimerization of DCBE monomer (AHot =
770 J-g71 [29]), and AHpy is the post-curing enthalpy,
which was calculated from the exotherm area of
cured sample divided by its mass.

Fourier transform infrared (FTIR) spectra were record-
ed between 4000 and 600 cm™' using a Bruker Ten-
sor 37 spectrometer. For each spectrum, 16 consec-
utive scans with a resolution of 0.6 cm™" were aver-
aged. All spectra were recorded at room temperature.
The monomer conversion was determined from the
absorbance variation of the bands with maxima at
2266 and 2235 cm™!, corresponding to the stretching
vibrations of the cyanate groups. The stretching band
of benzene ring at 1501 cm™! was used as an internal
standard. The conversion (a.) of cyanate groups after
heating at 150 °C for 6 h was calculated from Equa-
tion (2):
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where 4122662235 15 the area under absorption bands
of O—C=N groups at time £, 41501 1s the area under
absorption band of benzene ring at time (), and 4,
is the area under absorption bands of the correspon-
ding groups in initial DCBE monomer.

3. Results and discussion

In the first stage the mixtures of DCBE monomer
with different amounts of ionic liquid [OMIm][BF4]
were heated at 150 °C for 6 h. In the presence of a
catalyst, one such curing step permitted to attain a
gel point [30].

3.1. DSC analysis

Figure 1a exhibits the DSC thermograms for neat
CER and CER/[OMIm][BF4] samples of different
compositions cured at 150 °C for 6 h, and their main
thermal characteristics are summarized in Table 1. For
the neat CER sample, the exotherm maximum is as-
sociated with a temperature of post-curing (7},;) equal
to 294 °C with some weak shoulder at ~239°C. The
shoulder may be attributed to the formation of the in-
termediate linear CER dimers, trimers and potentially
other higher even-mers [31]. The CER/[OMIm][BF4]
samples display bimodal curing profiles with distinct
exothermic peaks corresponding to CER post-curing
process at the selected heating rate (10°C-min™").
For the CER/[OMIm][BF,] specimens, T},; was shift-
ed toward much lower temperatures, i.e. 218-221°C
(Table 1). This fact attested that, in the presence of
[OMIm][BF4], the polycyclotrimerization of DCBE
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Figure 1. (a) DSC thermograms and (b) temperature dependence of post-curing conversion for CER samples with different

[OMIm][BF4] contents
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Table 1. Thermal characteristics of CER/[OMIm][BF4] samples cured at 150 °C for 6 h as determined by DSC

Post-curing interval b . d .
[OMIm][BF4] content [°C] Ty Ty AHP?{ AHfl
[wt%] T Toy NG °Cl [°Cl 3¢l 3¢
0.0 160 339 179 294 - 755 15
0.5 154 319 165 219 280 296 474
1.0 156 324 168 218 279 233 537
2.0 156 320 164 221 280 223 544
3.0 155 318 163 218 281 203 567
4.0 154 320 166 220 282 120 650
5.0 153 318 165 218 282 114 656

#Post-curing temperature interval: AT = Tong — Tonset

PPeak temperature of post-curing associated with first endotherm maximum

“Peak temperature of post-curing associated with second endotherm maximum

dPost-curing enthalpy under selected conditions (from 150 to 340°C at 10°C-min™!)
Curing enthalpy after heating at 150 °C for 6 h: AH, = AH o — AH}yo5, AH oy = 770 J-g1[30]

mostly occurred at lower temperatures. Yet, in the
latter case, it should be noted that weak peaks (7,,)
appeared around 279-282 °C, namely at a tempera-
ture similar to that of pure DCBE polymerization.
One could suppose that the first exotherm maximum
corresponded to the curing reaction catalyzed by
[OMIm][BF4], while the second peak was attributed
to a higher temperature thermal curing without cat-
alyst participation.

Table 1 clearly shows that the reaction rate of CER
curing was enhanced by the presence of [OMIm][BF].
It is noteworthy that loading of [OMIm][BF,] was
associated with a substantial narrowing the post-cur-
ing temperature interval from 179° C for neat CER to
163-168 °C for CER/ [OMIm][BF,] samples. More-
over, the enthalpy of post-curing process (AHps) for
pure DCDE was equal to 755 J-g~!. According to lit-
erature [29], the total enthalpy of polycyclotrimeriza-
tion of DCBE monomer (AH,) was equal to 770 J-g .
Therefore, one could conclude that the polymeriza-
tion of neat DCBE practically did not occur after the
6 h-curing stage at 150 °C. In sharp contrast, AH
for DCBE post-polycyclotrimerization in the IL-con-
taining samples dramatically decreased with increas-
ing [OMIm][BF4] contents, so in turn the curing en-
thalpy after the curing stage at 150 °C for 6 h (AH.)
increased accordingly.

Figure 1b displays the temperature dependence of
post-curing conversion values (0yos) for neat CER and
CER/[OMIm][BF4] samples. As stated above, the
polymerization of DCBE monomer hardly occurred
during thermal heating at 150 °C for 6 h, thus the cor-
responding curve started around 2% conversion. When
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pure DCBE was post-cured from 150 to 340 °C with
a heating rate of 10°C min™!, an induction period
was found to last around 7.5 min before reaching
225°C, i.e. the temperature from which a0 ap-
peared to sharply increase up to 100% conversion.
Contrarily, the O—C=N conversion (a,) in the CER/
[OMIm][BF4] samples after heating at 150 °C for 6 h
reached values as high as 62-85%, depending on the
[OMIm][BF4] content (Table 2). Notably, complete
conversion was not reached because of the low curing
temperature (150 °C) as far as the final curing tem-
perature should be equal to 230-270°C, and even
higher [1, 2]. When heating from 150 to 340 °C, the
DCBE conversion values (a0s) further increased
gradually to attain completion. In summary, the higher
the [OMIm][BF4] content, the higher the O—-C=N
conversion (a,) reached after heating at 150 °C for 6 h,
and the shorter the time to reach complete conver-
sion during post-curing process.

Table 2. Conversion values (a.) for CER/[OMIm][BF,] sam-
ples after heating at 150 °C for 6 h

[OMIm][BF,] content %
[Wt%] %l
° DSC? FTIR?

0.0 2 1

0.5 62 59

1.0 69 65

2.0 71 76

3.0 74 77

40 84 86

5.0 85 87

*The experimental error on values determined by DSC was estimat-
ed to be equal to 1%

"The experimental error on values determined by FTIR was estimat-
ed to be equal to 2%
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3.2. FTIR analysis

The peculiarities of DCBE polycyclotrimerization in
the absence and in the presence of [OMIm][BF,] were
also investigated using FTIR. Figure 2 shows the FTIR
absorption spectra for uncured DCBE monomer
(curve 0), neat CER (curve Ot), and CER/[OMIm][BF4]
samples (curves 0.51—5.07) after heating at 150°C
for 6 h. For neat CER, no visible changes in the in-
tensity of the bands of cyanate groups at 2266—
2235 cm™! were observed, and a very low conversion
of DCBE could be suggested on the basis of the ap-
pearance of small bands at 1563 and 1366 cm™, cor-
responding to C=N-C groups and N—C-O groups of
cyanurate cycles, respectively. In contrast, concern-
ing CER/[OMIm][BF,4] samples, the intensity of the
bands at 22662235 cm ! decreased, and bands clear-
ly appeared at 1563 and 1366 cm™', thus evidencing
the formation of polycyanurate crosslinked struc-
tures. This conclusion was in a good agreement with
the DSC data discussed above. The conversion val-
ues (a.) of O—C=N groups associated with the differ-
ent [OMIm][BF,] contents was calculated using FTIR
data, and both sets of values obtained from FTIR and
DSC data matched pretty well (see Table 2).

Both FTIR and DSC results clearly evidenced an ac-
celeration effect of [OMIm][BF,4] on the CER forma-
tion during curing process at 150 °C for 6 h. Inter-

ry i

estingly, the catalytic effect was already noticeable at
the lowest content of [OMIm][BF,] investigated, i.e.
0.5 wt%. This could be attributed to the presence of
an acid center in the ring of the [OMIm] cation, which
might accelerate the polycyclotrimerization of the di-
cyanate monomer.

3.3. Proposed mechanism of the
[OMIm][BF4]-catalyzed
cyclotrimerization of DCBE

It has been well investigated that Lewis acids, such as

TiCly, could be used as catalysts for polycyclotrimer-

ization of dicyanate esters [32]. Martin and cowork-

ers [33, 34] reported the appearance of bands around

2300 cm™! when dicyanates were treated with an ex-

cess of Lewis acid. A strong band at 2320 cm™ in-

deed appeared upon addition of 1-5 equiv. of TiCly
to bisphenol A dicyanate ester; no ‘free’ cyanate was
detectable in these cases [32]. The band at 2320 cm™,
attributed to a cyanate-catalyst complex, was formed
rapidly on mixing before gradually disappearing at
the end of the reaction. Therefore, the band around

2300-2320 cm™! was ascribed to a simple cyanate-

Lewis acid complex [32-34].

Likewise, in our investigation, we proposed a mech-

anism involving a cyanate-ionic liquid complex. In-

deed, the appearance of a shoulder at 2330 cm™ in

iy
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Figure 2. FTIR spectra of: (a) DCBE monomer (curve 0) and CER samples with different [OMIm][BF,] contents after heat-
ing at 150°C for 6 h (curves 01—5.0t, the number indicating the IL content); (b) uncured DCBE (curve 0) and
CER/[OMIm][BF4] sample (95/5 wt%) before (curve 5.0) and after (curve 5.0r) the same heating stage in the spec-

tral zone of 23702200 cm™!
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the FTIR spectra after mixing DCBE with 5 wt% of
[OMIm][BF4] was observed in Figure 2b (curve 5.0).
After heating the mixture at 150 °C for 6 h and reach-
ing high conversion of cyanate groups, this shoulder
disappeared (curve 5.01). We proposed a possible
mechanism for the DCBE/[OMIm][BF4] system in
Figure 3. First, a pseudo-nitrillium ion 2 was formed
when mixing dicyanate 1 with [OMIm][BF4] via the
involvement of a [CN]¥*~[OMIm]>" complex whose
characteristic FTIR absorption band could be as-
signed to the shoulder at 2330 cm™'. This cyanate-
ionic liquid complex was then attacked by a ‘free’
cyanate monomer 1, thus leading to the formation of

a nitrillium ion 3. The latter was attacked by a ‘free’
dicyanate molecule 1 with formation of a nitrillium
ion 4, which was transformed into an acyclic trimer 5
with [OMIm][BF,] release, and finally into a cy-
clotrimer (cyanurate) 6. Taking in account the exis-
tence of an acid center in the ring of l-octyl-3-
methylimidazolium cation (i.e., C—H bond in posi-
tion 2 imparts slight acidity); we could suppose that
this center indeed catalyzed the cyclotrimerization
reaction of DCBE. It has to be noted here that a small
shoulder at 2330 cm™' is also observed in the FTIR
spectrum of the DCBE. It is known that phenolic
groups catalyze polycyclotrimerization of CER and

H,,C, N H,,C,\
N 2330 cm N-—
_ . Sat, B orEy ¢ A"‘ ) BF -
NEC—0AD —CZ=N: e BF: e NEC—OAQ —C/=Ni------- H =
|
k eH / 2 CH,
: N=C— OAD —C =N:
HuC.\
NEC N— H,,c_\
\ { H N=C N—
OAO . .. w.’? BF- \ N
o="n-H N + NC-OAO-CN oAr0 A"’ BF
{ ! - ~Cc=h-H : ¥
N CH, - N
I +f :
C=N CH,
c\-l- / 3
OArO N=C OAIO
BT \ /
N=C 4 A0 N=C
C=N
H.C, .
N=
e
—_— *A)BF
(Do,
I
CH,
N=C C=N
\ /
OArO OArQ
Y2 e
H-” — & NT TN
! " ,Jl\ r}l\
C
oaro” N /O""'O N DArO
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CH,

Figure 3. Proposed mechanism for the [OMIm][BF,]-catalyzed cyclotrimerization of DCBE
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it occurs also through formation of the intermediate
structure, which disappear after formation of triazine
cycle and reclaiming phenol [1]. So the traces of
bisphenol E, left after DCBE synthesis, could form
the dimer structures with cyanate ester and this com-
plex may be also characterized by the shoulder at
2330 cm™! in FTIR spectrum of neat cyanate ester.

4. Conclusions

The [OMIm][BF4]-catalyzed polycyclotrimerization
of DCBE was investigated through DSC and FTIR
analyses. A dramatic influence of the ionic liquid on
CER curing was demonstrated. For samples contain-
ing [OMIm][BF,], polycyclotrimerization of DCBE
took place even at the heating stage at 150 °C, while
for pure DCBE polycyclotrimerization practically did
not occur. The conversion of DCBE increased with
increasing [OMIm][BF,] contents in the temperature
range studied. A plausible mechanism based on the
formation of a [CN]>*~[OMIm]®" complex was pro-
posed to account for the acceleration effect of the ionic
liquid on the curing process associated with CERs. We
assume that one such catalytic effect of imidazolium-
based ILs will take place for any dicyanate mono-
mer. The effect of other IL types on kinetics of poly-
cyclotrimerization of dicyanate esters has to be
further studied.

It should be emphasized that [OMIm][BF,4] dis-
played a catalytic activity in the absence of any ad-
ditional organic solvent or co-catalyst. Interestingly,
the ionic liquid is not destroyed during the CER syn-
thesis.
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Abstract. Three-dimensional nanoporous graphene monoliths are utilized to prepare graphene-poly(vinylidene fluoride)
nanocomposites with enhanced mechanical and electro-mechanical properties. Pre-treatment of the polymer (poly(vinylidene
fluoride), PVDF) with graphene oxides (GOs) facilitates the formation of uniform and thin PVDF films with a typical thick-
ness below 100 nm well coated at the graphene nano-sheets. Besides their excellent compressibility, ductility and mechanical
strength, the nanoporous graphene-PVDF nanocomposites are found to possess high sensitivity in strain-dependent electrical
conductivity. The improved mechanical and electro-mechanical properties are ascribed to the enhanced crystalline (3 phase in
PVDF which possesses piezoelectricity. The mechanical relaxation analyses on the interfaces between graphene and PVDF
reveal that the improved mechanical and electro-mechanical properties could result from the interaction between the —-C=0
groups in the nanoporous graphene and the —CF, groups in PVDF, which also explains the important role of GOs in the prepa-
ration of the graphene-polymer nanocomposites with superior combined mechanical and electro-mechanical properties.

Keywords: processing technology, nanoporous graphene, ferroelectric polymers, mechanical properties, dynamic mechanical

relaxation

1. Introduction

In the past several years three-dimensional (3D) nano-
porous graphene structures have attracted much at-
tention since they are promising multi-functional ma-
terials which implement the superior properties of
two-dimensional (2D) graphene sheets for macro-
scopic applications [1-5]. Graphene aerogel (GA) is
the most typical 3D network structure consisting of
graphene nano-sheets and possesses ultra-light weight
(density as low as 0.16 mg/cm?), ultra-high surface
area (as large as 600 m%/g), super-elasticity, high com-
pressibility and conductivity. They could be used as
mechanical dampers, strain gauge, stress and pressure
sensors with high performances [6—10]. However

*Corresponding author, e-mail: mmzheng@polyu.edu.hk
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their weak inter-connected graphene structures have
prevented GAs from exhibiting stable mechanical
and electro-mechanical behaviours. For example, the
mechanical strength (<100 kPa) and Young’s mod-
ulus (<5 MPa) of GA are too low for practical func-
tional application [1-3]. In particular, formation of
micro-cracks inside GAs after cyclic loading could
deteriorate their mechanical and electro-mechanical
performances.

In this work, we develop GA supported poly(vinyli-
dene fluoride) (GAsPVDF) polymers which could
be promising multi-functional materials. Poly(vinyli-
dene fluoride) (PVDF) has been widely used as func-
tional or structural material in water-proof layers,
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sensors, transducers and actuators. PVDF is a semi-
crystalline polymer and is typically brittle. When it
is used for piezoelectric or pyroelectric applications,
the desirable content of polar crystalline § phase in
PVDF has to be developed through mechanical de-
formation or electrical poling, and is difficult to be
controlled. Hence, PVDF polymers used as sensors
or actuators are typically micro-sized thin films and
bulk PVDF is usually not much useful in piezoelectric
and pyroelectric applications. Besides their high me-
chanical strength, excellent compressibility and duc-
tility, a hybrid structure of GA and PVDF films is
expected to exhibit superior dielectric, piezoelectric
and pyroelectric properties because of the ultra-high
surface areas of the adsorbed thin PVDF films, and
could be better functional materials as compared to
GA and PVDF [11]. Although functionalization of
GA with oxides, polymers and metals has been re-
ported in previous studies [12—16], this work is the
first attempt in engineering GA with dielectric and
ferroelectric materials. The bulk GA functionalized
with PVDF films could exhibit superior combined
mechanical and electro-mechanical properties and is
versatile for various functional applications.

Although the GAs exhibit great hydrophobicity be-
cause of their intrinsically large surface area and non-
polar carbon structure, for organic solvents and oils,
they have excellent adsorption capacity and ultrafast
absorption rate. Based on these features, GAs can be
immersed in organic solvent to form composite struc-
tures with other functional materials. In this work,
we synthesize GAsPVDF multi-functional materials
via immersing GA in organic solutions of PVDF.
Since the —-CH, and —CF, groups in PVDF are active
toward some functional molecular groups which
exist more or less in GA (usually reduced graphene
oxides or RGO), it is expected that the main chains
of PVDF are attracted to the graphene sheets in GA.
On the other hand, blending of PVDF with graphene
oxides (GOs) in organic solution has been found to
result in a PYDF-GO nanocomposite with enhanced
ferroelectric and pyroelectric properties [17, 18]. In
the formation of GAsSPVDF, we add GOs into the or-
ganic solution of PVDF where GA is immersed. GOs
could not only act as surfactants of GA but also facil-
itate the coating of PVDF-GO nanocomposites with
enhanced piezoelectric and ferroelectric properties on
the graphene nano-sheets. Comparative studies are
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carried out to investigate the mechanical and electro-
mechanical properties of GAsPVDF samples pre-
pared with and without GO blending of PVDF solu-
tions. X-ray diffraction (XRD), scanning electron mi-
croscopy (SEM), Fourier-transform infra-red (FTIR)
and Raman spectroscopy are used to analyze the
structural properties of the GAsPVDF samples pre-
pared by different methods. Samples are tested under
compression to characterize their mechanical prop-
erties. The relation between the compressive strain
and electrical resistance of GAsPVDF are measured
to characterize the electro-mechanical properties of
the samples. The effects of graphene and GO sheets
on the formation of PVDF films inside GA are ana-
lyzed using anelastic mechanical relaxation, which
is effective in analyzing the interaction between the
nano-fillers (PVDF) and the porous matrix (GA)
[19]. The interaction between the functional molecular
groups in GAs or GOs and —CF; groups in PVDF is
characterized to elucidate the atomistic behaviors of
the graphene-PVDF hybrid structures inside GAs.

2. Experimental methods

GOs were chemically exfoliated from natural graphite
flakes via a modified Hummers method [20]. Graphite
flakes (5.0 g) (CP, Aladdin Reagent Database Inc.,
Shanghai, China) and sodium nitrates (2.5 g) (CP, Al-
addin Reagent Database Inc., Shanghai, China) were
added into concentrated sulfuric acid (115 mL) at
room temperature. After soaking in ice bath for
25 mins with mild agitation, potassium perman-
ganate (15.0 g) (CP, Aladdin Reagent Database Inc.,
Shanghai, China) was added gradually into the mix-
ture. Then, the mixed suspension was heated to 35°C
and kept for 45 min. Deionized water (230 mL) was
added and the temperature of the solution was kept
at 98 °C for 45 mins. When the brown mixture turned
into yellow, the mixture solution was diluted to
700 mL, followed by adding 30 mL H,O, (30%). The
mixture was then filtered and washed with 50 mL of
HCI solution (9%). Finally, the solution was cen-
trifuged for several times at 11 000 rpm until the pH
of the system was about 7. The resulting sample was
dried in vacuum at 60 °C for 72 h.

GO solution of 2 mg-mL~" was prepared by the son-
ication of 2.2 g graphite oxide in 1 L water for about
2 hours. The aggregates were then removed by mild
centrifugation (3000 rpm for 10 mins). Graphene hy-
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drogels (GHs) were fabricated by a typical hydrother-
mal method. 2 mg-mL~! of GO solution was put in
a Teflon-lined stainless-steel autoclave, sealed, and
hydrothermally treated at 180 °C for 20 h to obtain
GH. Then GH was further hydrothermally treated in
ammonia solution at 90 °C for 1 h. After freeze dry-
ing, the cylindrical GA with a typical height of 10 mm
was obtained. The diameter of the 3D graphene
monoliths is 5-8 mm.

GAsPVDF samples were prepared via immersing GAs
directly in N,N-dimethylformamide (DMF, Sigma-
Aldrich, Shanghai, China) with different concentra-
tions of PVDF (Sigma-Aldrich, Shanghai, China).
The schematic of the preparation process is shown
in Figure 1. The concentrations of PVDF in the DMF
solvent are measured by the mass ratio of PVDF to
DMF. The procedure of preparing GAsPVDF with
GO blending in the PVDF solution is described as
follows. First, the graphene oxides were dissolved in
DMF with the assistance of sonication and agitation.
Then the PVDF powder was added to the suspension
and stirred for 8 hours. The mass ratio of PVDF to
GO was kept as a constant (50:1) in the solutions with
different concentrations of PVDF. Finally, the cylin-
drical GAs were immersed in the solutions under
sonication for 3 hours and held for another 24 hours
for the complete impregnation of GAs with the solu-
tion. The GAsPVDF samples were obtained after the
samples were dried at 70°C in a vacuum oven till

the DMF was removed completely. The samples are
denoted as GAsPVDF-GOx where x=0.5, 1, 3 and
10% represent the concentrations of PVDF in the
DMF solvent. Similar steps were carried out to pre-
pare GAsPVDF without GO blending in the PVDF
solution. The synthesized samples are denoted as
GAsPVDF-x where x =1, 2, 3 and 10% represent the
concentrations of PVDF in the DMF solvent.
Functional groups and chemical bonds of the synthe-
sized samples were determined by X-ray photoelec-
tron spectroscopy (XPS, PHI 5000C ESCA, Perkin
Elmer, Massachusetts, USA) at a base pressure of
1-10~° mbar. XRD patterns of the samples were taken
by an X-ray diffractometer (XRD, PW3040/60,
Philips, Netherlands) with nickel filtered Cu Ka ra-
diation. The microstructures of samples were inves-
tigated by Scanning Electron Microscopy (SEM, JSM-
6490, JEOL Inc., Peabody, USA) which was equipped
with energy dispersive X-ray (EDX) analysis and
was operated at 20 kV. FT-IR spectra were recorded
by an FT-IR spectrophotometer (Spectrum 100,
Perkin Elmer, Massachusetts, USA) with a resolution
of 1.0 cm™'. Raman experiments were carried out on
a Raman Station (Model 400/400F, Perkin Elmer,
Massachusetts, USA) with a resolution of 1.0 cm™.
The compressive curves of the samples were meas-
ured by a compression testing machine (Materials
Testing Z2.5TH, Zwick Techonology & Instrument
Co. Ltd, Shanghai, China). The samples were pol-

PVDF-GOx

GAsPVDF-GOx

Figure 1. Schematic of preparation of GAsPVDF-GOx from PVDF solution with GO blending. The microstructures of the
resulting GAsPVDF-GOx samples are illustrated as PVDF films (in red) coated at the graphene sheets (in black)
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ished into a cylindrical shape with a height of § mm
and a diameter of 4 mm. The compressive strain rate
was 0.02 min~'. Samples with the same dimensions
were used for electrical resistance measurement
under compression. Silver-paste layers with a thick-
ness of 0.1 mm were coated at the top and bottom
surfaces of the samples to form electrodes. The fer-
roelectric test system (TF2000E, aixACCT, Aachen,
Germany) under the leakage current measuring
mode was used to measure the currents of the sample
under the applied voltages of 0-2 V. The electrical
resistance was calculated from the Ohm’s law.

Mechanical relaxation of graphene sheets and
graphene-PVDF interfaces in GAsPVDF samples
were characterized using a Dynamic Mechanical An-
alyzer (DMA, Q800, TA Instruments, Minneapolis,
USA). The samples were polished into a cylindrical
shape with a height of 10 mm and a diameter of
5 mm and were tested in a compression mode of dy-
namic mechanical analysis. The sinusoidal strain
with an amplitude of 0.3% at various frequencies
were applied to the samples. The anelastic relaxation
behaviors of the samples between 50 and —150°C
were measured. The cooling rate is 0.6 °C/min.

3. Results and discussion
3.1. Characterizations of GA supported
poly(vinylidene fluoride)

SEM images of the GAsPVDF-GOx samples are
shown in Figure 2. In the preparation of GAsPVDF-
GOx with low concentrations of PVDF (x = 0.5 and
1%), a relatively small amount of PVDF and GOs
are dissolved in the DMF solvent. Since the solution
is a very dilute liquid and there is strong interaction
between PVDF and GO, PVDF tends to form partic-
ulates with GOs rather than coatings on the graphene
sheets inside GAs. As shown in the SEM images
(Figure 2a, b), small PVDF-GO particles only cover
surfaces of the graphene sheets inside GAs. With in-
creasing PVDF and GO contents in the DMF solvent
(x =3 and 10%), the PVDF solution becomes more
viscous and more PVDF and GO are absorbed into
GAs. As shown in Figure 2c, d, film-like PVDF is
adsorbed much easier into GAs immersed in the vis-
cous PVDF solution. The red arrows in Figure 2d are
used to estimate the thickness of PVDF-absorbed
graphene nanosheets, which is about 90 nm. Thus it
can be determined that the thickness of PVDF films
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Table 1. Molar fraction of F atoms in GAsPVDF-GOx sam-
ples determined from XPS and EDX analyses
x=0.5% x=1% x=3% x=10%

0.098+0.001 | 0.102+0.001 | 0.144+0.001 | 0.212+0.001

0.083+0.005 | 0.097+0.005 | 0.146=0.005 | 0.209+0.005

XPS
EDX

in the GAsPVDF-GO10% sample could be smaller
than 100 nm. EDX analysis is used to determine the
molar fraction of F atoms relative to the total atoms
(C, O, F) in the GAsPVDF-GOx samples. Table 1
shows the relation between x and the molar fraction
of F atom which could be proportional to the PVDF
content in GA. The PVDF content of GAsPVDF-
GOx is found to increase with increasing PVDF con-
centration of the solution.

SEM images of the GAsPVDF-x samples are shown
in Figure 3. The PVDF forms a network structure
based on the architecture of graphene aerogel. The
concentration of PVDF solution (x =1, 2, 3, 10%)
does not much affect the morphology of PVDF
formed inside GAs. The thickness of PVDF is found
to be much thicker than that of GAsPVDF-GOx.
Comparison on the SEM images of GA (Figure 2e),
GAsPVDF-GO10% (Figure 2d) and GAsPVDF-10%
(Figure 3d), demonstrates that GO blending in the
PVDF solution facilitates the formation of uniform
and thin PVDF coatings on the graphene sheets in-
side GA.

XPS spectrum shown in Figure 4 indicates that the
GAsPVDF-GOx samples have a predominant F 1s
peak at around 663 eV. The content of PVDF in the
GAsPVDF-GOx samples could be characterized by
the molar fraction of F atoms in the samples consist-
ing of C, O and F atoms. As listed in Table 1, it is
found that the molar fraction of F atoms in the
GAsPVDF-GOx sample determined by XPS in-
creases with increasing concentration of PVDF in
the solution and is close to that determined by EDX,
especially in the GAsPVDF-GOx samples with x >
1%. The quantitative comparison on the molar frac-
tions of F atoms determined by EDX and XPS sug-
gests that the PVDF thin films could be coated uni-
formly on the graphene sheets in the GAsPVDF-
GOx samples.

XRD patterns of the GAsPVDF samples prepared
from PVDF solution with and without GO blending
are shown in Figure 5. The intensities of the XRD
peaks at 20.4° corresponding to the (110) planes of
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e)

Figure 2. SEM images of GAsPVDF-GOx samples prepared from PVDF solution with GO blending. (a)—(d): x=0.5, 1, 3,
10%, respectively. (¢) GA. The arrows in (d) are used to estimate the thickness of PVDF-absorbed graphene
nanosheets.
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B 1 1M

1um

Figure 3. SEM images of GAsPVDF-x samples prepared from PVDF solution without GO blending. (2) x = 1%; (b) x = 2%;

(¢) x =3%; (d) x = 10%.

the crystalline § phase of PVDF increase with increas-
ing PVDF content x. Furthermore, the GAsPVDF-
GOx samples are found to have stronger (110) peak
of PVDF P phase (relative to the (001) peak of GA
at 24.6°) than that of the GAsPVDF-x samples.

FTIR spectra of the GAsPVDF-GOx samples pre-
pared from PVDF solution with GO blending are

F1s
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Figure 4. XPS survey scan of GAsPVDF-GOx samples
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shown in Figure 6a. The IR transmittance peak at
839 cm™! characterizes the presence of the B-poly-
morph phase in PVDF. In the  conformation of
PVDF, fluorine and hydrogen atoms are on opposite
sides of the main molecule chains and hence the net
non-zero dipole moments are formed. With increas-
ing content of PVDF, the transmission intensity at
839 cm™! becomes stronger, demonstrating that the
crystalline B phase of PVDF could increase with in-
creasing concentration of PVDF.

Raman spectra of the GAsPVDF-GOx samples pre-
pared from PVDF solution with GO blending are
shown in Figure 6b. The D-band (1327 cm™!) repre-
sents the defects in the graphene or amorphous car-
bon; the G-band (1593 cm™) is caused by the in-
plane vibration of graphite with an E,-symmetry
intra-layer mode. The intensity ratio of G-band to D-
bands (/g/Ip) is much higher in GAsPVDF-GO10%
than any other samples, suggesting that the defective
carbon structures in GAsPVDF-GOx are repaired
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Figure 5. XRD patterns of (a) GAsPVDF-GOx,
(b) GAsPVDF-x samples

and

due to the attachments of the —CF, groups of PVDF
on the graphene sheets, as illustrated in Figure 1.
Therefore the Raman spectra further demonstrate
that in the GAsPVDF-GOx samples PVDF is well
coated on the RGO or GO sheets inside GAs.

It is well known that the PVDF crystalline § phase
has excellent piezoelectric and pyroelectric proper-
ties [18]. From the characterizations described above,
GAsPVDF-GOx prepared from PVDF solution with
GO blending obviously have better quality of PVDF
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coating for piezoelectric and pyroelectric applica-
tions. The formation of well coated PVDF films on
the graphene sheets in the GAsPVDF-GOx sample
can be explained as follows: First, because the GOs
are abundant of —-C=0 groups, and GOs and GA ex-
hibit high affinity, therefore the strong interaction
between —C=0O groups in GOs and —CF, groups in
PVDF drives the PVDF to lay on the graphene sheets
inside GA. Second, such interaction promotes the or-
dering of —CF, groups in PVDF, resulting in the
PVDF films uniformly coated on the graphene sheets
inside GAs. Therefore GOs are not only surfactants
of GA but also blending elements of PVDF which
improve the piezoelectric and ferroelectric properties
of PVDF. Interestingly, it has been observed that GOs
in de-ionized water actually deteriorate the 3D
graphene structures of GA, instead of acting as a sur-
factant of GA when it is in DMF. Therefore, it is sug-
gested that GO and PVDF first form a nanocompos-
ite which could relieve the oxidation reaction between
GO and GA.

3.2. The mechanical properties of GA
supported poly(vinylidene fluoride)

Figure 7 shows the compressive curves of GAsPVDEF-
GOx and GAsPVDF-x samples, in comparison with
that of GA shown in the inset of Figure 7a. The
GAsPVDF-GOx and GAsPVDF-x samples exhibit
significantly improved mechanical strength as com-
pared with that of GA samples. Remarkably, the me-
chanical strength of the GAsPVDF-x samples pre-
pared from PVDF solution without GO blending is
lower than that of the GAsPVDF-GOx samples pre-
pared from PVDF solution with GO blending, and
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Figure 6. (a) FTIR spectra of GAsPVDF-GOx samples. The arrows indicate the IR transmission peak at 839 cm™' which
characterizes the PVDF crystalline beta phase. (b) Raman spectra of GAsPVDF-GOx samples.

736



Zheng et al. — eXPRESS Polymer Letters Vol.10, No.9 (2016) 730-741

0.4 5
‘l
0.3F
‘o
o
=
w 0.2
w
o
751
0.1F
! 0.0
0.0 Y g écmprle%swe’glralnzﬁfn] i
0 20 40 60
a) Compressive strain [%)]

1.6+
. 1.24 -
] Flow stress
o - & e 460 |
E F15 -+ Fracture strain z|
= c
0 = 3
» B
§ 0.8- 8 1.0 408
2] 3 o5y E
2 - / 20 E
0.0p—1 w
0.4+ GA x=05% x=1% x=3% x=10%
x=1% x=0.5%
0.0 T
0 10 20
b) Compressive strain [%]

Figure 7. (a) The compressive curves of GAsPVDF-x samples; the inset is that of GA. (b) The compressive curves of
GAsPVDF-GOx samples. The inset shows the flow stress and fracture strain of the samples.

is less dependent on the absorbed PVDF content x.
As shown in Figure 7b, the mechanical strength of
the GAsPVDF-GOx samples prepared from PVDF
solution with GO blending increases significantly
with increasing PVDF content, suggesting the good
and firm coating of PVDF in the 3D graphene struc-
tures of GA. On the contrary, the PVDF coating on
the graphene sheets in the GAsPVDF-x samples might
be loose and not uniform, resulting in the low flow
stress which is not much affected by the content of
absorbed PVDF.

The effect of PVDF content x on the mechanical
strength and ductility of GAsPVDF-GOx is signifi-
cant, as shown in the inset of Figure 7b. The flow
stress (0.087 MPa) and the fracture strain (57.5%) of
GAsPVDF-GOx with x = 0.5% are all much higher
than those of pristine GA, suggesting that the PVDF
coating on the graphene sheets inside GA is effective
in improving the mechanical strength and superplas-
ticity of GA. The enhanced mechanical properties of
the GAsPVDF-GOx samples prepared from PVDF
solution with GO blending are attributed to the
strong interaction between PVDF and GA.

3.3. The electro-mechanical properties of GA
supported poly(vinylidene fluoride)

The change of electrical resistance AR (absolute
value) of the GAsPVDF-GOx samples under applied
compressive strain € is shown in Figure 8. A linear
relation between AR/R and & under loading and un-
loading conditions can be observed. R is the electri-
cal resistance at & = 0 and varies from 1.5 Q/cm? for
GA to 0.4 MQ/cm? for GAsPVDF-GO10%. The con-
ductivities of GAsPVDF-GOx are more sensitive to
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Figure 8. The relative changes of resistances AR/R of
GAsPVDF-GOx samples (x =0.5, 1, 3 and 10%)
and GA under compressive strains (in colored
solid lines). The AR/R under the release of com-
pression on the samples (x =3 and 10%) are plotted
in black dash lines

the compressive strain than that of GA. For the
GAsPVDF-GO10% sample prepared from PVDF
solution with GO blending, AR/R is about 27% at € =
10%, which is 2.6 times larger than that of GA. As
shown in Figure 8, the conductivity of GAsPVDF-
GOx with more absorbed PVDF is more sensitive to
the mechanical compression.

In GA, the dependence of AR/R on ¢ is mainly caused
by the weakly connected graphene sheets among
which the junction areas have low conductivities.
Under compression, the volume fraction of the inter-
connecting graphene sheets increases, resulting in the
increase of conductivity with increasing compressive
strains. Since the PVDF is an electrical insulator, the
effect of PVDF on the relation between AR/R and €
for the GAsPVDF-GOx samples could be complicat-
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ed. In the GAsPVDF-GOx samples with low PVDF
content (x = 1, 2%), PVDF films are not likely to
cover most of the surface areas of graphene sheets.
Because the junctions among graphene sheets are
more active toward PVDF adsorption, PVDF could
be coated on those junction areas in GA, leaving the
surface areas of the graphene sheets to be conduc-
tive. Since graphene sheets are much more flexible
than PVDF, the compression on GAsPVDF-GOx
leads to the formation of conductive paths among
graphene sheets. Therefore the AR/R of GAsPVDF-
GOx could be more sensitive to € than that of GA
where the compression leads to the formation of con-
ductive paths at the junction areas.

It is interesting that the change of AR/R with respect
to € is more sensitive in the GAsPVDF-GOx samples
with more PVDF content x. When the content of the
adsorbed PVDF in GA is high, the PVDF films tend
to cover the surfaces of graphene sheets, as demon-
strated by the XPS and EDX results listed in Table 1.
If the mechanism of compression-induced conduc-
tivity change is the same as those described above,
the conductivity of the GAsPVDF-GOx samples
with x > 1% must be less sensitive to compression
compared with that of the samples with x < 1%. On
the contrary, the conductivities are more sensitive to
compression for the GAsPVDF-GOx samples with
increasing content of adsorbed PVDF (x > 1%)), as
shown in Figure 8. Therefore, the strain-dependent
conductivity of the GAsPVDF-GOx samples could
not be associated with the compression-induced inter-
connecting graphene sheets. As discussed in Sec. 3.1,
PVDF adsorbed in GA should be piezoelectric be-
cause it possesses large volume fraction of crys-
talline polar crystalline phase. The applied compres-
sive strain could induce polarization and net charges
on the electrodes of the GAsPVDF-GOx samples. In
the measurement of electrical resistance, there are
additional dipolar currents generated by the applied
strain besides those caused by the applied voltage.
Therefore, the AR/R of the GAsPVDF-GOx samples
changes more significantly with the applied strain in
comparison with that of GA, and the conductivity is
more sensitive to compression in the GAsPVDF-
GOx samples with more PVDF content x.
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3.4. Anelastic analysis on the interfaces
between GA and PVDF

Anelastic mechanical relaxation of GAsPVDF-GOx
and GAsPVDF-x samples are measured to further
elucidate the effect of PVDF on the microstructural
features and the mechanical properties of GAs. Under
the applied periodic stresses, the anelastic responses
of graphene nano-sheets, amorphous and crystalline
regions of PVDF films, and those molecular groups
at the interfaces between GA and PVDF can be well
characterized by the mechanical loss and dynamical
modulus. Figure 9 shows the storage modulus and
mechanical loss (tan d) of GA monoliths used for the
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Figure 9. The storage modulus and mechanical losses (tan d)
of (a)GA, (b) GAsPVDF-GO10%, and
(c) GAsPVDF-10% samples at various frequen-
cies f.
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preparation of GAsPVDF, GAsPVDF-GOx and
GAsPVDF-x samples, respectively. The 3D graphene
structure in GA is mostly characterized by the tano
peak (labeled as P,) at —130~—-120°C depending on
the testing frequency, which is of relaxation type as
shown in Figure 9a. The activation energy of relax-
ation £, can be well determined by the Arrhenius re-
lation (Equation (1)):

r=shew| ) n

where f'is the test frequency, fp is the attempt fre-
quency of the diffusion of atoms and 7 is the peak
temperature of P, peak. kg is the Boltzmann con-
stant. Figure 10a shows the fits of Inf'and 1/7 based
on Equation (1). £, and f; are determined to be
0.38 eV and 2.8-10'!' s7!, respectively. Because the
low activation energy E, is close to that of two-dimen-
sional diffusion of carbon atoms [21], it is suggested
that the P, peak could be related to the relaxation of
defective carbon atoms on the graphene sheets in
GAs. Considering the nano-porous features of 3D
graphene monolith, the relaxation nature of such tano
peak implies that it is caused by the relaxation of the
inter-connecting junction areas of graphene sheets in
GA where defective carbon atoms exist.

The mechanical losses of GAsPVDF-GO10% and
GAsPVDF-10% samples are much increased as com-
pared with that of GA. The presence of PVDF films
in these samples is much evident from a broad f re-
laxation peak at —55~-30°C (labeled as Pp), which
is caused by the Brownian motions of amorphous

GA

. T T T v T T T
0.0062 0.0064 0.0066 0.0068 0.0070

a) UT[K]

PVDF [22]. In GASPVDF-10% samples prepared
from PVDF solution without GO blending the Pgpeak
seems to overwhelm the characteristic P, peak of GA.
However, in GAsPVDF-GO10% samples prepared
from PVDF solution with GO blending the Pg peak of
PVDF does not affect much the characteristic P, peak
of GA. It is thus suggested that in GAsSPVDF-GO10%
samples prepared from PVDF solution with GO blend-
ing the 3D graphene microstructures are mostly pre-
served since PVDF is coated on the graphene sheets;
while in GAsPVDF-10% samples prepared from
PVDF solution without GO blending the 3D graphene
microstructures might be damaged by the PVDF de-
posited at the junction areas of the graphene sheets.
In the GAsPVDF-10% samples amorphous PVDF
polymer is dominant in the graphene-PVDF hybrid
structures at the inter-connecting regions of GAs.

Unlike those caused by the diffusions of defective car-
bon atoms, the mechanical relaxation of amorphous
structures (B relaxation) in PVDF cannot be charac-
terized by the Arrhenius relation. Instead the 3 relax-
ation is typically characterized by the Vogel-Fulcher-
Tammann (VFT) relation as shown by Equation (2):

-E,
sl @

where T'is the peak temperature of Pg peak. Ty rep-
resents the Kauzmann temperature or static freezing
temperature which is far below the glass transition
temperature. Figure 10b shows the fits of Inf and
1/(T— Ty) based on Equation (2). 7o =—140°C is cho-
sen for the fits. The apparent activation energy £, of

GAsPVDF-10% GAsPVDF-GO10%

ek
@
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Figure 10. (a) The Arrhenius plots for the P, peak in GAs. (b) Determination of the apparent activation energy of B relaxation

using the VFT relation.
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B relaxation for the GAsPVDF-GO10% and
GAsPVDF-10% samples is 0.16 eV and 0.29 eV, re-
spectively. Because E, of P relaxation for the
GAsPVDF-GO10% sample is consistent with that
(~0.15 eV) for PVDF-GO composite films [23] and
is different with that (~0.09 eV) for pure PVDF films
[18], it is envisaged that GOs are incorporated into
the PVDF films in GAsPVDF-GO10% samples.
Since the additions of GOs in PVDF enhance the
polar crystalline phase of PVDF [17, 18, 23], the films
in GAsPVDF-GOx samples have less amorphous
structures than those in GAsPVDF-x samples. Com-
parison between the Pg peak temperatures for the
GAsPVDF-GO10% samples and the GAsPVDF-10%
samples could provide further evidence, as shown in
Figure 9b and 9c, respectively. Nevertheless, £, of
B relaxation for the GAsPVDF-10% samples is much
larger than that for the GAsPVDF-GO10% samples,
demonstrating the high content of amorphous struc-
tures in PVDF which prevents the formation of well
coated PVDF films on the graphene surfaces in GAs,
as shown in Figure 10b.

4. Conclusions

Graphene aerogel supported poly(vinylidene fluo-
ride) samples were synthesized. The blending of GOs
with PVDF solutions facilitates the formation of thin
and uniform PVDF films whose typical thickness is
below 100 nm on the graphene sheets inside GAs.
The graphene aerogel supported poly(vinylidene flu-
oride) has high content of crystalline § phase which
possesses pyroelectricity and piezoelectricity. With
increasing contents of PVDF and crystalline PVDF
B phase, the graphene aerogel supported poly(vinyli-
dene fluoride) samples exhibit significantly improved
mechanical and electro-mechanical properties as
compared to those of GAs, suggesting that they could
be used as multi-functional materials such as high-
performance sensors, actuators and kinetic energy
harvesters. The superior combined mechanical and
electro-mechanical properties of graphene aerogel
supported poly(vinylidene fluoride) are attributed to
the strong interaction between the —-C=0 groups in
GAs or GOs and the —CF, groups in PVDF.
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during stress relaxation of dynamic coordination polymer
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Abstract. The authors report that during tensile stress relaxation test of a polyurethane crosslinked by catechol-iron
coordination bonds, the stress gradually increases with time after the initial drop, which differs from the documented
behaviors of other materials. Based on model experiment and structural characterization, water triggered rapid increase of
dynamic crosslinkages accompanied by Poisson’s contraction is found to be responsible for the stress intensification effect.
In addition, the influential factors are carefully discussed. The findings might help to develop novel polymeric materials
with improved application performance under loading conditions.

Keywords: smart polymers, stress relaxation, polyurethane, dynamic coordination bond, crosslink

1. Introduction

Stress relaxation of materials used to refer to stress
decrease with time under constant strain. In the case
of polymers, macromolecular conformation has to be
at a non-equilibrium state upon being stressed. Accord-
ingly, movement of chain segments would take place
to reduce or relieve the internal stress with increasing
time.

In reality, the mechanisms involved in stress relaxation
fall into five groups depending on polymer species and
practical application circumstances [1, 2]: (i) chain
scission (mostly because of hydrolysis or oxidative
degradation), (ii) bond interchange, (iii) viscous flow
(caused by slippage of linear chains), (iv) Thirion re-
laxation (reversible relaxation of physical crosslinks
or trapped entanglements in elastomers), and (v) mol-
ecular relaxation near glass transition temperature.
From the phenomenological point of view, linear poly-
mers can completely relax stress to zero provided time
is long enough, while crosslinked polymers can only

*Corresponding author, e-mail: ceszmg@mail.sysu.edu.cn
© BME-PT

relax stress to a certain equilibrium value owing to
the network confinement. However, if the crosslinked
polymers are built up by reversible bonds, as revealed
by recent investigation [3-9], rearrangement of the
networks would be allowed when the reversible re-
action is triggered. The materials also go to a lower
state of energy, leading to complete relaxation of the
stress.

Unlike these known behaviors, here we report stress
intensification behavior appearing during stress relax-
ation test of a hyperbranched polyurethane (HBPU),
which holds catechol and hydrophilic carboxyl end
groups and is crosslinked by catechol-Fe*" complexes
(HBPU-DMPA-[Fe(DOPA);], DMPA = dimethylol
propionic acid, DOPA = 3.4-dihydroxyphenyl-L-ala-
nine, refer to Figure 1. That is, after the initial reduc-
tion in stress as usual, the stress gradually increases
rather than decreases or levels off. Since there is no
similar observation in literature, a preliminary explo-
ration of the molecular cause for the abnormal effect
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Figure 1. Structure of HBPU-DMPA-[Fe(DOPA);]. During the synthesis, hyperbranched polyester is used as the starting
material, and then polyurethane prepolymer, DMPA, dopamine hydrochloride, and ferric chloride are introduced,

respectively (Figure 2)

is conducted hereinafter to have an in-depth under-
standing. The dynamic coordination-dissociation be-
havior of the crosslinkages in the polymer is absent
in conventional irreversibly bonded versions. It is
hoped that the present work will help to carry for-
ward this interesting property for future design, syn-

743

thesize, manufacturing and application of novel ma-
terials.

2. Experimental
HBPU-DMPA-[Fe(DOPA);] with Fe3"/dopamine
molar ratio of 1:3 was synthesized following the pro-
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cedures described in ref. [10] (Figure 2). T, of the soft
segments is —63.3 °C, while that of the hard seg-
ments is —7.5 °C, as determined by dynamic mechan-
ical analysis (DMA) [10].

Stress relaxation was measured at 25 °C in tensile
mode at a constant strain of 10% with DMA (01dB-
MetraviB DMA-25N, ACOEM Group, Limonest,
France). Prior to the measurement, the specimens were
saturated by water with different pH values. Then,

o He NCO
H \(/\/\O)'H + H,C
n
H,C NCO

some of the specimens were directly sent for testing
(called water saturated specimens hereinafter), while
the rest were dried and tested (called dry specimen).
During testing the water saturated specimens were
wrapped by waterlogged absorbent cotton to maintain
water content.

Rheological data were obtained from a strain-con-
trolled ARG2 rheometer (TA Instruments, New Castle,
USA) with 25 mm parallel-plate geometry (disk-
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Figure 2. Synthesis of HBPU-DMPA-[Fe(DOPA);]
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shaped specimens: 10 mm in diameter and 2 mm in
thickness). Frequency sweeps at 0.2% strain were con-
ducted at different temperatures.

To obtain Raman spectra of the materials subjected to
volume contraction during tensile stress relaxation,
disk-shaped specimens (diameter: 12 mm, thickness:
1.5 mm) were pretreated following the above proce-
dures applied for stress relaxation, placed into a mold
with round cavity (inner diameter: 12 mm) and com-
pressed by a steel cylinder (diameter: 12 mm) under
0.6 MPa for preset time. Afterwards, Raman spectra
were collected by a confocal Raman microscope (Ren-
ishaw inVia, Renishaw, Gloucestershire, UK). The
diode-pumped 785 nm near infrared laser excitation
was used in combination with a 20x microscope ob-
jective. The spectra were acquired using an air-cooled
CCD behind a grating (300 g-mm™!) spectrograph
with a spectral resolution of 4 cm™'. Because the sam-
ples were sensitive to burning by the laser beam, laser
power of 10 mW and exposure time of 20 s were
used for all measurements. Each collected spectrum
consisted of 60 accumulations of a 0.2 s integration
time. For each sample, three spectra were collected
from different regions and averaged.

3. Results and discussion

The polymer HBPU-DMPA-[Fe(DOPA);] was orig-
inally synthesized for developing lipophilic material
capable of self-healing and recycling in seawater
(pH = 8.3) [10]. Therefore, characterization of struc-
ture and properties is carried out in water as a func-
tion of pH in comparison with that in dry environ-
ment.

As shown in Figure 3, the above-mentioned stress
intensification can be found under certain circum-
stances. More exactly, only the specimens of HBPU-
DMPA-[Fe(DOPA );] saturated by water at pH =9 and
7 exhibit the abnormal manner (Figure 3a). A simple
explanation of this habit lies in stress hardening due
to improvement of macromolecular chains orientation
induced by tension. However, this is an apparent par-
adox because (i) the small strain applied during stress
relaxation is barely enough for chain extension, (ii) the
polymers studied here are crosslinked so that the mo-
lecular chains are unable to align preferentially along
the stretching direction, and (iii) either the same poly-
mer HBPU-DMPA-[Fe(DOPA);], which was firstly
saturated by water at pH =9 or 7 and then dried (Fig-
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ure 3b), or the control HBPU-DMPA-DOPA (Fig-
ure 3¢ and Figure 2), behaves like conventional poly-
mers, despite the fact that all the materials shown in
Figure 3 were tested on the same conditions.

A careful examination of Figure 3 indicates that
(1) water saturation and (ii) higher pH value of the
water are necessary for achieving obvious stress in-
tensification effect of HBPU-DMPA-[Fe(DOPA);].
The first issue is precisely the key factor for trigger-
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Figure 3. Tensile stress relaxation behaviors of (a) water sat-
urated and (b) dry HBPU-DMPA-[Fe(DOPA)s] as
a function of pH in comparison with (c) the water
saturated control HBPU-DMPA-DOPA. Temper-
ature: 25°C.
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ing the dynamic coordinate bonds in HBPU-DMPA-
[Fe(DOPA);] [10]. It has been known that when the
polymer is immersed in water with different pH val-
ues (9, 7 and 4), tris-, bis- and mono-catechol-Fe*" co-
ordinations appear in the polymer network succes-
sively [11]. Higher coordination number is acquired
at higher pH. Moreover, our recent investigation re-
veals that the DOPA-iron complexation can be trig-
gered to a dynamic state in the presence of water and
the dynamic manner is immobilized after removing
water. That is, the catechol-Fe’" crosslinkages of
HBPU-DMPA-[Fe(DOPA);] are dynamically con-
nected and disconnected at any time in wet environ-
ment. Accordingly, the polymer is in the dynamic
equilibrium (in the presence of water) and stable
state (in the absence of water), respectively.

By taking advantages of the dynamic reversible
crosslinking, the network chains of HBPU-DMPA-
[Fe(DOPA);] is able to be ceaselessly rearranged. As
a result, the frequency dependence of storage shear
modulus, G', of the water saturated specimen intersects
with that of loss shear modulus, G”, suggesting a
transition from elastic-like (G'> G") to viscous-like
(G'< G") with decreasing frequency (Figure 4a).
Since the disconnected networks need time to be re-
connected, the system has to perform like viscous
fluid at low frequency regime [12—14]. In contrast, the
dry HBPU-DMPA-[Fe(DOPA);] (Figure 4b) and the
control without Fe** (Figure 4¢) do not exhibit the
same network reconfiguration due to lack of the dy-
namic bonds.

Just because of existence of the dynamic reversible
bonds, the crosslinked networks should be rearranged
to a less stretched state upon being stressed and the
water saturated HBPU-DMPA-[Fe(DOPA);] is sup-
posed to show complete stress relaxation. However,
surprisingly this behavior does not appear (Figure 3a).
We believe that there must be a synergistic effect be-
tween network reshuffling and formation of catechol-
Fe3* crosslinks in this case. Iron ions have been known
to be highly mobile throughout the material in coop-
eration with the network rearrangement [10]. When
the specimen is stretched, the transverse contraction
forces reduction of intermolecular distance. Accord-
ingly, quite a few transient crosslinks are easily estab-
lished among neighbor macromolecules and iron ions.
Because (i) formation of additional crosslinks is faster
than relaxation movement of the molecular chains

and (ii) the higher crosslinking density corresponds
to higher strength of the material (Figure 5), the meas-
ured stress increases with time after the initial drop
due to conformation change (Figure 3a). With respect
to dry HBPU-DMPA-[Fe(DOPA);] and the control
HBPU-DMPA-DOPA, no dynamic bonds are avail-
able so that their stress relaxation behaviors resem-
ble those of irreversibly bonded polymers. The stress
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Figure 4. Storage shear modulus, G’, and loss shear modu-
lus, G", as a functions of oscillatory frequency, o,
for (a) HBPU-DMPA-[Fe(DOPA);] saturated by
water (pH = 9), (b) HBPU-DMPA-[Fe(DOPA);]
that was firstly saturated by water (pH = 9) and
then dried, and (¢) HBPU-DMPA-DOPA saturated
by water (pH =9)
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Figure 5. Tensile stress-strain curves of HBPU-DMPA-
[Fe(DOPA);] measured in water at 25 °C

rapidly declines to a stable value and then no longer
changes with time (Figures 3b and 3c).

To verify the analysis, a group of model experiments
are designed as follows. Firstly, HBPU-DMPA-
[Fe(DOPA);] was compressed in a mold to simulate
the Poisson’s contraction induced during tensile stress
relaxation test (refer to the Experimental part for more
details). Next, Raman spectra of the compressed spec-
imen were collected as a function of compression
time (equivalent to stress relaxation time to some de-
gree). As the band at 500~650 cm™! originates from
chelation of Fe*" with oxygen atoms of catechol [15],
the peak area is correlated with coordination number
of catechol-Fe’" bonds. Although the compressed
specimens had to be taken out of the mold for the
spectroscopic measurement, the plastic deformation
produced by compression cannot be fully recovered,
so that the obtained structural information still roughly
describes the characteristics of the crosslinkages as
expected.

It is seen from Figure 6 that the area of the Raman
peak at 500~650 cm™' of water saturated HBPU-
DMPA-[Fe(DOPA);] increases with a rise in compres-
sion time in the case of pH =7 and 9. Moreover, the
increment for pH = 9 is greater than that for pH = 7.
Clearly, amount of the newly formed catechol-Fe**
crosslinkage increases with time at a constant pH value
of 7 or 9, and also increases with pH at a constant time.
When pH =4, the Raman peak area keeps unchanged
within the time rage of interests, meaning the quan-
tity of catechol-Fe*" crosslinkage remains the same.
The situation apparently coincides with the dry
HBPU-DMPA-[Fe(DOPA);] (Figure 6).
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By comparing Figure 3 with Figure 6, it is reason-
able to conclude that the Poisson’s contraction cre-
ated in the course of tensile stress relaxation test pro-
motes formation of catechol-Fe’" crosslinkage in
water saturated HBPU-DMPA-[Fe(DOPA);]. This is
true especially for pH = 9. Considering the fact that
the tris-coordinate catechol-Fe>" crosslinks generate
larger confinement than bis- and mono-catechol-Fe*
coordination established at pH = 7 and 4, the poly-
mer exhibits more obvious self-strengthening effect
with a rise in time under the circumstances. 3'Fe
Mossbauer measurements of model complex of
Fe[DOPA Jsindicate that in the case of pH = 9, both
tris- and bis-coordination bonds appear in anhydrous
sample, while tris-coordination bonds predominate
in water saturated version due to the dynamic coor-
dination-dissociation of DOPA-iron interaction [10].
Compared to small molecular Fe[DOPA]3, however,
migration of iron ions in HBPU-DMPA-[Fe(DOPA);]
has to be hindered by the surrounding macromole-
cules even when water is present. Consequently, some
iron ions can only establish bis-coordination with
catechol for pH =9 due to the kinetic factor. The co-
existence of tris- and bis-catechol-Fe3" crosslinks
[11, 16] makes it possible for the polymer HBPU-
DMPA-[Fe(DOPA);] to increase its crosslinking den-
sity by converting bis-coordination into tris-coordi-
nation. So long as the intermolecular space is reduced,
probability of collision of iron ions with catechol in
the polymer is raised and more tris-coordination
would be obtained (Figure 7).

For pH= 7, the crosslinks of HBPU-DMPA-
[Fe(DOPA);] is dominated by bis-catechol-Fe* co-
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Figure 6. Area of the Raman peak at 500~650 cm! of HBPU-
DMPA-[Fe(DOPA);] versus compression time
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ordination. Although amount of the crosslinks also
increases, the improvement of material strength is
less significant. Meantime, the compacted macro-
molecular chains do not contribute to formation of
mono-catechol-Fe*" coordination at pH = 4, as mono-
coordination does not necessarily involve aggregated
molecules. Therefore, there is no detectable change
in the corresponding curve of Figure 6. Since the in-
termolecular interaction is not enhanced, the speci-
men of water saturated HBPU-DMPA-[Fe(DOPA);]
(pH = 4) does not show stress intensification during
stress relaxation test (Figure 3a).

On the other hand, Figure 6 demonstrates that the
catechol-iron interaction nearly does not vary in the
dry HBPU-DMPA-[Fe(DOPA);]. Because the dy-
namic bonds are immobilized in the material, coor-
dination number of catechol-Fe** bonds has to be
unchanged regardless of mobility of iron ions (Fig-
ure 7). It agrees with the results of stress relaxation
that the specimens behave like conventional poly-
mers (Figure 3b).

In fact, stress intensification is not limited to HBPU-
DMPA-[Fe(DOPA);]. When the iron is replaced by
boron, the water saturated HBPU-DMPA-[B(DOPA);]
(pH =9) also shows the same effect (Figure 8). There
is no technique available for determining coordina-
tion status of boron in bulk material for the moment.
Detailed investigation of the underlying mechanism
has to be made in the future, but the result provides

a useful reference for designing materials with sim-
ilar property.

Nevertheless, it is worth noting that dynamically
bonded polymers do not necessarily exhibit similar
stress intensification manner. As mentioned in the
Introduction, the stress applied to the polymers cross-
linked by dynamic reversible bonds (like disulfide,
C—ON and aromatic Schiff base bonds) used to relax
to zero [3-9]. It might be attributed to the fact that
these polymers lack the mechanism of increasing
crosslinks during stress relaxation.

4. Conclusions

The stress intensification observed during tensile
stress relaxation test of HBPU-DMPA-[Fe(DOPA);]
proves to result from increase of catechol-iron cross-
linkages. Formation of the additional crosslinkages
is so fast that relaxation of the chain segments are not
ready to proceed. High pH (e.g. pH =9) of the water
used for saturating the polymer favors creation of
more tris-coordination and hence more obvious the
self-strengthening effect. The habit might find appli-
cation in offshore engineering.

In a broad sense, the stress intensification is useful
for improving durability of polymeric products for
long-term usage as they would no longer flow under
a fixed load like conventional versions but become
stronger. Further efforts are needed to know more
about the working principle, to enhance the effect,
and to reproduce the property across different mate-
rials.
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Figure 8. Tensile stress relaxation behavior of water saturat-
ed HBPU-DMPA-[B(DOPA),] (pH =9). Temper-
ature: 25°C.
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Abstract. In this work, biocidal polymers with antimicrobial quaternized ammonium groups introduced in the polymer bio-
cidal chains either through covalent attachment or electrostatic interaction have been separately incorporated in a poly
(methyl methacrylate) polymer matrix. The objective of present study was to highlight the release characteristics of biocidal
polymers, primarily in saline but also in water ethanol solutions, utilizing UV-Vis absorption and Surface Enhanced Raman
Scattering (SERS). It is shown that through the combination of UV-Vis and SERS techniques, upon the release process, it
is possible the discrimination of the polymeric backbone and the electrostatically bound biocidal species. Moreover, it is
found that electrostatically bound and covalently attached biocidal species show different SERS patterns. The long term aim
is the development of antimicrobial polymeric materials containing both ionically bound and covalently attached quaternary
ammonium thus achieving a dual functionality in a single component polymeric design.

Keywords: polymer composites, surface enhanced Raman spectroscopy (SERS), biocidal polymers, release, quaternary am-
monium salts

1. Introduction field in technical hygiene processes as the need for
The design of novel environmentally friendly/ac-  secure ‘clean’ surfaces for sensitive sanitary applica-
ceptable biocidal polymeric materials represents a  tions increases [ 1, 2]. Moreover, the development of
very intensive basic research field, related with mod-  antifouling paints to confront crucial ecological and
ern technological demands. For instance the devel- environmental problems in marine applications is
opment of ‘clean’ surfaces for sensitive sanitary ap-  some of the current challenges. An application field
plications or/and alternative antifouling paints to ad-  of these materials is in the aquaculture sector as well
dress crucial ecological and environmental problems  as in marine technology and navigation. In the latter,
in marine applications are some of the current chal- it is expressed by the marine biofouling, namely the
lenges we face. The term biocide refers to a sub- accumulation and the adhesion of organisms, such as
stance that mainly acts by inhibiting the growth of  barnacle, tube worms and algae, to a surface in con-
microorganisms with harmful consequences not only  tact with water for a long time. Thus, extensive re-
to human health but also to the quality of several search is conducted in this wide field, concerning be-
products. The incorporation of antimicrobial sub- tween others nets with biocidal properties especially
stances into polymer matrices gains more and more  in the aquaculture or/and antifouling paints for sub-
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merged surfaces of the vessels. Polymers with qua-
ternary ammonium or phosphonium salts are widely
explored materials with potent antimicrobial activity
[3-5]; these cationic biocides target the bacterial
membranes. Their antimicrobial activity is based on
their ability to disrupt and disintegrate the negatively
charged cell membranes. In some cases [6], phospho-
nium salts show higher activity [7] and higher ther-
mal stability [8, 9] however, usually with more de-
manding chemistry than the quaternary ammonium
analogues.

In this specific case, antimicrobial polymeric materi-
als containing quaternary ammonium were devel-
oped. They can be classified in two categories de-
pending on the incorporation of the quaternary am-
monium salts onto polymers, namely the ionically
bound or the covalently attached [10—12]. The poly-
meric materials of the first category habitually ex-
hibit strong biocidal action based on the release of
the active quaternary cation in the vicinity of the
aqueous environment through ion exchange mecha-
nism; that allows the dissolution of the polymeric
phase and the exploit of the whole biocidal material.
However, the biocidal action of the second category
is based on the contact of the antimicrobial polymer
with the microorganisms, preventing any biocidal re-
lease that would burden the marine environment. A
note is made of the fact that each category has inher-
ent advantages and disadvantages. Biocidal surfaces
bearing immobilized active groups may prevent the
formation of viable biofilms; however, they could
still be contaminated by remaining dead bacteria that
may initiate immune responses and inflammation
[13]. From the other side, biocidal surfaces, carrying
active agents that could be released, may prevent or
reduce the initial attachment of bacteria. Therefore,
the combination of both strategies is anticipated to re-
veal an ideal antibacterial polymeric material; how-
ever, till now, few works exhibiting relevant dual an-
tibacterial function have been reviewed [ 14, 15]. This
study constitutes the preliminary effort to reveal the
release characteristics, if any, of polymeric quaternary
ammonium biocides of both types in simulated sea-
water and hopefully highlight the importance of the
development of their combination in one antimicro-
bial polymeric material containing together ionically
bound and covalently attached quaternary ammoni-
um groups.
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Raman spectroscopy is a widely used non-invasive
technique that provides detailed molecular informa-
tion. Surface Enhanced Raman spectroscopy (SERS)
might be proved a superior detection method be-
cause it is a very sensitive technique manifested as
an enhancement by many orders of magnitude of the
intensity of Raman radiation by molecules in the im-
mediate vicinity to nano-rough metal surfaces or
nano-structured colloidal clusters of noble metals,
such as Ag and Au. SERS constitutes a challenge of
applying it to extremely low concentration level
analysis. Applying a surface enhanced Raman scat-
tering excitation/collection configuration bearing an
oscillating cell and combined with right angle scat-
tering collection geometry we have quite recently in-
troduced a new method to quantitatively monitor the
level of active agents at very low concentration range
[16, 17].

The present work is mainly an attempt to monitor by
SERS the release of biocide polymers from polymer-
ic films and compare the release rate obtained with
a traditional and consequently most commonly used
technique in quantitative analysis of controlled re-
lease, such as UV-Vis absorption. In this context,
polymeric matrices with the ability of controlled re-
lease have been developed; two different biocide
polymers (PSSAmC16 and PVBCHAM, see Figure 1)
have been incorporated into poly(methyl methacry-
late) (PMMA) specimens. These films are new poly-
meric materials with enhanced (and controlled) an-
tifouling properties, which hold great promise for
potential applications in the field of ‘clean’ surfaces,
either for health reasons or as antifouling. The mon-
itoring of the release characteristics of these biocide
polymers from the polymeric matrix mainly in saline
but also in 95% ethanol solution has been carried out
and compared utilizing both UV-Vis absorption and

SERS.
CH,—CH
CH?—CH%
n
CH,
-t CHJ ?H;
SO, N—CH, H,C—N*—CH,
CH,(CH,),,CH, CH,(CH,), ,CH,
PSSAMC,, PVBCHAM

Figure 1. Chemical structures of the polymeric biocides
PSSAmC16 (left) and PVBCHAM (right)
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2. Experimental

2.1. Materials

Poly(methyl methacrylate) (PMMA, 29773) was a
product of BDH Chemicals Ltd, Poole England.
Hexadecyl trimethyl ammonium bromide (CTAB,
H5882) was supplied from Sigma-Aldrich Germany
and dimethylacetamide (DMA, 024344) was pur-
chased from Fisher Scientific Europe. The synthesis
of poly(styrene hexadecyl trimethyl ammonium sul-
fonate) (PSSAmC16) and poly(vinyl benzyl dimethyl
hexadecyl ammonium chloride) (PVBCHAM) has
been described in details elsewhere [5, 10, 18, 19] and
their chemical structures are shown in Figure 1. An-
alytical grade silver nitrate (>99.99%, 209139) and
sodium citrate tribasic dehydrate (99.0%, S4641) for
colloid preparation were purchased from Sigma-
Aldrich Germany, too.

2.2. Preparation of polymer films

PMMA membranes containing polymeric biocides
in a composition 90/10 per weight were prepared by
the solution casting technique. The specific biocidal
polymer (0.03 g) and the polymer matrix PMMA
(0.27 g) were dissolved in 5 mL DMA and heated on
a hot plate at 80 °C under stirring to reach complete
dissolution. The polymer mixture solutions were cast
on a Pyrex petri plate (diameter 5 cm) at 80 °C for
24 hours, the obtained film was dried in a vacuum
oven at 80 °C for complete solvent removal. The films
had a thickness of 100-120 um.

2.3. Release studies

For release studies, a piece of film (~40 mg, with di-
mensions 1.5 cmx1.5 cm*0.1 mm) was cut and placed
in vials filled with 8 mL of either ethanol 95% or
NaCl 0.5M (seawater simulation) on a Wisd shaking
incubator at 50 rpm and 17 °C. The weighted amounts
of the specimens were precisely selected so as in the
case of total release of biocide agent its concentra-
tion into the different solutions to be 0.5 mg/mL (see
UV-Vis absorption calibration curve Figure 2). At
several time intervals 2 mL aliquots were withdrawn
and UV-Vis absorption spectra were measured using
a double beam Lambda UV/Vis/NIR Spectrometer
of Hitachi (U-3000). After the UV-Vis absorption
measurement the aliquot was decanted back to the
vials.
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Figure 2. UV-Vis absorption spectra of PSSAmC16/0.5M
NaCl solutions at various concentrations. Inset:
The calibration curve plot absorbance versus con-
centration extracted from the spectra

The release of biocide polymers from the polymeric
matrix was also monitored by Surface Enhanced
Raman Scattering (SERS). The colloids used to col-
lect the SERS spectra were prepared according to a
modified Lee and Meisel procedure [16, 20]. For
these measurements, 100 pL aliquots were removed
from the vials containing the piece of film immersed
in ethanol or NaCl solution, but this aliquot volume
was not returned or replaced. The addition of extra
100 pL of the aggregating agent NaCl (1 M) into 1 mL
of Ag silver colloid gave rise to the more pronounced
enhancement. The Raman/SERS spectra were excit-
ed with a water-cooled Ar™ laser (Spectra physics
model 2017, 5 W all lines) operating at 514.5 nm. An
achromatic doublet (f: 145 mm; j: 35 mm) was uti-
lized to focus the laser beam into a Pyrex test tube
filled with nanocolloidal silver suspensions; the power
of the laser beam measured in front of the sample
was 40 mW. Raman spectra were collected using the
T-64000 spectrometer of Jobin Yvon (ISA-Horiba
group). The Raman system was used in the single
spectrograph configuration for the collection, analy-
sis and detection of the scattered light. This spectro-
graph bears a rectangular entrance slit long (and hor-
izontal) in the direction perpendicular to the lateral
direction of the separation of light. Therefore, it al-
lows the optimum right angle collection of the col-
lateral scattering volume of a linear-like focusing field
of the excitation laser line. For the elastic Rayleigh
scattering rejection, an edge filter (LP02-514RU-25,
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Laser 2000 (UK) Ltd.) was used. The Raman pho-
tons were dispersed by a 600-grooves/mm blazed
holographic diffraction grating and detected by a
standard LN2 cooled front illuminated CCD detec-
tor. The spectrometer was wavenumber calibrated
using the standard Raman band positions of cyclo-
hexane. Reproducible and improved Raman scatter-
ing collection measurements were allowed by the use
of an ‘oscillating cell’ in combination with the advan-
tage of utilizing the right angle light scattering collec-
tion geometry. A detailed description of this configu-
ration has been reported before [16]. Reference FT-
Raman spectra were also obtained with NIR excita-
tion at 1064 nm (via an R510 diode pumped Nd: YAG
laser) utilizing a Raman component (FRA-106/S) at-
tached to an Equinox 55 Bruker spectrometer.

3. Results and discussion

3.1. Description of polymeric biocides
Quaternary ammonium salts are important biocides
known to be effective against a broad spectrum of
micro-organisms. The antimicrobial efficacy of hexa-
decyl trimethyl ammonium bromide, CTAB, depends
to a great extent on the length of the alkyl chain (hexa-
decyl chain) [21]. The chemical structures of the bio-
cidal polymers studied here are shown in Figure 1.
Hexadecyl trimethyl ammonium cation (AmC16)
was incorporated through ion interactions in PSSNa
to give as product the homopolymer poly(sodium
styrene hexadecyl trimethyl ammonium sulfonate)
(PSSAmC16). On the other hand, the quaternized
poly(vinyl benzyl dimethyl hexadecylammonium
chloride) (PVBCHAM) bears the ammonium group
attached covalently on the polymeric chain [10]. The
biocidal activity against a broad range of bacteria of
the copolymers bearing quaternary ammonium units
with potential antibacterial functionalities bound co-
valently or electrostatically onto the polymeric chain
has been studied in parallel [22].

In this work, the ion exchangeable or polymer bound
quaternary ammonium groups of PSSAmCI16 and
PVBCHAM, respectively, are considered, in terms of
release ability from the PMMA matrix. Thus, a sea-
water simulant (aqueous 0.5 M NaCl solution) or a
polar solvent (EtOH 95%) were used to conduct the
study. It should be mentioned that, in the case of
PSSAmMCI16 release in aqueous 0.5 M NaCl solution,
it is unclear whether the AmC16 groups are just ex-
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changed or the whole PSSAmC16 chain is dissolved.
As it will be shown, the combination of SERS and
UV-Vis spectroscopy have been proved crucial in
this case to discriminate between the AmC16 cations
and the poly(styrene sulfonate), PSS, backbone.

3.2. Calibration curves

While the solubility of PSSAmC16 in pure water is
limited, the polymer is soluble in aqueous 0.5 M NaCl
solution [18]. So, the UV-Vis spectra of PSSAmMC16
and CTAB in this seawater simulant were evaluated
(Figure 3). The main broad absorption zone of
PSSAmC16, bearing bands tentatively located at 256
and 262 nm, is attributed to the benzene ring. On the
other hand, the amine based cationic quaternary
group in the PSSAmCI16, that is CTAB, does not ex-
hibit any significant absorption in the wavelength
range under study. Thus, UV-Vis spectroscopy can
be used in order to detect the release of PSS back-
bone of the biocidal polymer in the solution.
Figure 2 depicts the UV-Vis absorption spectra of
PSSAmC16 in 0.5 M NaCl solutions at a concentra-
tion range from 0.05 to 0.5 mg/mL at 0.1 mg/mL step
range. In the inset of Figure 2, the absorbance of the
PSSAmC16/NaCl solution at 262 nm is plotted ver-
sus concentration, constituting the UV-Vis absorp-
tion calibration curve (R* = 99.74%) that obeys a lin-
ear Beer’s law behavior, with a limit of detection
LOD =28 pg/mL and a limit of quantification, LOQ =
95 pg/mL. Similarly, calibration UV-Vis absorption
curves have been performed also for PSSAmC16 and
PVBCHAM in 95% ethanol solution (Figure 4). Fig-
ure 4 depicts the UV-vis absorption spectra of 95%
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Figure 3. UV—Vis absorption spectra of polymeric biocide
PSSAmCI6, the quaternary biocide group CTA™
in 0.5M NaCl solutions and the aliphatic group

Hexadecane in ethanol
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Figure 4. UV—vis absorption spectra of 95% ethanol solutions of: PSSAmC16 (a) and PVBCHAM (b) at various concentra-
tions. Inset: The calibration curve plots absorbance versus concentration extracted from the spectra

ethanol solutions of PSSAmC16 and PVBCHAM at
a concentration range from 0.05 to 1 mg/mL at
0.1 mg/mL step range. The main absorption bands
(Amax) of both are located at 256 and 262 nm. In the
inset of figures, the absorbance of the polymeric bio-
cides in ethanol solution at 262 nm is plotted versus
concentration constituting the UV-Vis absorption cal-
ibration curve that obeys a linear Beer’s law behav-
ior. However, since PVBCHAM is not soluble in
NaCl, relevant calibration curve could not be ob-
tained.

In Figure 5, the SERS calibration curve of PSSAMC16
in 0.5M NaCl solutions is depicted at a concentra-
tion range from 10 to 500 pg/mL in the spectral win-
dow 1500 to 3200 cm™!. SERS spectra were obtained
with a laser power of 40 mW on sample and a spec-
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Figure 5. Representative SERS spectra from 100 pL of
PSSAmC16/0.5 NaCl solutions placed in 1 mLof
Ag nano-colloid suspensions activated with 100 pL
NaCl 1 M. Inset: calibration curve plot obtained
from the intensity values of the peak at ~2850 cm !
versus concentration

tral slit width (SSW) of ~6 cm™!. The main spectral
features observed when increasing PSSAmC16 con-
centration are the peak at ~1460 cm™! attributed to
the CH, and CH; bending and the peak at 2848 cm™!
due to CH stretching in the long methylene chain. For
assessment purposes, surface enhanced Raman spec-
trum of CTAB solution was also obtained. Figure 6
curve ¢ shows the SERS spectrum of a 500 pg/mL
CTAB in 0.5M NaCl solution. For comparison, the
conventional Raman spectra of the respective solu-
tion and of pure solid CTAB are depicted as Figure 6
curve b and curve a, correspondingly. On the one side,
no scattering spectral features were collected from
the particular CTAB solution in the conventional
Raman spectrum (Figure 6 curve b). On the other side,
comparing the SERS spectrum of CTAB (Figure 6
curve c¢) and the corresponding FT-Raman spectrum

Raman intensity

I T I
2000 2500 3000

Wave number [cm™]
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1500

Figure 6. Raman spectra of CTAB: (a) FT-Raman spectrum
of pure solid, (b) 0.5 mg/ml CTAB solution in NaCl
0.5M, and (c) SERS spectrum of'a 0.5 mg/mL so-
lution CTAB in NaCl
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obtained from the solid (Figure 6 curve a), similari-
ties are found. However, there is an unusually large
intensity enhancement of the band at ~1460 cm™!
(CH; and CH3; bending) and the predominance of the
band at 2848 cm™! (CH- stretching region). The band
at 3030 cm ! is due to the head group (CH3)3N* stretch
deformations. Dendramis et al. [23] have performed
a detailed SERS study of CTAB and they concluded
that it is not unreasonable to assign the ~1460 cm™!
band primarily to deformation of methyl groups at-
tached to the quaternary nitrogen and suggested that
the CTAB chain has most C—C bonds nearly parallel
to the surface enhancing the Raman signal, while the
head group is in close proximity to the surface with
the three methyl groups positioned symmetrically
over it. We would like to point out that we also at-
tempted to obtain SERS spectrum of hexadecane
(long chain methylene in CTAB, CH;3(CH;)14CH3)
dissolved in ethanol, since it is practically insoluble
in water, but no vibrational spectrum was collected.
Anyway, this certainly suggests that positively
charged analyte, in the case of CTAB the head group
(CH3)3N™, is required for SERS when using citrate-
reduced silver nanoparticles colloid (negative sur-
face charge).

Comparing the SERS spectra in Figure 5 with the
one in Figure 6 curve c, it is evident that the surface
enhanced spectrum of PSSAmC16 coincides with the
spectrum of CTAB; no additional peaks due to the
poly(styrene sulfonate) are observable, and this is
corroborated by the absence of spectral features due
to the ring in the SERS spectra of PSSNa, which is
similar to that of the silver colloid activated with
100 puL NacCl (Figure 7).

The usefulness of SERS as an accurate mean of de-
termining the release of quaternary biocide group
(AmC16) from the polymer PSSAmC16 can be use
in parallel with the ability of UV-Vis absorption tech-
nique that allows the characterization of the poly
(styrene sulfonate) group (PSS). As we have already
established (Figure 3), the quaternary AmC16 group
of PSSAmCI16 does not exhibit any significant ab-
sorption band in the UV-Vis wavelength under study.
This confirms that the absorption band obtained
when measuring the UV-Vis spectra of PSSAmC16
solutions are due to the styrene sulfonate groups of
the PSS chain. At the same time, the PSS chain does
not present any spectral feature when trying to obtain

755

4500

£

4000—‘
3500: PSSNa
3000:
2500—-

20004

o @
SO; Na
/A_,\ CTAB (1 mg/mL)
(\_J\_\PSSAmC‘IE (500 ug/mL)
-~

PSSNa (1 mg/mL)
Ag col + NaCl

Raman intensity

1500+

10004

=

3000

s

5004

2000 2500
Wave number [cm™']

1500

Figure 7. SERS spectra of CTAB, PSSAmC16 and PSSNa
in NaCl solutions. Ag colloid is given for refer-
ence.

the SERS spectrum of a PSSNa solution (Figure 7),
as verified by the complete absence of Raman signal
from a 1 mg/mL PSSNa/NaCl solution when added
to Ag colloid. The spectral features in the SERS spec-
tra of PSSAmCI16 are due to the CTAB group, since
the SERS spectra of PSSNa is similar to that of the
silver colloid activated with 100 uL NaCl. Namely,
the strong similarity of the surface enhanced spectrum
of the PSSAmC16/NaCl solution with the CTAB/
NaCl solution confirms that the spectral features are
due to the cationic quaternary biocide group
(AmC16).

The second biocidal polymer under study is the quat-
ernized poly (vinyl benzyl dimethyl hexadecylam-
monium chloride) (PVBCHAM) that bears the qua-
ternary nitrogen attached covalently on the polymer-
ic chain. This polymer is not soluble in NaCl as there
is no possibility of ion exchange since the biocidal
group is covalently attached to the chain. That is, the
release studies of PVBCHAM from the PMMA poly-
meric matrix were performed in 95% ethanol solu-
tions. Therefore, calibration curves of PVBCHAM
in 95% ethanol solutions were elaborated using UV-
Vis (Figure 4b) and SERS (Figure 8) measurements.
Absorption spectra present the characteristic bands
of the aromatic ring at 256 and 262 nm as in the case
of PSSAmC16. The corresponding SERS spectral
features of PVBCHAM (Figure 8) are not identical
to those of AmC16. The 2848 cm™' Raman peak at-
tributed to CH— stretching and the Raman peak at
3030 cm ™! due to the head group (CH3);N" stretch de-
formations in AmC16 are not the predominant ones
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Figure 8. Representative SERS spectra from 100 uL of
PVBCHAM/95%ethanol solutions placed in 1 mL
of Ag nano-colloid suspensions activated with
100 pL NaCl 1 M. Inset: calibration curve plot ob-
tained from the intensity values of the peak at
~3060 cm™! versus concentration

as in the case of PSSAmC16, but in the case of
PVBCHAM new additional SERS features are gen-
erated at ~1613 and 3060 cm™'. These new SERS
peaks can be respectively assigned to the 1-4 disub-
stituted benzene ring (peak at ~1613 cm™') and the aro-
matic CH stretching mode (peak at 3060 cm™!). On
the other hand, we already know that in the case of
PVBCHAM the biocide is covalently attached so
there is not free quaternary species in the solution. As
a consequence of electrostatic interactions, the poly-
cation PVBCHAM most probably approaches close
or even is attached to the negatively surface charged
citrate-reduced silver nanoparticles and enhance-
ment of the Raman peaks assigned to the aromatic
ring occurs. This is an important issue, revealing the
CTAB type of moieties as potential carriers stimu-
lating SERS activity to attached presumably SERS
inactive functional groups.
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The corresponding SERS spectra of the biocidal poly-
mers, PSSAmC16 and PVBCHAM, despite their sim-
ilar structure, display some different spectral fea-
tures, due to their own way of ‘adsorption — interac-
tion” at the colloid surface revealing distinct SERS
features that enable discrimination between them.
Based on these considerations/facts, it is then reason-
able to assume the possibility of carrying out the main
objective of present work highlighting the release char-
acteristics of quaternary ammonium-based biocidal
polymers, mainly in saline, but also in water ethanol
solutions, utilizing UV-Vis absorption and SERS.

3.3. Release measurements

The release characteristics of the quaternary ammo-
nium biocide group, either ionically attached or co-
valently bound, have been explored by a systematic
study, via both UV-Vis absorption and SERS, per-
formed for PMMA films containing PSSAmC16 or
PVBCHAM and immersed into either 0.5M NaCl
(seawater simulate) or 95% ethanol solutions (accel-
erated release study) for a period of time extended up
to a few weeks.

3.3.1. Immersion of ~40 mg of PMMA films
doped with biocide polymer into 8 mL of
0.5M NaCl solution

In Figure 9, we monitor both by UV-Vis (Figure 9a)

and SERS (Figure 9b) any eventual release after the

immersion of a PMMA/PSSAmC16 (90/10) film in
0.5M NaCl solution for a period of time from a few
hours up to 15 days. In the UV-Vis spectra, the ab-
sorption values are essentially close to the baseline

with the maximum value at 0.10 after 15 days of im-

mersion. According to the calibration curve of Fig-

ure 2, this could correspond to a concentration of
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Figure 9. (a) UV-Vis absorbance spectra of the 0.5M NaCl solution after the immersion of PMMA/PSSAmC16 (90/10) film

for a period of time up to 15 days. (b) SERS spectra
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PSS of ~150 pg/mL. The absorption spectrum of a
0.5M NaCl solution where a pure PMMA film (with-
out loaded biocide polymer) was immersed is also
shown for comparison; it does not exhibit any ab-
sorption at ~262 nm regardless of the time of immer-
sion. In the SERS spectra depicted on the Figure 9b,
we can observe the corresponding vibrational spec-
troscopic features of PSSAmCI16, in this case via the
CTAB molecular fingerprint. There is an early re-
lease of AmC16 from the biocide doped PMMA film
in the saline solution in the 2 first hours of immersion.
Afterwards, during the next couple of weeks, it con-
verges towards a plateau that corresponds to a con-
centration of AmC16 of ~200 pg/mL, according to
the calibration curve in Figure 5. Therefore, the con-
centration of both ionic components of PSSAmC16
released, PSS and AmC16, in 8 mL of a 0.5M NaCl
solution after the immersion for 15 days of a ~40 mg
PMMA/PSSAmCI16 (90/10) film was effectively de-
termined by the combination of UV-Vis and SERS.
From these results, the overall quantity of the released
material, namely the sum of the masses of its com-
ponents found in solution, is determined at 2.8 mg.
This quantity is ~70% of the PSSAmC16 content
(4 mg) of the PMMA film, in a very good agreement
with the results found through Total Organic Carbon
and Total Nitrogen determination for the release of
PSSAmCI16 for similar release studies [18]. The pro-
jection of the concentration to the moles of PSSAMC16
released after a few weeks of immersion reveals a
number of 0.80-107° moles of styrene sulfonate units
of PSS detected by the UV-Vis measurements vis-a-
vis to the number of 0.70-107% moles of AmC16
cations probed by SERS measurements.

Other PMMA film loaded with the covalently at-
tached quaternary ammonium group, PVBCHAM,

15
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£ 051
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225 250 275 300 325 350

a) Wavelength [nm]

was also subjected to the same release conditions in
0.5M NacCl solution. The UV-Vis measurements of
aliquots measured at similar time intervals gave rise
to very low absorption values even after the long pe-
riod of time (15 days), coinciding with the absorption
profile of the reference PMMA sample. The same ap-
plies for the corresponding SERS measurements; no
vibrational spectral features were observed. That is,
there is no release of PVBCHAM from the 10 wt%
PVBCHAM incorporated PMMA film when im-
mersed in NaCl 0.5 M.

3.3.2. Immersion of ~40 mg of PMMA films
doped with biocide polymers into 8 mL of
95% ethanol solution

This time, PMMA/biocide samples were immersed
in 95% ethanol solutions and the release of the bio-
cide group was again studied by both UV-Vis and
SERS. Figures 10 and 11 show the results for sam-
ples PMMA/PSSAmC16 (90/10) and PMMA/
PVBCHAM (90/10), respectively, probed by both
techniques. In the UV-Vis measurements shown as
Figures 10a and 11a, the absorption spectrum of a
95% ethanol solution where a pure PMMA film (with-
out loaded biocide polymer) was immersed is also
shown as control in the two extreme time intervals
of the release process adopted. There is certain ab-
sorption indicating that an amount of the polymer is
present in the ethanol solution and increases with
time due to the partial solubility of PMMA in 95%
ethanol. The absorption is due to the carbonyl chro-
mophore (C=0) of PMMA (n—r* 270 nm, and
n—n* 170-200 nm). Therefore, in the biocide doped
PMMA films immersed in ethanol solutions, there is
an increasing contribution of the ~262-270 nm ab-
sorption zone due to the partial dissolution of the poly-
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Figure 10. (a) UV-Vis absorbance spectra of the 95% ethanol solution after the immersion of PMMA/PSSAMCI16 (90/10)
film for a period of time up to 13 days. The UV-Vis spectra of an ethanol solution where a PMMA film was im-
mersed (as blank) for a few minutes and for a period of 13 days are depicted with dash line. (b) SERS spectra
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Figure 11. (a) UV-Vis absorbance spectra of the 95% ethanol solution after the immersion of PMMA/PVBCHAM (90/10)
film for a period of time up to 13 days. The UV-Vis spectra of an ethanol solution where a PMMA film was im-
mersed (as blank) for a few minutes and for a period of 13 days are depicted with dash line. (b) SERS spectra

mer matrix, as well. Taking into account the above, we
may have a look at the release of either PSSAmC16
(Figure 10) or PVBCHAM (Figure 11) in 95% ethanol
solution. It is clearly seen that at the beginning of the
release process, in the first 2-3 hours, there is a ‘burst’
effect with elevated absorption values at ~262 nm.
The absorption values in the case of PVBCHAM
biocide polymer encapsulated in PMMA polymer
matrix are higher than the corresponding bearing the
PSSAmCI16 one. This is in agreement with the high-
er absorption values of PVBCHAM with respect to
PSSAmCI16 in 95% ethanol calibration curves given
in Figure 4. This burst effect can be explained by the
swelling of PMMA polymer matrix in ethanol solu-
tions [24], allowing the biocide polymer to be leached
out of the polymer matrix. In the corresponding SERS
experiments, shown in Figures 10b and 11b, a simi-
lar early release is observed for both PSSAmC16 and
PVBCHAM biocide doped PMMA films immersed
in 95% ethanol solutions.

In order to investigate the morphology and quality of
mixing between the biostatic polymer and the poly-
meric matrix, cross section SEM images of biocide-
free PMMA polymer films as well as after PSSAmC16
or PVBCHAM biocides incorporation before and
after the immersion in NaCl 0.5M and ethanol 95%
aqueous solutions are shown in Figure 12. The frac-
tured specimens were examined utilizing a SUPRA
35VP Zeiss scanning electron microscope. In Fig-
ures 12b and 12c¢, the biocides are shown to be dis-
persed in the PMMA matrix bearing micro droplet
morphology, as compared to Figure 12a. After the
immersion of the PMMA/biocide films in NaCl 0.5 M
solution only the electrostatically bound PSSAmC16
has been released; as a consequence, craters were ob-
served on the PMMA/PSSAmCI6 films (Figure 12e)
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to the locations occupied by the biocide before. Con-
versely, in Figure 12f the SEM picture presents sim-
ilar morphology to the corresponding of the control
film (Figure 12c¢) since the covalently attached
PCVBHAM is not released from the polymer matrix
after the immersion in NaCl. Finally, when PMMA/
biocide polymer films were immersed in ethanol so-
lutions the release/dissolution of both biocides,
PSSAmC16 and PVBCHAM, generates hollows in
the polymeric matrix indicating a burst type release
aided by the swelling or/and even the partial disso-
lution of the PMMA matrix (Figures 12g, h and 1).

4. Conclusions

Surface enhanced Raman scattering allows the detec-
tion and more over the discrimination between sim-
ilar biocide polymers bearing a quaternary ammoni-
um group (hexadecyl trimethyl ammonium unit)
introduced in the polymer chain through electrostatic
or covalent interaction. In the case of electrostatic
interaction (PSSAmC16), the bands corresponding to
the head group vibration, (CH3);N", appear to be pref-
erentially enhanced, while in the case of covalent in-
teraction (PVBCHAM), the bands enhanced are the
ones belonging to the aromatic ring. This can be ex-
plained by the way the biocide polymers approxi-
mate the negatively charge citrate reduced silver col-
loid used for the SERS measurements. For PSSAmC16,
there is ion exchange in NaCl solutions and it is the
AmC16 group the one that interacts with the colloid.
On the other hand, the polycation PVBCHAM inter-
acts electrostatically with the citrate reduced silver
colloid, resulting in the close proximity of the aro-
matic ring to the silver colloid and enhancing thus
the Raman bands corresponding to the ring.



Mathioudakis et al. — eXPRESS Polymer Letters Vol.10, No.9 (2016) 750-761

Control

PMMA/PSSAMC16 PMtMA

PMMA/PVBCHAM

NaC

10.5M Ethanol 95%

Figure 12. Film morphologies by SEM. Control films: PMMA (a), PMMA/PSSAmC16 90/10 (b) and PMMA/PVBCHAM
90/10 (c). Films immersed in 0.5M NaCL: PMMA (d), PMMA/PSSAmC16 90/10 (¢) and PMMA/PVBCHAM
90/10 (f). Films immersed in 95% ethanol: PMMA (g), PMMA/PSSAmMC16 90/10 (h) and PMMA/PVBCHAM

90/10 (i).

From a practical point of view, in this work SERS
and UV-Vis measurements were applied to study the
release of biocidal polymers from a polymer matrix.
When the polymer matrix bearing the biocide poly-
mer is immersed in seawater simulation solution, the
release of PSSAmC16 (the biocidal quaternized am-
monium group is ionically attached to the polymer
chain) can be detected by both methods; UV-Vis ab-
sorption is able to detect the polymer chain PSS and
SERS measurements can identify the AmC16 group.
This is due to dissociation of the PSSAmC16 in the
NaCl solution through ion exchange in which
PSSAmCI16 is soluble. These kind of antimicrobial
polymers are known as biocide-releasing polymers.
However, in the case of PVCHAM (the biocidal quat-
ernized ammonium group is attached to the polymer
chain by covalent bond) there is not release to the
NaCl solution due to insolubility. When the release
study is performed in ethanol solutions, the biocidal
polymer is expelled out the polymer matrix and detect-
ed by both, absorption and SERS measurements.
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Overall, UV-Vis and SERS methodologies constitute
a powerful combination, enabling us to discriminate
the polymeric PSS backbone and the electrostatically
bound AmC16 species, as well as to discriminate be-
tween electrostatically bound and covalently at-
tached PVBCHAM species. This is of utmost impor-
tance for the development of antimicrobial polymer-
ic materials containing both ionically bound and co-
valently attached biocidal quaternary ammonium
units, achieving thus a dual functionality in a single
component polymeric design.
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Abstract. A series of carbazole-based polymers were synthesized via Suzuki polymerization between N-(2-ethylhexyl)car-
bazole-3,6-bis(ethyleneboronate) (Cbz) and dibromobenzazole unit. Three different polymers, PCBN, PCBS and PCBSe
were obtained from 4,7-dibromo-2-hexyl-2H-benzotriazole (BN), 4,7-dibromo-2,1,3-benzothiadiazole- (BS) and 4,7-dibro-
mo-2,1,3-benzoselenadiazole (BSe), respectively. It is observed that, the variation of heteroatoms (N,S and Se) on the ben-
zazole unit have most important effect on electro-optic properties of the PCBX polymers. Neutral state color of the polymer
films and their electrochromic performances are also influenced. Among the synthesized polymers, the PCBS bearing 2,1,3-
benzothiadiazole as acceptor units has a broad absorption and 50% of AT in the near-IR regime at the oxidized state. This
property of PCBS is a great advantage for near-IR electrochromic applications.

Keywords: polymer synthesis, molecular engineering, electrochromic polymers, carbazole, benzotriazole, benzothiadiazole

1. Introduction

For 20 years, the donor-acceptor electrochromic poly-
mers have been intensively studied owing to their re-
spectable properties such as their tunable band gaps,
and also electrochemical and optical properties. A
reversible and visual color change called as elec-
trochromism is obtained by the reversible redox be-
havior of the electroactive polymers. Electron-donor
and electron-withdrawing parts are attached on the
same polymer backbone of the donor—acceptor sys-
tems [1]. HOMO-LUMO energy levels of these sys-
tems are recognized exactly due to their dual elec-
trochemical properties. These polymers have also an
important charge transfer band in the neutral state to
apply on the photovoltaic and electroluminescent de-
vices. They also can be used in electrochromic ma-
terials to fabricate smart windows [2, 3], switchable
mirrors [4, 5] and camouflage materials [6, 7].

*Corresponding author, e-mail: fatmabaycan@hotmail.com
© BME-PT
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Carbazole is one of the widely used donor moieties
in the donor-acceptor systems as it can be function-
alized at different positions such as (3,6) [8], (2,7) [9]
or N-positions [10]. It is also an efficient blue emis-
sive polymer in the organic light emitting diodes
[11]. Owing to their effective carrier transport prop-
erties, carbazole based polymers can form relatively
stable cations (polarons) and dications (bipolarons)
when applying positive potential or doping agent
[12]. Because of these superior properties, these
polymers can be used in electrochromic materials,
light emitting diodes, electrophotography and as
photovoltaic constituents [9, 13—15]. Nevertheless,
organic optoelectronic applications of poly-3,6-car-
bazoles are limited because of both poor conjugation
within the polymer backbone and also not obtaining
high molecular weights. Therefore, poly-3,6-car-
bazoles are still used as host materials because of
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their high ability of hole transporting [16—18]. Be-
sides, these polymers demonstrate remarkable elec-
trochromic properties due to the conjugation broken
on the carbazyl nitrogen. One of the exciting multi-
color polymer frameworks based on the 3,6-linked
carbazole moiety was proposed by Reynolds and
coworkers [18-20]. These polymers can form radical
cations that are separated from each other owing to
the broken conjugation on the polymer backbone.
When applying higher potentials on the polymer,
radical dications (bipolarons) are formed in the poly-
mer system via removing another electron. For these
reasons, containing
poly(3,6)carbazole derivatives have multielec-
trochromic behavior due to their district oxidation
property in the anodic regime [21, 22].

To understand the effect of heteroatom variation both
on electro-optic properties of polymers and also on
their electrochromic performance, we synthesized a
series of donor-acceptor polymers based on N-(2-eth-
ylhexyl)carbazole-3,6-bis(ethyleneboronate) (Cbz)
and dibromobenzazole unit (BX)with different het-
eroatoms (N, S and Se) named as poly(4,7-(N-hexyl-
benzotriazole)-3,6-(N-(2-ethylhexyl)carbazole)
(PCBN), poly(4,7-(2,1,3-benzothiadiazole)-3,6-(N-
(2-ethylhexyl)carbazole) (PCBS) and poly(4,7-(2,1,3-
benzoselenadiazole)-3,6-(N-(2-ethylhexyl)carbazole)
(PCBSe). The band gap of polymers and also the neu-
tral state color of the films can be tuned by attaching
a heteroatom on the acceptor moiety, changing ni-
trogen to sulfur or selenium. Further, owing to multi
step redox behavior at the anodic regime, various col-
ors were obtained on the polymer films upon applied
potentials. Among the PCBX polymers, PCBS has a
broad absorption and 50% of AT in the near-IR
regime at the oxidized state. Owing to this property,
PCBS can be a good candidate to use for near-IR
electrochromic applications.

electrochromic materials

2. Experimental section

2.1. Materials

Compounds were procured from Aldrich. The initial
compounds (Cbz, BN, BS and BSe) were prepared
and characterized according to the literature [23].

2.2. Instrumentation
Fourier transform infrared spectra (FT-IR) were
recorded on a Perkin Elmer FT-IR Spectrum One spec-
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trometer by using an attenuated total reflectance
(ATR) module (4000650 cm™"). '"H-NMR spectra
were recorded on a Bruker Advance DPX-400 at 25 °C
in deuterated chloroform solutions with tetramethyl-
silane (TMS) as internal standard. Electrochemical
analyses were performed by Biologic SP50 poten-
tiostat—galvanostat system with a platinum disk
(0.02 cm?) as working electrode (WE), Ag wire as
reference electrode (RE) and Pt wire as counter elec-
trode (CE). UV-vis absorption spectra were recorded
by an Analytic Jena Speedcord S-600 diode-array
spectrophotometer. The optical band gaps (£,) of poly-
mers were found from their absorption onsets [24].
The emission spectra measurements were taken by
a PTI QM1 fluorescence spectrophotometer. Spectro-
electrochemical measurements were carried out to
consider absorption spectra of polymer films under
applied potential. The color coordinates are deter-
mined by three characteristics; luminance (L), hue (a),
and saturation (b) in Commission Internationale de
I’Elcairage (CIE) system [25]. To determine these
characteristics, Analytic Jena UV—vis spectropho-
tometer containing a chromameter module was used.
GPC analysis of the polymers was performed with
Agilent 1260 HPLC instrument. This system consists
of an Agilent 1200 series pump, three Waters Styragel
HR columns (guard, 4, 3) and a BI-DNDC differen-
tial refractometer (Brookhaven Instruments Corpo-
ration, 620 nm) with a THF flow rate of 1 mL/min.
Polystyrene was used as calibration standard. Sur-
face morphologies were investigated by Nanosurf
Naio AFM.

2.3. Synthesis of PCBX polymers

The polymers were synthesized via Suzuki polymer-
ization reaction between 2-ethylhexyl-9H-carbazole-
3,6-diboronicacidbis(1,3-propanediole) ester and di-
bromo benzoazole-based heterocycles. Benzoazole-
dibromide (1 mol) and 2-ethylhexyl-9H-carbazole-
3,6-diboronic acid bis(1,3-propanediole) ester (1 mol)
were added into potassium carbonate solution (K,COs3,
2M in H;0) and 20 mL toluene. Then, Pd(PPh;3),
(5 mol%) was added to flask. The mixture was heat-
ed to 110°C and refluxed for 16 h under N,. For end-
ing the reaction benzeneboronic acid (0.122 mol) was
added and refluxed about 3 h and then bromoben-
zene (0.122 mol) was also put into flask and stirred
for 3 h, too. Lastly, the mixture was cooled and then
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filtered. After that, it poured into methyl alcohol. The
crude product was filtered again and dried. Soxhlet
extraction was achieved with methyl alcohol and
then CHCI; for the last purification.

PCBN (Yield 78%; yellow powder): FTIR [cm™]:
3094 (C-H aromatic); 2957, 2931, 2856 (C—-H
aliphatic); 1615 (C=N); 1595, 1530 (C=C aromatic);
1443 (C-N); '"H-NMR (CHCI3-d): 6 ppm, 8.84-7.17
(m, 8H, C—H aromatic); 4.81 (m, 2H, —-NCH ,—, tria-
zole); 4.52 (m, 2H, —-NCH,—, carbazole); 2.17-1.33
(m, I17H, C—H aliphatic); 0.91 (m, 9H, —CH5).
PCBS (Yield 86%, orange powder): FTIR [cm™]:
3086 (C-H aromatic); 2954, 2929, 2850 (C-H
aliphatic);, 1612 (C=N); 1578, 1524 (C=C aromatic);
1441 (C-N); '"H-NMR (CHClI;3-d): § ppm, 8.82—7.48
(m, 8H, C—H aromatic); 4.29 (m, 2H, -NCH»-); 2.19—
1.38 (m, 9H, C—H aliphatic); 0.91 (m, 6H, —CH3).
PCBSe (Yield 82%; red powder): FTIR [cm™']: 3084
(C—H aromatic); 2950, 2925, 2796 (C—H aliphatic);
1610 (C=N); 1574, 1522 (C=C aromatic); 1440
(C-N); '"H-NMR (CHCIs-d): 6 ppm, 8.71-7.16 (m,
8H, C-H aromatic); 4.29 (m, 2H, -NCH»-); 2.15—
1.39 (m, 9H, C-H aliphatic), 0.91 (m, 6H, —CH3).

3. Results and discussion

3.1. Synthesis of PCBX polymers

Cbz, BN, BS and BSe were synthesized according to
procedures from the literature [23]. Syntheses of the
polymers (PCBN, PCBS and PCBSe) were achieved
by Suzuki reaction between Cbz-donor and BX-ac-
ceptors respectively (Figure 1). FTIR and 'H-NMR
analysis were used to prove the formation of the
PCBX polymers. Noteworthy, spectral properties vari-
ations were detected for initial and the final com-
pounds. According to "H-NMR spectra of polymers,

H.C CH.

H.C
H,C H.G N
3 fO 3 CH, N/ N
O—pg ?&c "
N

CH,

Figure 1. Synthetic route for PCBX polymers
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carbazole and benzazole aromatic proton signals were
observed 8.84—7.16 ppm. Because of the electron-ac-
ceptor effect of carbazyl nitrogen, N—CH, aliphatic
group signal was detected at higher ppm, (4.52 ppm
for PCBN — 4.29 ppm for PCBS and PCBSe) than
that of other aliphatic protons (Figure 2). The similar
situation was also observed in the benzotriazole’s
N-CHj; aliphatic signal (4.81 ppm).

GPC was used for the investigation of polydispersity
index (PDI) and molecular weight of the polymers.
According to GPC measurements, degree of poly-
merization of PCBX polymers was found to be 7, 6
and 4 respectively (Table 1). The results obtained in-
dicate that these molecules are oligomers. Because
of the presence of an alkyl chain on the benzotriazole
moiety, the molecular weight of PCBN higher than
that of the other polymers.

3.2. Optical properties of PCBX polymers

The optic characterization of PCBX polymers were
achieved by UV-Vis and Fluorescence spectroscopy.
Owing to n-n* transitions arising from the conjuga-
tion of the polymer main chain, PCBX polymers
showed absorption bands at about 300 nm. Besides,
because of the interaction of carbazole-donor and
benzazole-acceptor at the conjugated polymer sys-
tem, a typical charge transport band was obtained at
360 nm for PCBN, at 440 nm for PCBS and at
475 nm for PCBSe, respectively (Figure 2a). Finally,

Table 1. Molecular weights of PCBN, PCBS and PCBSe
M, M,

Polymer [Da [Da] PDI
PCBN 3339 4768 1.42
PCBS 2516 3632 1.44
PCBSe 1626 2031 1.24

Pd(PPh,),
Br ————=
Toluen, K,CO,

CH,
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Figure 2. Absorption (a) and fluorescence (b) spectra of PCBX polymers in CH,Cl, solution

the optical band gaps were found to be 2.80 eV for
PCBN (at 442 nm), 2.42 eV for PCBS (at 513 nm)
and 2.18 eV for PCBSe (at 569 nm) respectively.
According to this result, there is about 127 nm
bathochromic shift from PCBN to PCBSe. On the
other hand, similar results were observed in the flu-
orescence measurements. Upon PCBXs excited from
absorption maxima of their charge transfer band
(Mmax = 360 nm for PCBN, A, = 440 nm for PCBS,
and Amyx =475 nm for PCBSe) strong emission bands
were obtained at 440, 580, and 623 nm with Stokes’
shifts of 157, 140, and 148 nm, respectively (Fig-
ure 2b). The emission colors of the polymer solu-
tions were diverse as cyan, orange and red, respec-
tively. Finally, absorption and fluorescence behavior
could be arranged by the substitution of different het-
eroatoms on the benzazole acceptor moiety to car-
bazole donor unit.

3.3. Electrochemical properties of PCBX
polymers

To understand the redox behaviors of PCBX poly-

mers, cyclic voltammetry (CV) technique was used.

PCBN, PCBS and PCBSe have a great difference

in their redox properties obtained from the CV volta-
mograms which are shown in Figure 3. The electron-
deficient character of the heteroatom on the benza-
zole moiety strongly affected the reduction potentials
of the polymers in the cathodic regime. PCBN, PCBS
and PCBSe polymers have an irreversible reduction
peak at —1.65, —1.50 and —1.42 V, respectively. Ac-
cording to these results, changing the electron-defi-
cient unit of the polymer significantly altered the re-
duction potential of the polymers. Thus, LUMO levels
responded differently and consequently PCBSe has
a lower band gap value compared with PCBS and
PCBN because of the stronger electron-withdrawing
character of benzoselenadiazole moiety [26-28].
On the other hand, semi reversible oxidation peaks
were found at £7% = 1,35 V, £\, =1.01 V and £3%, =
1.18 V for PCBN; E9% = 1,26 V, E9%. =0.98 V and
EYyn =112V for PCBS, E75 = 1,58 V, EJ. =1.05 V
and E3Y» = 1.32 V for PCBSe in the anodic region.
According to Table 2, it can be deduced that electro-
chemical and optical behaviors of the polymers were
significantly affected by varying the heteroatom on
the acceptor moiety attached to the carbazole-donor
main chain.

- 0.8
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Figure 3. Redox behavior of PCBN (a) PCBS (b) and PCBSe (c) in 0.1 M TBAPF/CH,Cl, electrolyte solution at scan rate

100 mV/s, vs. Ag wire
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Table 2. HOMO-LUMO, electrochemical and optical band
gaps (E,) of PCBX polymers

Polymer HOMO | LUMO | Optical E, | Electrochemical E,
[eV] [eV] [eV] [eV]

PCBN -5.66 | -3.19 2.80 2.47

PCBS =575 | -3.36 2.42 2.39

PCBSe -5.64 | -3.30 2.18 2.34

3.4. Surface morphologies

Morphology of PCBN, PCBS and PCBSe film sur-
faces was examined by atomic force microscopy
(AFM) (Figure 4). Polymer solutions were obtained
from 20 mg/mL of PCBX in CHCI;. PCBX polymer
films were prepared by using spin-casting method
on ITO substrates at 2000 rpm for 60 s from the poly-
mer solutions. While the thickness of the films were
calculated as 96, 168 and 190 nm, for PCBN, PCBS
and PCBSe respectively, the RMS (root mean sur-

face) roughness of polymers are found to be 10.38,
18.87 and 25.45 nm. The AFM image of the PCBS
and PCBSe exhibit conglomerate non-uniform struc-
ture and the roughness of these polymer films are
high. Besides, PCBN has a longer side alkyl chain
on the benzotriazole acceptor moiety. Because of this,
solvation is promoted by increasing the length of the
alkyl chain. As a result of increasing the solubility and
also expansion of m conjugation along the polymer
backbone, a uniform surface could be obtained. Con-
sequently, better polymer thin films could be obtained
by decreasing the roughness [29, 30]. As known in
the literature [31-33] during electrochromic switch-
ing, the electrolyte ions are injected/ejected to the poly-
mer film surface. Because of the feature, the elec-
trochromic performance of the PCBX polymer was
affected by the polymer film surface roughness.

144 nm

120

100

Figure 4. AFM image of PCBN (a), PCBS (b) and PCBSe (c) onto 1TO/glass surface
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3.5. Spectroelectrochemical properties of
PCBX polymers
Spectroelectrochemical investigation of PCBN, PCBS
and PCBSe films was carried out via Diode-array
UV-Vis spectrophotometer. While oxidation of PCBN
film (0—1.2 V), an absorption band at 360 nm corre-
sponds to valence band-conduction band (m—m*
transition) started to decrease and another band in-
tensified at 550 nm. This new absorption band point-
ed out the formation of polaron on the carbazole
based polymer chain and thus light yellow neutral
state color of the film (L: 78.7; a: —13.5; b: 47.8) con-
verted to green (L: 71.5; a: —27.5; b: 56.9). Addition-
ally, upon applied higher potentials (1.2-1.8 V), an-
other new band was observed in the near-IR region
(at 860 nm) as a result of the formation of a bipo-
laron. Consequently, the color of the PCBN polymer
film turned into red (L: 39.01; a: 4.98; b: 4.54) at
fully oxidized state (Figure 5).
Anodic scan of PCBS (0 to 1.8 V) (Figure 6), the
charge transfer band at 455 nm decreased, and two
new absorption bands were started to form at 600 nm
(0-1.4 V) and 825 nm (1.4-1.8 V) (Figure 5). More-
over, formation of polaron and bipolaron on the PCBS
polymer backbone was verified by the intensification
of the broad band in the visible and near-IR regime
(Figure 5). While the orange color of the film at neu-
tral state (L: 69.57; a: 5.66; b: 56.67) changed to blue
(L: 24.9; a: 3.6; b: —28.7) and then black (L: 39.08;
a: —0.4; b: —1.25) upon the applied positive potential
(Figure 6).
Further, red color PCBSe polymer film (L: 42.6; a:
28.6; b: 32.6) was exhibited a maximum absorption
band at 475 nm (Amax, the charge transfer band) at the
neutral state. During to anodic scan (Figure 7), in-
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Figure 5. Color changes and spectroelectrochemistry of
PCBN film on ITO in the anodic region
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Figure 6. Color changes and spectroelectrochemistry of
PCBS film on ITO in the anodic region

tensity of n—m* transition and charge transfer bands
were decreased. On the other hand, new absorption
bands at about 650 nm (0—1.4 V) and 800 nm (1.4—
1.8 V) started to be intensified depending on the for-
mation of polarons and bipolarons, respectively (Fig-
ure 7). Hence, above 700 nm (the Near-IR region)
was intensely absorbed by the PCBSe polymer film
at fully oxidized state. According to these results, the
red polymer film converted to oily green (L: 34.5; a:
—11.7; b: 16.5), and dark blue (L: 29.6; a: —2.98; b:
—11.7), respectively (Figure 7).

Kinetic performance of PCBX polymers was carried
out by the square-wave voltammetry which observes
the difference of transmittance at the point of absorp-
tion maxima against to time while applying voltage
between redox states of polymers with a residence
time of 10 s (Figure 7). The percentage transmittance
change (AT%) of PCBX polymers was investigated
between 0-1.8 V with switching time of 10s. As a
result of these measurements, A7% was found to be
21% for PCBN at 860 nm, 45% for PCBS at 825 nm
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Figure 7. Color changes and spectroelectrochemistry of
PCBSe film on ITO in the anodic region
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and 41% for PCBN at 800 nm respectively (Fig-
ure 8).

Optical activity is one of the most significant param-
eter to determine the electrochromic performance of
the polymer films [34]. While PCBN has 62% of the
optical activity, PCBS and PCBSe have 84% and
86% of the optical activity after 1000 cycles, respec-
tively. The reduction and oxidation response times
were also determined. The values were found to be
4.8 and 1.2 s for PCBN, 2.4 and 6.1 s for PCBS, and
1.8 and 2.4 s for PCBSe respectively.

Another important parameter is coloration efficiency
(CE) for the electrochromic applications. CE was de-
termined via the equation: CE = AOD/Q4 and AOD =
log(Tcotored/ Thleached) [Where Theached 1S transmittance
at neutral state, Tolored 1S transmittance at oxidized

768

state and Qq is Injected/ejected charge between redox
states] [25]. According to this equation, CE values of
PCBN, PCBS and PCBSe were determined as 93,
178 and 154 cm?-°C~! respectively. As it can be clear-
ly observed, CE values of PCBS and PCBSe are ap-
proximately two times greater than that of PCBN.
Considering all data, electrochromic performance of
the polymers was significantly affected by the type
of heteroatom on the benzoazole acceptor moiety.
Finally, PCBN, PCBS and PCBSe polymer films
exhibited multi-electrochromic behavior, reasonable
response time and optical contrast. Furthermore,
PCBS has a broad absorption band in both the visi-
ble and near-IR regime at its oxidized state. Conse-
quently, it could be a good candidate to use a visible
and near-IR filter in various applications.
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4. Conclusions

In this work, a series of carbazole based electro-
chromic polymers with benzazole moiety as elec-
tron-acceptor were synthesized and characterized.
Besides, the heteroatom variation effects on the anal-
ogous electrochromic polymers were also investigat-
ed. The polymer thin films of PCBX were obtaining
by using spin-casting metod. They have several col-
ors presented for the neutral and polaronic species,
owing to multiple redox behavior of carbazole moi-
ety at their oxidized state. The neutral state color of
PCBX polymers were yellow, orange and red, re-
spectively. On the other hand, the color of the films
converted to red, black and dark blue at fully oxi-
dized state, respectively. In conclusion, electro-
chromic polymers PCBN, PCBS and PCBSe exhib-
it medium band gaps (2.47, 2.39 and 2.34 e¢V) and
reasonable electrochromic performance (optical ac-
tivity, coloration efficiency and oxidation/reduction
times).
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Abstract. Natural fibre reinforced polylactic acid (PLA) foams, as potential green replacements for petroleum-based polymer
foams, were investigated. Highly porous (€ > 95%) microcellular PLA foams were manufactured by supercritical CO, assisted
extrusion process. To overcome the inherently low melt strength of PLA, epoxy-functionalized chain extender was applied,
while talc was added to improve its crystallization kinetics. The combined application of chain extender and talc effectively
promoted the formation of uniform cell structures. The effect of cellulose and basalt fibre reinforcement on the foamability,
morphology, structure and mechanical properties of the PLA foams were investigated as well. The addition of 5 wt% natural
fibres promoted the cell nucleation, but caused non-uniform distribution of cell size due to the microholes induced by local
fibre-matrix debonding. The compression strength of the manufactured basalt fibre reinforced PLA foams reached 40 kPa.

Keywords: biopolymers, biocomposites, foam extrusion, polylactic acid, natural fibre

1. Introduction

The replacement of conventional petrol-based and
short life-cycle polymer foams with bio-based and
biodegradable alternatives will be crucial for the nat-
ural environment and to diminish the burden of land-
fills, still the application of biopolymers as porous
materials is negligible up to now.

Recently, poly(lactic acid) (PLA) foams have been
considered as the most promising bio-based and bio-
degradable substitutes for polystyrene (PS) and poly-
ethylene (PE) foam products, which currently hold the
majority ratio in the packaging industry. This is main-
ly due to the competitive material and processing
costs of PLA accompanied with comparable barrier
and mechanical properties and environmental friend-
ly character [1]. Besides packaging industry, there is

*Corresponding author, e-mail: kbocz@mail.bme.hu
© BME-PT
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a wide range of potential application fields for PLA
foams, such as construction and transportation, where
these could effectively serve as lightweight heat and
sound insulating elements, panels and sandwich com-
posite cores. However, to produce low-density PLA
foams with uniform cell morphology, improvements
of the inherent shortcomings of PLA, especially its
low melt strength and slow crystallization kinetics,
need to be addressed.

One of the most investigated methods to improve the
melt strength of PLA is the increase of its molecular
weight and the modification of its linear molecular
structure by using chain extenders (CEs). CEs have
two or more functional groups such as hydroxyl,
amine, anhydride, epoxy, carboxylic acid or iso-
cyanate. Bifunctional CEs couple the two end groups
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of PLA, thereby lead to a linear polymer with some-
what higher molecular weight, while CEs of higher
functionality give raise to branched structures with
significantly improved rheological properties [2, 3].
It was found by Wang et al. [4] that molecular branch-
ing increases melt strength and elasticity, and there-
by also the integrity of cells, cell density, and expan-
sion ratio during extrusion foaming.

Enhancing crystallization kinetics of PLA during
foaming has been recognized as an effective way to
overcome its weak viscoelastic properties and to im-
prove its foaming behaviour (i.e. cell nucleation and
expansion) [1, 5, 6]. In PLA, improved crystallinity
has been achieved by using different nucleation agents,
such as talc, that increase the heterogeneous nucle-
ation density [7]. It was shown by Pilla et al. [2] that
the simultaneous addition of talc and CE leads to in-
creased cell density and more uniform cell structure.
Fillers, such as wood particles [8] or clay nanoparti-
cles [9] are also known to act as crystal nucleating
agents and change the melt viscosity. Moreover fillers
influence the microstructure and thus the mechanical
and thermal properties of the foams [10]. Significant
crystallinity can also be achieved by using plasticiz-
ers that widen the crystallization window by increas-
ing the PLA chain mobility and decreasing the glass
transition temperature.

Polymer foams are generally obtained by the addi-
tion of chemical blowing agents, their mostly exother-
mic reaction makes, however, the process and the
final cell structure hardly controllable. In addition, they
may lead to unwanted residues in the bulk. Physical
blowing agents are more desirable from this respect.
Currently, the focus is on CO; due to its chemical in-
ertness, non-flammability, relative ease of handling,
well controllable influence and more favourable in-
teraction with polymers compared to other inert
gases. Moreover, it advantageously replaces less eco-
logical solvents like butane, pentane or chlorofluo-
rocarbons (CFCs), which are known for their contri-
bution to the depletion of the ozone layer and may
bring hazardous risks. Therefore, the new types of
bio-foams are preferably manufactured by CO,
aided techniques.

Microcellular PLA foams can be manufactured
through batch processes, which are, however, hardly
scalable from lab-scale due to their small production
rate. In the industry more cost-effective continuous
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processing technologies such as extrusion foaming
and foam injection moulding are preferred. Recently,
many studies have focused on extrusion foaming
using supercritical CO; (scCO,) as physical blowing
agent [11]. When CO, is supercritical, its solubility
and diffusivity in PLA increases significantly. The
scCO; introduced into the extruder dissolves in the
polymer melt and acts as a plasticizer [12] and by this
means affects its crystallization rate [13]. Moreover,
lower processing temperatures are applicable and
also the mechanical abrasion of the equipment will
be reduced. In addition, this may lead to reduced
degradation of thermo-labile molecules like active
pharmaceutical ingredients which may be used with
such process [14]. Compared to the conventional
foaming processes, the advantages of the scCO,
aided extrusion foaming are the accurate control of
the foam quality (i.e. cell structure), the mild condi-
tions (reduced risk of thermal and hydrolytic degra-
dation), environmental friendliness (organic solvent-
free, no residue), the reduced energy demand during
processing and the safety.

In this work, natural fibre reinforced PLA foams, as
potential green replacements for petroleum-based
polymer foams, were investigated. High porosity, mi-
crocellular biocomposite foams were manufactured
by continuous scCO, assisted extrusion process. To
obtain uniform cell structures with increased cell
density, epoxy-functionalized CE and talc were ap-
plied. The effect of cellulose and basalt fibre rein-
forcement was investigated on the morphology and
mechanical properties of the PLA foams.

2. Materials and methods

2.1. Materials

Ingeo™ Biopolymer 3052D grade PLA (T, = 145—
160°C, M,, = 116000 g/mol, MFR = 14 g/10 min
(210°C, 2.16 kg), D-lactide content = 4%), purchased
from NatureWorks LLC (Minnetonka, MN, USA),
was the polymer matrix. Its rheology was controlled
using a styrene-acrylic oligomer multi-functional
epoxide chain extender (CE), Joncryl ADR4368-C
with a molecular weight of 6800 g/mol and an epoxy
equivalent weight of 285 g/mol, kindly supplied by
BASF SE (Lugwigshafen, Germany). As nucleating
agent HTPultra5 L type talc (T), received from IMI
FABI SpA (Postalesio, Italy), with a median diame-
ter of 0.65 pm was used. The applied reinforcements
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included cellulose fibres (Arbocel BWW40, J. Ret-
tenmaier & S6hne GmbH, Rosenberg, Germany) with
average fibre length and diameter of 200 and 20 pum,
respectively, and basalt fibres (Basaltex KVT
150tex13-1) with linear density of 150 tex, filament
diameter of 13 uym and an initial fibre length of
10 mm. CO;, (Linde AG, Munich, Germany) was ap-
plied as physical foaming agent.

2.2. Sample preparation

Before processing, all materials (PLA, natural fibres
and additives) were dried at 85 °C for 6 h in all cases.
PLA mixtures were prepared by using a Labtech Sci-
entific LTE 26-44 modular twin screw extruder
(Labtech Engineering Co., Samutprakarn, Thailand)
with a constant screw speed of 20 rpm and the fol-
lowing temperature profile of the extruder zones:
zone; = 175°C, zone, = 175°C, zones = 180°C,
zoney = 180°C, zones; = 185 °C, zoneg = 190 °C. The
obtained extrudates were pelletized and dried prior to
foam extrusion. The composition of the manufac-
tured four types of PLA compounds is summarised
in Table 1.

Supercritical-CO;-aided melt extrusion was per-
formed on a single-screw extruder (Rheoscam,
SCAMEX, Crosne, France) with a screw diameter
of 30 mm and a length to diameter ratio (L/D) of 37
[15, 16]. As physical foaming agent, CO, was inject-
ed into the barrel using a syringe pump (260D, ISCO

Lincoln, NE, USA). As it is shown in Figure 1, the
injection position is located at 20 L/D from hopper,
where the screw diameter is constant. CO, was intro-
duced at the same pressure as the pressure prevailing
in the extruder. The polymer—CO, mixture then passed
through a static mixer (SMB-H 17/4, Sulzer, Switzer-
land). This element, inserted before the die, provides
a distributive mixing between the two components.
A flat die with a width of 30 mm and an adjustable
height, which allows tuning the pressure before the
die, was used. The temperature inside the barrel was
regulated at the following six locations: 77 and 7>
before and 73 after the CO, injection location, 7 be-
fore the mixing element, 75 at the static mixer and
T at the die. The temperature (7 a—7Tmat3) and pres-
sure (P1—P,) of the material were measured at three
and four sensor locations, respectively.

During foam extrusion experiments, the screw speed
was kept constant at 30 rpm and the following tem-
perature profile was set for the extruder zones: Thopper =
50°C, Ty =160°C, T, = 180°C, T3 = 180°C, T4 =
160°C, while the mixer (75) and die temperatures
(Ts) were varied at each experiments while keeping
them at a same value. This temperature will be called
die temperature in the rest of this article. CO, was
introduced at a constant volumetric flow rate ranging
between 1.5 and 3.0 mL/min. Once scCO, was in-
jected, a significant decrease in the material pressure
within the extruder barrel occurred, mainly due to the

Table 1. Composition of the PLA compounds used for foam extrusion

Sample PLA Chain extender Talc Cellulose fibre Basalt fibre
[wt%] [wt%] [wt%] [wt%] [wt%]
PLA 100 - - — -
PLA+CE+T 96 2 2 - -
PLA+CE+T+CF 91 2 2 -
PLA+CE+T+BF 91 2 2 -
v, v,
J
co,
Static mixer

Feed hopper Syringe pump

Gastight ring ) Gastight ring
T"\a:‘ T’\\!'.E Tf“‘él'&
{ K ] [ - il \I‘LI_.\ |\l| ] |l
woer | [T
JT 1 T 1 T L Ta [ in T &
: 20 L/D : ?.SUDE 7.5 LD ' 201D i

Figure 1. Schematic picture of the foaming system
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decrease of melt viscosity. Parallel with the increas-
ing CO; concentrations (in the range of 2 to 8 wt%),
Ts and T had been cooled to increase melt strength
at the die. Once stable conditions have been estab-
lished, samples were collected. At each new condi-
tion, the temperature (71,,3) and pressure (Py4) of the
material, measured just before the entry within the
die, were registered. To study the influence of oper-
ating parameters on porous structure, several exper-
iments have been carried out varying mixer and die
temperatures and CO, concentration, by keeping other
parameters constant.

2.3. Methods

Rheological measurements

Melt rheology under dynamical shear was investi-
gated using an AR 2000 type rotational rheometer (TA
Instruments, New Castle, DE, USA) with 25 mm di-
ameter parallel-plate geometry. Dynamic frequency
sweep tests were performed at 170 °C to measure the
complex shear viscosity (n*, Pa-s) over a frequency
range of 0.1-100 Hz under controlled strain of 1%.

Porosity measurements

Porosity is defined as the ratio of void volume to the
total volume of the foam sample. Porosity (¢) of
foams was calculated from their apparent density
(papp) and the density of the non-foamed extrudate
(p) according to Equation (1):

e[%]=100—@~1oo

5 ()

The bulk density (p) of the PLA based polymer mix-
tures were considered to be 1.27 g/cm?, while Papp OF
expanded samples was determined by water-pycnom-

etry.

Scanning electron microscopy (SEM)

Scanning electron microscopic (SEM) images were
taken using a JEOL JSM-5500 LV type apparatus
(JEOL Ltd., Akishima, Tokyo, Japan) using an ac-
celerating voltage of 15 keV. The samples were coat-
ed with gold-palladium alloy before examination to
prevent charge build-up on the surface.

Differential scanning calorimetry (DSC)
DSC measurements were carried out using a TA In-
struments Q2000 type instrument (New Castle, DE,
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USA) with a heating rate of 10°C/min under
50 mL/min nitrogen gas flow, covering a tempera-
ture range of 25-180°C. About 3—6 mg of sample
was used in each test.

The percentage crystallinity (y.) of PLA foams was
calculated according to Equation (2), where AH,;, is
the melting enthalpy, AH,. is the cold crystallization
enthalpy, AH,J is the melting enthalpy of a perfect
PLA crystal equal to 93 J/g [16] and ¢ is the weight
fraction of fillers:

AH, — AH.

AH, (1-g)

X [%]= 2

Compression strength

An AR2000 Rheometer (TA Instruments, New Cas-
tle, DE, USA) with plate-plate adjustment was used
for mechanical characterization of cylindrical foam
specimens with a diameter of 8 mm. Compression
tests were carried out with a constant compression
rate of 30 um/s. The diameter of the squeezing upper
plate was 25 mm and the initial gap was 20 mm in
all cases. The compressive resistance at 10% relative
deformation were determined for each foam sam-
ples. At least 5 specimens were tested in all cases.

3. Results and discussion

3.1. Rheological properties

The effect of the used additives, chain extender, talc
and fibres on the melt rheology and processability
of PLA was studied by dynamic viscosity measure-
ments. As illustrated in Figure 2, the introduction of
2% CE and 2% talc was found to increase the com-
plex viscosity. Likely, not only the CE induced long-

100000 ¢ e

T
—e— PLA

—— PLA+CE+T .
—&— PLA+CE + T +CF 4

—o— PLA+CE + T+ BF -

w
(1]
L 10000F =
z
‘B
8
0
>
o 1000 -
E E 1
(1]
3
[a]
100 ol sl vl et
0.1 1 10 100 1000

Angular frequency, ® [rad/s]

Figure 2. Dynamic viscosity as a function of angular fre-
quency for neat and additive containing PLA
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chain branched structure reduced the chain mobility
of PLA but also talc enhanced the melt viscosity
mainly at the lower shear rate region. The addition
of both cellulose and basalt fibres further increased
the melt viscosity in the whole frequency range. As
the increase of the viscosity mainly depends on the
concentration, particle size, particle size distribution
and shape of the fillers, the mobility of PLA chain
segments were more hindered by the larger number,
smaller and less uniform cellulose particles. The de-
creased chain mobility was expected to improve the
melt strength and resistance against CO, diffusion,
but affect the crystallization kinetics as well.

3.2. Morphology

Foamed samples from each experiment were com-
pared at three porosity levels, at around 15, 45 and
95%, respectively. Highly porous (¢ > 95%) PLA
foam structures were obtained typically at a CO, con-
centration of about 8 wt% and with T},,; of around
110-120°C, as presented in Figure 3. In all cases, the
lower the die temperature, the higher the porosity.
This effect is well documented in the literature [7]
and is linked with the formation of a skin at the sur-
face of the samples due to lower die temperatures
and an optimal melt temperature before the die. This
frozen surface prevents CO, to escape leading to pore
growth and higher expansion ratio. Moreover, in order
to prevent cell coalescence and to preserve the high
cell density, the polymer melt should be cooled sub-
stantially to increase its strength to preserve the high
cell density, while keeping a sufficient fluidity for
bubbles to grow. The effect of CO, content is also
linked with temperature since the CO, solubilisation
is inversely proportional to temperature. High CO,
content can only be obtained at low temperatures.
It was observed that a wider processing window is
available for PLA foam formation by using natural
fibres. Compared to neat PLA, in the case of the ad-
ditive containing mixtures less porous foams were
obtained at all die temperatures, indicating more gas
loss when CE, talc and fibre are present in the poly-
mer melts. As a function of decreasing temperatures,
a sharp increase in the porosity of the CE and talc
containing PLA foam (PLA+CE+T) is observable,
which is associated with its accelerated solidification
with crystallization at low temperature. Similar be-
haviour was observed for the cellulose containing
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Figure 3. Effect of formulation and mixer and die tempera-
tures on the porosity of PLA foams extruded at 8%
of CO,

mixture, indicating enhanced nucleation effect of the
dispersed cellulose fibres.

SEM micrographs taken from the highly expanded
(¢ > 95%) foams are presented in Figure 4. It can be
seen that broad cell size distribution accompanied
with rather limp or collapsed cell walls are character-
istic for the neat PLA foam (Figure 4a). It is assumed
that due to the early homogeneous nucleation the cells
have longer time for growth [17]. Nevertheless, due
to the insufficient melt strength of PLA at the foam-
ing temperature, the cell walls have only low resist-
ance against CO, diffusion from the melt to the at-
mosphere, and thus limp and mechanically weak cell
structure is formed. In contrast, the PLA foam con-
taining CE and talc (PLA+CE+T) had a denser and
more uniform cell morphology (Figure 4b), indicat-
ing that the addition of CE effectively increased the
melt strength. Based on the lower temperature profile,
allowed in the case of the fibre reinforced foams, a
greater degree of crystallinity and improved melt
strength were expected. It can be seen on Figure 4¢
and d that the addition of natural fibres resulted in
decreased cell diameters likely due to the increased
melt viscosity (see Figure 2) and due to the increased
number of nucleating sites induced by the fibre sur-
faces [18, 19]. At the same time, the fibre reinforced
foams have less uniform cell structure, which should
be related to the fibre distribution within the polymer
matrix and the fibre matrix interactions [19]. It is sug-
gested that as a result of local fibre-matrix debond-
ing microholes are induced, where the gas loss hin-
ders the cell growing ability, and thus non-uniform



Bocz et al. — eXPRESS Polymer Letters Vol. 10, No.9 (2016) 771-779

PLA+CE+T_97.1%

500 um

Figure 4. SEM micrographs of the cell morphologies obtained for highly expanded (¢ > 95%) PLA foams. PLA (a),
PLA+CE+T (b), PLA+CE+T+CF (c), PLA+CE+T+BF (d). The actual porosity values are represented after the
abbreviation of the materials within every micrograph.

distribution of cell size is obtained. Also, an increase
in the open-cell ratio in the presence of fibres com-
pared to unreinforced PLA foams was expected based
on the results of previous studies [20].

3.3. Crystallinity

The crystallinity of the PLA foams was examined by
DSC method. The first heating runs of the neat PLA
foams at three porosity levels are presented in Fig-
ure 5. It can be observed that the low porosity PLA
foams are almost fully amorphous, which is indicat-
ed by the sharp glass transition around 60 °C and by
the broad exothermic peak in the range of 100 and
120°C indicating significant cold-crystallisation
[21]. The melting of the crystalline phase occurs
around 150 °C. Typically two endothermic peaks are
visible, at 149 °C corresponding to melting of the
less ordered o’ crystals, and at 156 °C corresponding
to melting of the thermodynamically more stable o
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Figure 5. DSC curves of PLA foams of increasing porosity.
The actual porosity values are represented after the
abbreviation of the materials within the graph.

crystals [22]. In contrast, only a slight cold-crystal-
lization exotherm is observable in the DSC curve of
the PLA foam of 96.4% porosity, indicating notice-
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Figure 6. Foam crystallinity as a function of porosity

able inherent crystalline phase in this sample. Based
on the dominance of the ordered a crystal form in
the highly expanded PLA foam, it can be concluded
that its crystallization occurred mainly during pro-
cessing. Similar trends were observed for the other
examined, additive containing PLA foams.

Figure 6 presents the estimated crystallinity versus
porosity for the neat and additive containing PLA
foams. It can be seen that for the foam samples con-
taining additives the degree of crystallinity increased
almost linearly with porosity. It is likely due to the
strain-induced crystallization [9, 23] and to the plas-
ticizing effect of CO, which results in the decrease
of the temperature of crystallization and formation
of more perfect crystalline domains.

The advantageous effect of the used nucleating agents
(talc, cellulose and basalt fibre) on the crystallinity
is most observable at lower expansion ratios. Ac-
cordingly, both natural fibres promoted the nucle-
ation effectively, but the highest degree of crystallinity
values were obtained for the basalt fibre reinforced
PLA foams. In the case of cellulose fibre reinforce-
ment, it is supposed that the increased dynamic vis-
cosity (Figure 2) and thus the hindrance of molecular
chain mobility decreased the crystallization. The high
degree of crystallinity is, however, crucial to obtain
improved thermo-mechanical properties [24, 25]. The
prominent nucleating ability of basalt fibres has been
utilized recently by Téabi et al. [26] to obtain crys-
talline PLA composites of high heat deflection tem-
peratures.
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3.4. Compression strength

The mechanical performance of the PLA foams, man-
ufactured in this work, has been evaluated based on
their compression strength at 10% deformation. The
compression strength of the obtained neat and addi-
tive containing highly expanded (¢ > 95%) PLA
foams are indicated in Figure 7. It is clearly visible
that without additives the neat PLA foam has low
compression strength, about 20 kPa. This is expected
based on the collapsed cell structure, also observed
in Figure 4a, formed as a consequence of the insuf-
ficient melt strength. In contrast, the addition of CE
and talc promoted the formation of uniform cell-
structure, the mechanical resistance of which reaches
100 kPa. The compression strength of the talc and
CE containing PLA foam deteriorated when 5 wt%
natural fibres were added. This can be explained by
the poor adhesion, the lower polydispersity and the
increased open-cell ratio evidenced by SEM micro-
graphs (Figure 4c and d). Another argument can be
that cellulose and basalt fibres are too large com-
pared with the cell size to provide efficient reinforce-
ment. Nevertheless, the compression strength of the
basalt fibre reinforced PLA foam reaches 40 kPa.

4. Conclusions

Natural fibre reinforced microcellular PLA compos-
ite foams were manufactured by scCO; assisted foam
extrusion process, the same method that could be
easily scaled-up even towards real industrial appli-
cations. Epoxy functionalized CE and talc were used
to improve the foamability of PLA. It was found that
the addition of 5 wt% cellulose or basalt fibres pro-
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Figure 7. Compression strength of PLA foams
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vides a wider processing window for PLA foam pro-
duction. Based on the lower applicable temperature
profile, a greater degree of crystallinity and improved
melt strength could be expected. It was evinced that
natural fibres increase the melt viscosity and pro-
mote the heterogeneous cell nucleation. As a result,
microcellular composite foam structures with poros-
ity higher than 95% could be obtained. However,
due to the fibre distribution and the weak fibre ma-
trix adhesion, the fibre reinforced foams have less uni-
form cell structure and increased open cell ratio com-
pared to the unreinforced CE and talc containing
foam. Basalt fibres can serve as reinforcement pro-
viding improved compression strength comparing to
PLA foams. However, the best mechanical perform-
ance was achieved without reinforcing fibres, by ap-
plying only the combination of CE and talc. The com-
pression strength of this foam reaches 100 kPa. It is
believed that further chemical or physical modifica-
tions, such as reinforcement and flame retardancy,
could promote the market penetration of PLA foams
in technical application fields as well.
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Abstract. Polyaniline (PANI) is the most important conducting polymer with excellent electrochemical properties. So PANI-
based biosensors may find wide applications in medical diagnostics. We report here a ternary nanocomposite of gold nanopar-
ticle- decorated single- walled carbon nanotubes (SWCNTs) embedded in sulfonated polyaniline matrix, prepared using a
simple solvothermal chemical route. The structural and morphological characteristics have been determined by electron mi-
croscopy, X-ray diffraction and Raman spectroscopy. Optical characteristics of the nanocomposite have been determined
by ultraviolet (UV)-visible absorption spectroscopy and photoluminescence spectroscopy. The direct current (DC)-conduc-
tivity measurement of the material shows a significant increase in electrical conductivity at 353 K from 7.80-1072 S/m for
pure SPANI to 10.91 S/m for the 3-phase nanocomposite as synthesized in the present investigations. Thus the incorporation
of SWCNT/Au nanohybrid fibers in the PANI matrix enhanced its electrical properties. Sulfonation increased the process-
ability of the material, as the samples have now been found to be soluble in water and common organic solvents like DMSO.
Such a functional nanocomposite will make an excellent biosensor electrode material.

Keywords: nanocomposites, SWCNT/Au fibers, sulfonated polyaniline, biosensor

1. Introduction Carbon nanotubes (CNTs) have attracted great re-
Biosensors make a very important area of intensive  search interest due to their many interesting proper-
investigation for their wide applications in medical di-  ties leading to numerous potential applications [4].
agnostics and other useful fields. Polyaniline (PANI)  In particular, functionalized SWCNTs, due to active
is an interesting polymer due to its conducting prop-  functional groups on their surfaces are suitable for
erties, relatively cheap price and good stability and  even wider range of applications such as in sensors,
hence is one of the most studied conducting poly- polymer composites etc. [5—7]. Consequently, re-
mers in recent years [ 1-3]. Moreover as polyaniline  searchers have combined functionalized CNTs with
(PANI) has excellent electrochemical properties, itis  PANI [8, 9] and evaluated their properties. However,
an automatic choice in the design of sensor electrode  as PANI is insoluble in water and common organic
materials. solvents, in order to improve its processability, re-

searchers often carry out sulfonation in which sul-
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fonic acid functional groups are attached to PANI
and the product thus formed is a soluble polymer
called sulfonated polyaniline (SPANI) as pointed out
in their work by some investigators [10, 11].

One problem in this approach is that the electrical
conductivity is greatly reduced by sulfonation which
puts some limitation on the use of the polymer.
Owing to their excellent electrical properties, it is
expected that incorporating CNTs and in particular,
metal nanoparticle-decorated CNTs, into SPANI ma-
trix may result in composites having enhanced elec-
trical properties due to synergetic influence, without
compromising much the electrochemical properties
of the polymer. Noble metal nanoparticles such as
gold, silver etc. are special choice for decorating CNTs,
in the design of biosensors, due to their high chem-
ical stability and excellent electrical conductivity.
Gold is particularly important because of its known
affinity towards attachment with biomolecules, which
is important for its application in biosensors.

However, in spite of the interest, till todate only few
reports have been published on this topic. The earli-
est report is the one by Santhosh ef al. [12] who pre-
pared electrocatalysts by dispersing gold nanoparti-
cles into a PANI grafted multi-walled carbon nano-
tube (MWCNT) matrix which can have application
in direct methanol fuel cells. The PANI/gold (Au)
composite hollow spheres were synthesized by Feng
et al. [13], which showed more than three times higher
electrical conductivity than that of pure PANI hollow
spheres. The composite further showed enhanced
electrocatalytic activity for the oxidation of dopamine
when immobilized onto a carbon electrode. Wang et
al. [14] synthesized PANI/MWCNT/Au composite
film via a two-step electrochemical process, with Au
nanoparticles dispersed in the PANI-MWCNT film.
The composite exhibited good electrochemical and
electrocatalytic activity. Chang et al. [15] fabricated
PANI/AWMWCNT nanocomposite by one pot syn-
thesis when aniline molecules were adsorbed and
polymerized on the surfaces of MWCNTs. The com-
posite showed superior sensitivity in ammonia gas de-
tection. Lee et al. [16] prepared composites of sin-
gle-walled carbon nanotubes (SWCNTs), PANI and
Au nanoparticles in an in-situ one-pot fashion, by
using y-radiation as source for initiation of polymer-
ization and generation of Au nanoparticles. Guo and
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Peng [17] synthesized SWCNT/PANI/Au composite
by using aromatic amine chemistry, and found the ma-
terial to be a good electrode material for use in elec-
trochemical sensors. Rima and Mitra [18] prepared and
studied the optical and electrical properties of
SWCNT/Au nanohybrids, and suggested that the
composite could be used as efficient catalyst in chem-
ical industry, as well as in medical diagnostics. What
we have observed is that these studies have mostly
used PANI rather than SPANI and hence the synthe-
sized material has very little processability. So the
ternary composites containing SWCNT, SPANI and
gold nanoparticles deserve greater research attention,
and would lead to a better biosensor electrode coating
material.

In an effort to understand the influence of gold nano-
particles on SWCNT/SPANI composites, we present
a simple chemical synthesis of a composite contain-
ing sulfonated polyaniline (SPANI) and SWCNT/Au
hybrid nanostructures. The gold nanoparticle- deco-
rated SWCNTs (SWCNT/Au nanohybrid) were pre-
pared by a simple wet chemical process. The morphol-
ogy and structural properties of the nanocomposites
thus produced were characterized by a number of an-
alytical techniques including X-ray diffraction (XRD),
scanning electron microscopy (SEM), high resolu-
tion transmission electron microscopy (HRTEM),
Raman spectroscopy etc. Optical properties of the
nanocomposites were evaluated by UV-visible ab-
sorption spectroscopy and photoluminescence (PL)
spectroscopy. Further, the electrical properties were
studied through DC-conductivity measurement.

2. Materials and methods

2.1. Materials

The SWCNTs used in this work were supplied by
Chengdu Organic Chemicals Co. Ltd, P. R. China,
prepared by electric arc discharge method. The aver-
age diameter, length and purity of the SWCNTs, as
stated by the manufacturer were 1-2 nm, 1-3 pm, and
95 wt%, respectively. Aniline, 1,2-dichloroethane
(DCE) and ammonium persulfate were supplied by
Merck Specialties Pvt. Ltd., Mumbai, India. The
chlorosulfonic acid and trisodium citrate used in our
work were supplied by LOBA Chemie Pvt. Ltd.,
Mumbai, India. Except SWCNTs, all other chemicals
were used as received without further purification.
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2.2. Purification and functionalization of
SWCNTs

The as-received SWCNTs were purified following
methods reported elsewhere [11]. In brief the purifi-
cation involved heating in a muffle furnace at 350 °C
in air for 1 h followed by soaking and stirring in 6 M
HCl for 12 h. The acid-treated SWCNTs were filtered
and washed thoroughly with deionized water after
which further treated in a mixture of concentrated
HNO3/H,S0y in 1:3 volume proportion for 4 h fol-
lowed by washing with dilute NaOH aqueous solu-
tion and filtration until the pH became neutral. The
product thus obtained was SWCNTs functionalized
with carboxylic (-COOH) acid groups (f-SWCNTs).

2.3. Synthesis of SWCNT/Au nanohybrid
Tetrachloroauric acid (0.0142 g) was added to de-
ionized water (50 mL) and stirred at 100 °C for 30 min.
In another beaker, trisodium citrate solution (reduc-
ing agent) was prepared by mixing it with de-ionized
water and stirred at 100°C for 30 min. SWCNTs
(0.0612 g) was then added to the solution containing
tetrachloroauric acid and simulataneously the citrate
solution was also added into it followed by stirring
at 80 °C for further 30 min. The resultant mixture was
then filtered using vacuum filtration system (Milli-
pore membrane, pore size ~ 0.22 um). The precipi-
tate was then washed with deionized water and fil-
tered again to obtain SWCNT/Au nanohybrid fibres.
The sample was then dried under an infrared (IR)
lamp.

2.4. Synthesis of SPANI and SPANI/SWCNT
composite

The detailed method for the synthesis of sulfonated
polyaniline (SPANI) has been reported elsewhere by
our group [11]. In brief, this involved the use of ani-
line hydrochloride, ammonium persulfate and chloro-
sulfonic acid as precursors. SPANI/SWCNT compos-
ite containing 6 wt.% SWCNT (as estimated from
TGA) was prepared by dissolving SPANI and
SWCNT in water followed by filtration.

2.5. Synthesis of SPANI/SWCNT/Au ternary
composite

SWCNT/Au nanohybrid (0.03 g) was added into

deionized water followed by addition of SPANI aque-

ous solution and stirred for 3 hrs at 60 °C. The SPANI/
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SWCNT/Au composite was obtained by filtering the
solution and drying the filtrate.

2.6. Characterization methods

The high resolution micrographs were recorded using
a (Carl Zeiss) field emission scanning electron mi-
croscope (FESEM), and a high resolution transmis-
sion electron microscope (HRTEM) JEM-2010 (JEOL
Japan) with operating acceleration voltage of 200 kV.
Raman spectroscopy was performed using EZ
Raman-M field portable Raman analyzer (Enwave
Optronics Inc., USA), using a diode laser of wave-
length 785 nm as excitation source. The thermo-
gravimetric analysis (TGA) was carried out with
Perkin Elmer Pyris-1 TGA thermogravimetric ana-
lyzer (USA) at a heating rate of 10 °C/min in nitro-
gen atmosphere. The optical absorbance spectra were
recorded using a U-3010 UV-visible absorption spec-
trophotometer (HITACHI, JAPAN). Photolumines-
cence spectra of the samples were acquired using a
PerkinElmer LS-55 Fluorescence Spectrophotome-
ter (USA). The electrical conductivity of the samples
was measured in ambient atmosphere by a Four-
Probe set-up (DFP-02, Scientific Equipment, India).

3. Results and discussion

The morphology of SPANI/f-SWCNT/Au composite
was investigated by electron microscopy. The FESEM
micrographs of the sample are shown in Figure 1a,
in which we observe gold nanoparticles attached to
the surfaces of nanotube bundles. The presence of
gold is confirmed in the energy dispersive analysis
by X-ray spectroscopy (EDAX) spectrum shown in
Figure 1b. The presence of carbon comes from both
f-SWCNT and SPANI. The morphology shows tu-
bular structure of carbon nanotube bundles with at-
tached gold nanoparticle clusters on its surfaces, and
covered by polyailine matrix. Such structures have
been observed by earlier investigators [19].

In the HRTEM image (Figure 2), we observe the
presence of CNT bundle coated with SPANI and
decorated with gold nanoparticles. The average di-
ameter of tubular structure is measured to be about
~12 nm from the HRTEM micrograph. The dark
spots represent the gold nanoparticles with particle
size in the range of 2 to 7 nm.

The X-ray diffractograms of SPANI, f~-SWCNT,
SPANI/f-SWCNT binary composite (6 wt%) and
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Figure 1. (a). FESEM image of SPANI/f-SWCNT/Au ternary nanocomposite, (b) EDAX analysis of SPANI/f-SWCNT/Au
ternary composite showing SEM picture in the left, spectrum in the middle and the quantity of elements in the

right

Figure 2. HRTEM micrograph of
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Figure 3. XRD patterns of SPANI, f~SWCNT, SPANI/

f-SWCNT and SPANI/f-SWCNT/Au
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SPANI/f-SWCNT/Au ternary composite are com-
pared in Figure 3. The features observed for SPANI
and SWCNT (JCPDS card no. 75-1621) are in good
agreement with the reported literature. The magni-
fied diffractogram of the ternary composite is sepa-
rately plotted in Figure 4, for better clarity in which
the characteristic peaks of CNT and gold are clearly
visible. The sharp peaks at 37.8, 43.7 and 64° are as-
signed to (111), (200) and (220) planes of the reflec-
tions of face-centered cubic (fce) structure of metal-
lic Au nanocrystals (JCPDS card no. 00-004-0784).
The average size of Au nanoparticles in the com-
posite is calculated to be ~8 nm using the Debye-
Scherrer formula. The general features of the diffrac-
togram of SPANI are retained in the composite, but
the crystallinity of Au and SWCNT manifest in the
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Figure 4. Magnified XRD pattern of SPANI/f-SWCNT/Au
ternary composite
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Figure 5 shows the Raman spectra of SPANI, f-
SWCNT, f-SWCNT/Au nanohybrid and SPANI/f-
SWCNT/Au ternary composite. The spectra of f-
SWCNT (curve 1) and f~SWCNT/Au hybrid (curve
2) show peaks assigned to both G-band and D-bands
of SWCNT. The position of the G-band of SWCNT
is red-shifted from 1589 to 1577 cm on decorating
with Au nanoparticles, indicating charge transfer be-
tween SWCNT bundles and Au nanoparticles [20,
21]. Further, the ratio of the intensity of these two
peaks (I/1') increases from 0.51 to 0.79 on attaching
gold nanoparticles on the SWCNT surfaces indicat-
ing an increased disorder and lowering of symmetry
as expected. In the ternary composite (curve 4), the
features are dominated by those of SPANI possibly
due to thick coating of SWCNT/Au nanohybrids
with SPANI polymer.

Figure 6 shows the TGA thermograms of f-SWCNT,
SPANI and SPANI/f-SWCNT/Au composite. The
thermogram of the ternary composite is similar to
that of SPANI, which is due to very low nanohybrid
content. While f-SWCNTs do not show any notice-
able loss of mass until about 550 °C, the SPANI and
its composites show almost complete weight loss at
a temperature of 580 °C. This is not surprising given
SPANI being a relatively soft polymer and that the
ternary sample has very low CNT content. The in-
teresting thing to observe here is that for SPANI/
f~-SWCNT/Au composite, some residual weight (of
about 7%) is observed even at temperatures above
700°C. This is due to the undecomposed gold metal
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Figure 6. Thermograms of SPANI, f~SWCNT, and SPANI/
f-SWCNT/Au ternary composite

present in the nanocomposite, although the residual
weight for pure SPANI is less than 4%. Moreover
SPANI may also have undergone some incomplete
decomposition, as has been observed in some earlier
investigations.

For optical spectroscopy, the samples were dissolved
in an organic solvent dimethyl sulfoxide (DMSO)
which is a good solvent for both SPANI and its
SWCNT-based composites.

The UV-visible absorption spectra of different sam-
ples are compared in Figure 7. The spectrum of SPANI
consists of humps at 355 nm (z-* transition), 455 nm
(polaron-n™ transition) and beyond 750 nm (z-po-
laron transition). The different absorbance bands for
SPANI/f-SWCNT binary composite are clearly evi-
dent. In the spectrum of SPANI/f~SWCNT/Au nano-
composite, there is a shift of the n-m transition to

(1) SPANI

(2) SPANI/f-SWCNT composite

(3) SPANI/f-SWCNT/Au composite
455 nm

Absorbance [a.u.]

300 350 400 450 500 550 600 650 700 750 800
Wavelength [nm]
Figure 7. UV-vis absorbance spectra of SPANI, SPANI/

f-~SWCNT binary composite and SPANI/f-SWCNT/
Au ternary composite
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340 nm. We also observe a shoulder peak at about
455 nm, which may correspond to the modified SPR
band of gold nanoparticles. The SPR band for gold
nanoparticles is generally observed at about 520 nm
which might have changed its position with reduced
intensity. As SPANI provides a different dielectric
medium to Au nanoparticles and as the SPR band is
sensitive to its environment, shifting and quenching
effects take place. There is a possibility of merging
of the strong SPR band with the polaron band of
SPANI, which is also observed in this region. Similar
observations have been reported earlier [16].

The optical band gaps of the investigated samples
are estimated using Tauc relation [22]. The optical
band gap of pure SPANI is estimated to be 3.75 eV.
For the samples of SPANI/f-SWCNT and SPANI/
f-SWCNT/Au composites, it is estimated to be 3.66
and 3.41 eV respectively, as shown in Figure 8. The
decrease in band gap with incorporation of SWCNT
and SWCNT/Au hybrid is compatible with their bet-
ter electrical conductivities [23].

The PL spectra for the different samples are obtained
for an excitation wavelength of 300 nm and are shown
in Figure 9. SPANI shows a hump around 445 nm.
There is a quenching effect of the broad emission band
of SPANI upon interactions with CNT/Au nano-
hybrid, which generally takes place when the poly-
mer is doped to a highly conductive state [24].
Figure 10 shows the dc electrical conductivity of
SPANI, SPANI/f~SWCNT binary composite and
SPANI/f-SWCNT/Au ternary composite at tempera-
tures ranging from 313 to 353 K. We observe an in-

(1) SPANI
1 (2) SPANI/f-SWCNT composite 3 2
| (3) SPANI/f-SWCNT/Au composite

(cthv) [a.u.]

— L~ - - LT
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Figure 8. Plot of (ahv)? vs. hv for SPANI, SPANI/f-SWCNT

binary composite and SPANI/f-SWCNT/Au terna-
ry composite for optical band gap calculation
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4 EX. WL. 300 nm
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Figure 9. Photoluminescence spectra for SPANI, SPANI/{-
SWCNT binary composite and SPANI/f-SWCNT/
Au ternary composite

crease in the conductivity with increase in temperature
for all these samples, thus showing semiconductor
like behavior. On adding the nanotubes or the nanohy-
brids to the polymer, the conductivity increases. At
353 K, the conductivity values for SPANI, SPANI/f-
SWCNT and SPANI/A-SWCNT/Au samples are
7.80-102, 5.58-10"" and 10.91 S/m, respectively.
Therefore, the conductivity of the ternary composite
becomes nearly 137 and 25 times higher than those of
SPANI and SPANI/f-SWCNT binary composite re-
spectively, although the conductivities still remain in
the semiconducting range. This increase is attributed
to the presence of gold nanoparticles, making avail-
able more electrons as charge carriers for the n-type
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Figure 10. Comparison of dc conductivity of SPANI/

f-SWCNT/Au ternary composite with SPANI

and SPANI/f-SWCNT binary composite at vary-

ing temperature; comparision between SPANI
and SPANI/f-SWCNT is shown in the inset
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Figure 11. Variation of log of DC conductivity of SPANI,
SPANI/f=-SWCNT binary composite and SPANI/
f-SWCNT/Au ternary composite with 74 [K~14]
satisfying VRH model with y = V4

semiconductor, and supports the band gap estimations
from the absorption data plotted in Figure 7.

In order to understand the electrical conduction
mechanism, the log of dc conductivity of all samples
were plotted against 74, which resulted in a straight
line indicating a three-dimensional variable range
hopping (3D VRH) conduction mechanism of Mott
(Figure 11) [25]. The estimated values of Mott tem-
perature were 4.38-10%, 1.38-107 and 1.08-10° K for
SPANI, SPANI/f-SWCNT binary composite and
SPANI/f~SWCNT/Au ternary composite, respective-
ly. The significant decrease of Mott temperature in
the ternary composite indicates a less disordered sys-
tem, which is due to the presence of f-SWCNT/Au
nanohybrid fillers in the sample. A similar decrease
in Mott temperature due to introduction of Au nano-
particles into PANI has been observed previously by
other researchers [23, 25].

4. Conclusions

In the present study, we have shown a simple wet
chemical route to synthesize a 3-phase nanocompos-
ite of SWCNT/Au nanohybrid fibers embedded in
sulfonated polyaniline with excellent solution and
electrical properties. The sulfonated composite is
water soluble which can be very useful for its further
processing. The synthesized nanocomposite has been
characterized for its structural, thermal, electrical and
optical properties. Optical absorption spectroscopy
was used to estimate the band gaps which showed
reduction I band gap as a function of incorporation

of SWCNT and SWCNT/Au nanohybrids fillers.
The DC electrical conductivity measurements showed
significant increase in the electrical conductivity of
the ternary composite compared to those of both
SPANI and SPANI/SWCNT binary composite, in
good agreement with the measured band gaps. The
enhanced conductivity of the water soluble compos-
ite may find applications in electromagnetic inter-
ference (EMI) shielding [26], energy storage etc. But
such a three-component polymer composite can pri-
marily be utilized as an electrode material in biosen-
sors [27] because of the excellent electrochemical
properties of polyaniline and its composites, as well
as for their long-term environmental stability. Fur-
ther Au has a great affinity to attach biomolecules.
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