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Abstract: A comparison of laccase-catalyzed polymerization of aniline in the presence of two different “soft” templates
- micelle forming surfactant sodium dodecylbenzenesulfonate (SDBS) and sulfonated natural polyelectrolyte calcium lig-
nosulfonate (LGS) - was investigated to check the influences of different templates on the kinetics of the polymerization
and on the characteristics of the complexes obtained. Under respective optimal conditions, pH 4.5 for SDBS and pH 3.5
for LGS, the reaction with LGS was much slower than that in SDBS emulsion. The conditions for laccase-catalyzed syn-
thesis of emeraldine salt of polyaniline (PANI-ES) in both cases were optimized using UV-vis spectroscopy. It was found
that PANI-ES obtained with LGS template had a higher degree of oxidation with a higher amount of benzene rings than
PANI-ES obtained in SDBS emulsion. Since the protonation of PANI occurred on its imine sites, the doping effect of
LGS-doped PANI-ES, confirmed by XPS, was thus better than that of SDBS-doped one.

Keywords: laccase-catalyzed polymerization, emeraldine salt of polyaniline, soft templates, sodium dodecylbenzene-

sulfonate, calcium lignosulfonate.

Introduction

Polyaniline (PANI) is one of the most popular conducting
polymers thanks to low price of the monomer, simple prepa-
ration, good stabilities and variable optoelectronic properties.'”
The general formula of PANI is [(-B-NH-B-NH-),(-B-N=
Q=N-).n, in which B and Q refer to the benzenoid and qui-
noid rings respectively. PANI varies in oxidation from fully
oxidized state (pernigraniline, x=0), through half oxidized state
(emeraldine, x=0.5) to fully reduced state (leucoemeraldine,
x=1). Emeraldine salt (PANI-ES) is the only one that can be
conducting, because PANI gets its conductivity through the
protonation of imine nitrogens (=N-), which is also referred as
“doping”.! The structural changes of PANI according to dif-
ferent redox conditions and protonated/deprotonated states are
shown in Scheme 1. Since polymer chains of PANI are very
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long, detailed structural analyses of PANI, such as mass spec-
trometry and nuclear magnetic resonance spectrometry, are
very difficult.

In case of traditional chemical and electrochemical synthesis
of PANI in strongly acidic media, intermolecular hydrogen
bonds in the polymer chains result in the poor solubility of
PANI and limit its practical application.” In order to improve
the solubility and expand practical application of the polymer,
“hard” or “soft” templates are usually used in aniline polym-
erization. “Hard” templates refer to silicon, various carbon and
plastic materials, as well as metals and metal oxides. “Soft”
templates can be negatively charged assemblies of amphi-

philes, like micelles®"? 14-16

and vesicles, “'° or negatively charged
polyelectrolytes, including synthetic polymers, like sulfonated
polystyrene (SPS),""? poly(amic acid)*® and poly(2-acryl-

amido-2-methyl-1-propanosulfonic acid) (PAMPS),** and

natural polymer derivatives, like lignosulfonate (LGS).**%
Compared to pure PANI, complexes composed of these tem-
plates and PANI are more promising for practical applica-

tion."” The mechanism of anionic template influence on the
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polymerization of aniline was quite clear now.*'®'*'7 These
templates have three main functions: (1) they bind and align
the aniline cation, thus resulting in a preferential head-to-tail
coupling and therefore leading to the formation of mainly a lin-
ear structure of PANI; (2) the template molecules are attached
to the backbone of PANI and play the role of a dopant which
leads to an increase in the conductivity of the polymer;' (3)
the template help PANI to disperse in water and the suspension
obtained are very stable for many months without precipitation
and notable color changes. Such suspension can even be used
as ink with an inkjet printer.'®

Compared with traditional chemical methods, enzymatic
catalysis of PANI, usually using “soft” templates, provides an
alternative “green” method toward the formation of soluble
and processable conducting PANI because of the milder reac-
tion conditions and the simplified purification process of final
products.®'>*22 Oxidative polymerization of aniline has been
conducted for a century and enzymatic syntheses of con-
ducting PANI have been investigated since the 1990s.***' By
enzymatic syntheses stable suspension of complex, composed
of PANI and templates, was obtained. The complex was so
called as “water-soluble polyaniline”. Actually, PANI does not
real dissolve in water, but disperse in water with the help of
soft templates.*'*'*** The soft templates also increase the sol-
ubility of PANI in some organic solvents.'**!*?

From our previous work, we realized that soft templates are
very important for laccase-catalyzed polymerization of aniline
and the complexes obtained differ in many properties, based
on the templates used."**** The aim of our present work was
to check the influences of different “soft” templates on the
kinetics of the polymerization and the characteristics of the
complexes obtained. The templates used were typical nega-
tively charged assemblies of amphiphiles (emulsion of sodium
dodecylbenzenesulfonate, SDBS) and sulfonated natural poly-
electrolyte (calcium lignosulfonate, LGS), respectively. The
reaction was monitored and optimized using UV-Vis spec-
troscopy. FTTR, Raman spectra and XPS analyses of the com-
plexes demonstrated that LGS-doped PANI-ES had a higher
degree of oxidation with a higher amount of benzene rings
compared with SDBS-doped PANI-ES. Since the results of
cyclic voltammetry and thermal analyses proved that the elec-
troactivity and thermal stability of LGS-doped PANI-ES was
better than that of SDBS-doped PANI-ES, we believe that
LGS could be a promising dopant in enzymatic syntheses of
conducting PANI-ES.

ZgH, A42H A2%, 20183

Experimental

Materials. Laccase from Aspergillus was supplied by Novo-
zymes (Shanghai, China) with an enzyme activity of 60 U/g.
One unit of laccase referred to the amount of laccase required
to oxidize 1 pmol ABTS?* (2,2'-azinobis-(3-ethylbenzothiazo-
line-6-sulfonic acid)) per minute at room temperature. LGS
(calcium lignosulfonate, M, 2500, M, 18000) was purchased
from Sigma-Aldrich. Aniline, SDBS (sodium dodecylben-
zenesulfonate) and all other reagents used were analytical
grade from Sinopharm Chemical Reagent Co. Ltd. (Shanghai,
China) without further purification. All solutions were pre-
pared with deionized water.

Laccase-catalyzed Polymerization of Aniline in SDBS
Emulsion. A 69.7 mg SDBS sample was dissolved into 20
mL of 50 mM Na,HPO,-citric acid buffered solution, followed
by the addition of aniline with constant stirring. The stirring
was stopped when aniline was completely dissolved. After
adjustment of pH to 4.5 with citric acid, the reaction was ini-
tiated by the addition of laccase (0.5 U/mL). Briefly, the opti-
mal reaction conditions were: 10 mM SDBS, 10 mM aniline,
pH 4.5, 0.5 U/mL laccase; the typical reaction time was 3 days
at 5°C.»

Acetone at an equal volume with reaction solution (20 mL)
was added to the dispersion to induce precipitation by adjust-
ing the hydrophilic-hydrophobic balance of the system. The
precipitate was collected by centrifugation and washed twice
with 20 mL of acetone and 100 mL of 50% (v/v) acetone/
water mixture each time to remove the unreacted chemicals
and aniline oligomers. The final purified complex, abbreviated
as PANI-ES-SDBS, was dried in an oven at 60 °C for 24 h for
further characterization.

Laccase-catalyzed Polymerization of Aniline in LGS
Template System. A 100 mg LGS-Ca sample was dissolved
into 20 mL of 50 mM Na,HPO,-citric acid buffered solution,
followed by the addition of 35 mM aniline with constant man-
ually stirring. The stirring was stopped when the monomer was
completely dissolved and then the pH was adjusted to 3.5 with
citric acid. The reaction was initiated by the addition of laccase
(1.2 U/mL). The initial concentrations in the reaction mixture
were as follows: 5 mg/mL LGS, 35 mM aniline, pH 3.5, 1.2
U/mL laccase.™ It took 6 days to complete the polymerization
at 5 °C and the precipitation was obtained by the same way
described above. The dried complex was abbreviated as PANI-
ES-LGS.
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Scheme 1. Structural changes of polyaniline according to different redox conditions and protonated/deprotonated states.
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Figure 1. Full UV-vis spectra of PANI-ES-LGS and PANI-ES-
SDBS. Conditions for PANI-ES-LGS: [LGS]=5 mg/mL, [ani-
line]=35 mM, 1.2 U/mL laccase, 6 days at pH 3.5 and 5 °C. Con-
ditions for PANI-ES-SDBS: [SDBS]=10 mM, [aniline]=10 mM, 0.5
U mL laccase, 24 h at pH 4.5 and 5 °C.

UV-vis Spectra Analysis. UV-vis spectra of the complexes
were recorded using a UV-2808S UV-vis spectrophotometer
(Unicosh, China) in the range of 190-900 nm. Full UV-vis
spectra of the suspensions were shown in Figure 1. Two
absorption peaks around 420 and 770 nm indicated the for-
mation of polarons, typical in PANI-ES type structure (Scheme
1 and Figure 1). The polymerization was monitored by mea-

suring the changes of maximal absorption of the complexes
(Amax =770 nm).">¥2% In the case of LGS, all the suspensions
were diluted with buffer (1:10) before recorded due to the high
concentration of PANI-ES-LGS complex.

FTIR and Raman Spectroscopy. FTIR spectroscopy was
performed by the conventional procedure. Complexes of about
1 mg were finely ground with 200 mg KBr and pellets were
pressed and measured using a Nicolet iS10 infrared spec-
trophotometer (Thermo Nicolet, USA). Raman spectra of the
complexes were measured using a Raman spectrometer cou-
pled to a microscope (Renishaw, UK).

XPS Characterizations. XPS measurements of the com-
plexes were carried out on a RBD upgraded PHI-5000C ESCA
system (Perkin Elmer, USA) using aluminum as the source of
radiation at 14 kV. Both the entire range spectra (0-1100 eV)
and the narrow range spectra of all the elements were recorded
using a RBD 147 interface (RBD Enterprises, USA) using an
AugerScan 3.21 software.

Cyclic Voltammetry Tests. Cyclic voltammetry tests of the
complexes were performed using a CHI 660D electrochemical
workstation (CH Instruments, Inc., Austin, USA) to confirm
the electrochemical activity of the complexes. Before the mea-
surement, the complexes were dissolved in dimethyl sulfoxide
(DMSO) with the some concentration (60 mg/mL), applied to
the glassy-carbon electrode (10 pL), and dried again to obtain
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a film. It’s important to note that the solubility of PANI-ES-
LGS in DMSO was about 110 mg/mL,*> much higher than that
of pure PANI with a poor solubility of less than 20 mg/ mL in
DMSO.?! In addition, Guo et al.** found that the PANI-ES iso-
lated by freeze-drying method with more soft templates was
much more “soluble” in some organic solvent than the PANI-
ES isolated with acetone precipitation method.

Thermal Analysis. Thermogravimetric analysis (TGA)
measurements of PANI-ES-SDBS and PANI-ES-LGS were
performed under N, atmosphere in the range of 30-900 °C at
a heating rate of 20 °C-min" using a TA/TGA Q500 ther-
mogravimetric analyzer (TA Co., Ltd., USA).

XRD Measurements. XRD measurements of the com-
plexes were performed on a Bruker D8-Advance XRD instru-
ment (Bruker AXS Inc., Germany) with a scanning angular
range of 5-40° (20) and a scanning rate of 2°/min.

Results and Discussion

Comparison of Optimal Conditions and Influences of
Conditions on the Polymerization of Aniline. The laccase
used in this paper has an optimal pH of 5.0 and will be inac-
tivated with a pH value less than 2.5. As other conditions were
fixed, the influence of pH on laccase-catalyzed polymerization
of aniline in SDBS and LGS template systems were shown in
Figure 2. The appropriate pH values for laccase-catalyzed syn-
thesis of PANI-ES complexes, in SDBS and LGS template
systems, were 4.5 and 3.5, respectively. In SDBS emulsion, the
high absorbance around 785 nm at pH 5.0 was mainly from the
turbidity of the reaction suspension (scattered light which did
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25
1 —e— PANI-ES-SDBS

204

05

0.0

25 3.0 35 4.0 45 5.0
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Figure 2. Effect of pH on laccase-catalyzed polymerization of ani-
line in SDBS (@) and LGS template (@) systems.
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not reach the detector) and some branched aniline oligomers as
side-products, e.g., phenazines, since the monomers cannot be
protonated or absorbed onto the surface of negatively charged
templates at a pH higher than the pKa of aniline, 4.6.” In the
field of polymerization of aniline, low pH is conducive for
doping and conductivity of the polymer. However, for enzy-
matic polymerization of aniline, low pH will decrease the
activity of enzyme. Therefore, the conductivity of PANI pro-
duced by enzymatic catalysis methods under a relatively
higher pH (pH=3-5) environment tends to be two orders of
magnitude lower than that of PANI obtained from traditional
chemical methods in strongly acidic media (pH<2).2%%%* Sim-
ilarly, although Aspergillus laccase catalyzed the polymer-
ization of aniline in SDBS micellar solution to form PANI-ES-
SDBS complex under milder conditions than in LGS template
system, the degree of protonation of PANI-ES-SDBS may be
lower than that of PANI-ES-LGS, since PANI-ES-LGS was
produced under a lower pH environment.

Since laccase-catalyzed reactions run with atmospheric O,
only, oxidation of chain ends during the polymerization could
not occur with H,0, as in the case of peroxidase-based oxi-
dative polymerization. Under the premise that the other con-
ditions were optimal, effect of reaction time on laccase-
catalyzed polymerization of aniline in different templates was
shown in Figure 3. In the case of SDBS template system, the
absorbance around 785 nm increased linearly in the first 24 h.
In the meantime, the color of the suspension changed from
white to emerald and got darker gradually before it showed
completely dark-green. As for LGS template system, there was
no absorbance peak at 785 nm in the first 48 h and the color

2.0

—=— PANI-ES-LGS
—e— PANI-ES-SDBS

T T T T T T T T T T

0 24 48 72 o6 120 144 168
Time (h)
Figure 3. The time evolution of the absorption at A=785 nm during
laccase-catalyzed polymerization of aniline in SDBS (@) and LGS
template (@) systems.
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of the suspension changed from orange yellow to brown
during this period. The absorption band around 785 nm
appeared in the third day with the suspension color turning to
dark-green. Since the chemical structure of LGS is much more
complicated than that of SDBS, the poor regularity of LGS
might be the drawbacks of LGS as a template for enzymatic
reaction. On the other hand, the polymerization of aniline in
the presence of LGS, which was also the substrate of laccase,”*
was rather complex. Although it is not immediately clear why
no PANI-ES was produced in the first 48 h and the effect of
laccase-catalyzed oxidation of LGS on the polymerization of
aniline is also not clear at the moment, they are taken as inter-
esting preliminary observation for further more detailed inves-
tigations toward a better understanding of enzyme-catalyzed
LGS-assisted polymerization. It might be due to the steric hin-
drance of LGS or the incipient degradation and the subsequent

33 which post-

polymerization of LGS induced by laccase,
poned the polymerization of aniline. It seems that, the oxi-
dation of LGS did not affect its function as anionic templates
in the long term, since the SO* groups existing in LGS could
not be oxidized by laccase. After the reaction, the complexes
obtained in both cases remained homogenously dispersed in
aqueous solution for weeks thanks to the sulfo groups existed
in the templates.

Compared with chemical methods, enzymatic synthesis of
conducting PANI was always carried out with a much lower
monomer concentration and therefore had a relatively lower
polymer yield."*' In our case, the influence of monomer con-
centration, as the other conditions were fixed, on laccase-cat-
alyzed polymerization of aniline in different template systems
was shown in Figure 4. The optimal aniline concentration for
the polymerization in SDBS and LGS template was 10 and 35
mM, respectively. In LGS template system, although LGS
exhibited weaker template effect than SDBS at low aniline
concentration (aniline polymerization began at higher aniline
concentrations), relatively more monomers took part in the
polymerization in the end. Since LGS contains an unknown
amount of sulfo-groups, the exact comparison of the number
of adsorption sites in these two template systems would be
very difficult. However, we still provide reasonable specu-
lation based on the properties of LGS and the low pH envi-
ronment in LGS template system: Compared to SDBS emulsion
templates, LGS might provide more adsorption sites (sulfo
groups), which could absorb more aniline monomers to par-
ticipate in the template-oriented polymerization, and the lower
pH in LGS template system is conducive to the absorption of
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Figure 4. Effect of aniline concentration on laccase-catalyzed
polymerization of aniline in SDBS (@) and LGS template (®) sys-
tems.

positively charged aniline cations onto negatively charged tem-
plates.

Comparison of the Oxidation Degree and Doping Level
of the PANI-ES Obtained in Different Template Systems.
FTIR spectra of the suspensions of PANI-ES-SDBS and
PANI-ES-LGS are shown in Figure 5(A). In the spectrum of
PANI-ES-LGS, the peak at 3450 cm™ was mainly attributed to
-OH stretching in LGS. This peak could be also found in the
spectrum of PANI-ES-SDBS as a result of trace water that
existed in the complex. In the spectrum of PANI-ES-SDBS,
the vibration bands around 2925 and 2850 cm™ were much
stronger than that of PANI-ES-LGS, because there were more
-CH; and -CH, groups in SDBS than in LGS. The bands
around 1585 and 1498 cm™ in both cases were assigned to qui-
none and benzene ring deformation respectively.”® Compared
with PANI-ES-LGS, the peak at 1498 cm™ was much stronger
than the peak at 1585 cm™ in PANI-ES-SDBS, which means a
lower oxidation degree of PANI chains and more leucoem-
eraldine existed in SDBS-doped PANI-ES. As the protonation
of emeraldine base occurred on its imine sites (Scheme 1), the
doping effect of LGS-doped PANI-ES, which had more qui-
none rings, might be better than that of SDBS-doped PANI-
ES. This indeed turned out to be the case (see XPS analysis
below for details). The peak at 1300 cm™, typical for C-N aro-
matic bond, and the peak at 1131 cm™, corresponding to S=O
stretching vibration, indicated the presence of SO; doped
PANI in both samples.” The peak at 824 cm™ indicated the
head-to-tail coupling of the monomers, which led to the for-
mation of linear polymeric chains.

Polymer(Korea), Vol. 42, No. 2, 2018
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Figure 5. FTIR (A); Raman (B) spectra of PANI-ES-SDBS and
PANI-ES-LGS.

Raman spectra of the solid powders of PANI-ES-SDBS and
PANI-ES-LGS were quite similar (Figure 5(B)). The intense
band around 1607 cm™ was attributed to the C-C stretching
modes of semiquinone units.” The peak of C=N stretching
vibrations at about 1537 cm™ of PANI-ES-SDBS was weaker
than that of PANI-ES-LGS, indicating a relatively lower oxi-
dation level of PANI chains. The band at 1259 cm™ was due
to the C-N stretching in polaronic units. The strong C-N
stretching vibrations at about 1350 cm™ signified semiquinone
4243

radical structures in both samples.
As atool for the analysis of the structure of material surface,
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Figure 6. XPS wide scan spectra of PANI-ES-SDBS and PANI-ES-
LGS.

X-ray photoelectron spectroscopy (XPS) is very useful for the
quantitative evaluation of various redox states of PANL* The
relative surface composition (Table 1) of the complexes
obtained from the results of quantitative XPS analysis was in
accordance with XPS wide scan (Figure 6). Relatively large
amounts of nitrogen and sulfur elements were detected on
PANI-ES-LGS surface and the ratio of sulphur atom (from
sulfo groups in the dopants) to nitrogen atom (from PAN) on
PANI-ES-LGS surface (30.56) was also higher than that of
PANI-ES-SDBS (27.41), indicating higher doping level of
PANI-ES-LGS than PANI-ES-SDBS.

The XPS N1s core level spectra of the complexes are shown
in Figure 7. Three main contributions in both samples could be
considered as amine nitrogen (-NH), imine nitrogen (-N=) and
N* species.** In the case of PANI-ES-LGS, the peak from N*
was relatively stronger (Figure 7(B)) than the one from PANI-
ES-SDBS (Figure 7(A)). According to the contribution of
nitrogen groups resulting from XPS (Table 1), the N'/N ratio
of PANI-ES-LGS (30.45) is higher than that of PANI-ES-
SDBS (24.82), indicating again higher doping level of PANI-
ES-LGS. This was in accordance with the results of FTIR and
Raman spectra, since PANI-ES-LGS had more imine sites than
PANI-ES-SDBS and the protonation of PANI-ES occurred on
its imine sites.

Table 1. Composition of the Complexes and Contribution of Nitrogen Groups Resulting from XPS

Relative surface composition (%)

Intensity of N1s (%)

Samples
Cls Ols Nls S2p S/N N/N -NH-/N -N=/N
PANI-ES-SDBS 77.92 19.58 1.97 0.54 27.41 24.82 48.82 26.36
PANI-ES-LGS 73.44 23.28 2.52 0.77 30.56 30.45 41.85 27.70

ZgH, A42H A2%, 20183
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Figure 7. XPS Nls core level spectra of PANI-ES-SDBS (A);
PANI-ES-LGS (B).

Comparison of the Properties of the Complexes Obtained.
It is generally accepted that higher electroactivity of PANI can
be reached at low pH and all oxidation peaks shift to less pos-
itive potentials with increasing pH.*’ In our case, the recorded
cyclic voltammograms (Figure 8) showed that PANI-ES
obtained in the presence of SDBS or LGS was redox active up
to pH 4 (50 mM Na,HPO,-citric acid buffered solution). For
both samples, two pairs of reversible symmetrical redox peaks
were detected, which confirmed that these complexes pos-
sessed a certain degree of electrochemical activity and indi-
cated the potential for using these complexes in electrodes,
coated with a conductive organic material.****

The cyclic voltammogram of PANI-ES-LGS resembles that
of PANI, with two anodic peaks observed at 283 and 552 mV,
and the corresponding cathodic peaks found at 17 and 420 mV.
Commonly, the couple located at lower potentials is ascribed
to the redox transformations of fully reduced chains of the leu-

30] — PANI-ES-SDBS
| ——PANI-ES-LGS

I (nA)

LA I L B B B L B
-600 -400 -200 0 200 400 600 800 1000
E vs. Ag/AgCI (mV)

Figure 8. Cyclic voltammograms of PANI-ES-SDBS and PANI-ES-
LGS.

coemeraldine form of PANI to the half-oxidized chains of the
PANI-ES form; while the second couple found at higher poten-
tials is due to the interconversion of PANI-ES to the fully oxi-
dized pernigraniline form of PANL*** The curve of PANI-ES-
LGS was also compared with other works, in which PANI-ES-
LGS was obtained using different catalysts.***” The cyclic vol-
tammogram of PANI-ES-LGS obtained in this work was quite
similar to that of PANI-ES-LGS obtained from hematin-cat-
alyzed polymerization of aniline,® indicating that the elec-
trochemical property of PANI-ES-LGS obtained in this work
was equivalent to PANI-ES-LGS obtained using other cata-
lysts.

The cyclic voltammogram of PANI-ES-SDBS had two
anodic peaks at 354 and 590 mV, and the corresponding
cathodic peaks at -36 and 280 mV. With lower values of cur-
rent, the cyclic voltammogram of PANI-ES-SDBS revealed
lower electrochemical activity than PANI-ES-LGS. In addi-
tion, it’s worth noting that the distance between oxidation and
reduction peaks of PANI-ES-LGS was relatively shorter than
that of PANI-ES-SDBS. The reason for this difference and
what does this phenomenon mean is not clear yet.

TGA curves of PANI-ES-SDBS and PANI-ES-LGS were
presented in Figure 9. For PANI-ES-LGS a bigger initial loss,
probably attributed to the loss of water and LGS, was found
between 50 and 200 °C, although both samples started to
decompose at around 200 °C. In the curve of PANI-ES-SDBS,
a 52.0 wt% loss took place in the range of temperature
between 300 and 500 °C and the polymer maintains 37.6 wt%
at 500 °C. In comparison, for PANI-ES-LGS a 21.9 wt% loss
occurred in this range and the polymer maintains 59.8 wt% at
500 °C, which was almost the same with others’ work.”® No

Polymer(Korea), Vol. 42, No. 2, 2018
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Figure 9. TGA curves of PANI-ES-SDBS and PANI-ES-LGS.

any polymers exist at temperatures up to 900 °C and only car-
bon skeleton gave the remaining 48.9 and 29.8% in PANI-ES-
LGS and PANI-ES-SDBS, respectively. In brief, compared to
PANI-ES-SDBS, although PANI-ES-LGS had higher mass
loss at low temperatures, it seems more stable at high tem-
peratures with lower mass loss.

The content and composition of templates definitely make a
big different of the thermal stability of the complexes obtained.
It is known that PANI is characterized by a high thermal sta-
bility and makes the complexes more stable. On the contrary,
the templates are rather unstable and this may lead to the
higher mass loss of PANI-ES-LGS at low temperatures, since
PANI-ES-LGS had a higher amounts of templates (S/N=
30.56%, Table 1). The lower mass loss of PANI-ES-LGS at
high temperatures might be due to the formation of com-
plicated bonds between PANI chains and the functional groups
in LGS. Beside the main force, electrostatic adsorption,
between PANI-ES chains and LGS, we speculated that the
hydrogen bonds between PANI-ES chains and LGS were also
easy to form because hydroxyl and carbonyl groups are the
most abundant two functional groups existing in LGS. In addi-
tion, the protonation of the PANI-ES imine nitrogens through
interactions with the hydroxyl groups in LGS could also
strengthen the interactions between PANI-ES chains and
LGS.?4¢ All these bonds improved the stability of the complex
in different extent.

In the end, PANI-ES-SDBS and PANI-ES-LGS were ana-
lyzed by XRD to investigate whether there are differences in
the crystallinity of these PANI-ES products (Figure 10). It is
known that degree of ordering for conducting PANI form is
higher than for a nonconducting one (neutral PANI) because
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Figure 10. XRD spectra of PANI-ES-SDBS and PANI-ES-LGS.

the first form contains more rigid molecules due to longer con-
jugation length and it has been reported that the degree of crys-
tallinity of HCI-doped PANI increases with the doping level.”
In our case, the crystallinity of the complexes seemed not
ideal, since no clear crystal peak was shown in both cases.
However, we still find some literatures with similar spectrum
and try to explain our case:***® For PANI-ES-LGS, the dif-
fraction peak at 26=25° was much stronger than that of PANI-
ES-SDBS, which was in accordance with the literatures report-
ing that neutral PANI has a major broad diffraction peak at
26=20° and doped PANI-ES has two broad diffraction peaks at
20=20°, 25°%* In summary, the result of XRD analysis indi-
cated that PANI-ES-LGS might have relatively higher crys-
tallinity and better doping effect than PANI-ES-SDBS.

Conclusions

In this study, PANI-ES were prepared using Aspergillus lac-
case as a biocatalyst in SDBS and LGS template systems,
respectively. Under respective optimal conditions, relatively
more aniline monomers were absorbed to LGS to participate in
the template-oriented polymerization. This could be an
improvement for enzymatic synthesis of PANI-ES, which was
generally carried out with a lower monomer concentration
compared with chemical synthesis and therefore had a lower
polymer yield. It’s explicit that, PANI-ES-LGS, produced
under a lower pH, had a higher oxidation degree with a higher
amount of benzene rings than PANI-ES-SDBS and the doping
effect of LGS-doped PANI-ES, confirmed by XPS, was also
better than that of SDBS-doped one. Cyclic voltammetry and
thermal analyses indicated that PANI-ES-LGS exhibited
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higher electrochemical activity and better thermal stability than

PANI-ES-SDBS. In conclusion, our research showed expan-

sive application prospects of LGS in the field of enzymatic

reaction.
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