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Weg 5, 8093 Zürich, Switzerland
fDepartment of Graphic Design and En

Engineering, University of the Basque Count
gBCMaterials, Basque Center for Materials

EHU Science Park, 48940 Leioa, Spain

† Electronic supplementary informa
10.1039/c9ra06168a

Cite this: RSC Adv., 2019, 9, 33080

Received 8th August 2019
Accepted 5th October 2019

DOI: 10.1039/c9ra06168a

rsc.li/rsc-advances

33080 | RSC Adv., 2019, 9, 33080–330
e type on the preparation of the
emeraldine salt form of polyaniline (PANI-ES) with
horseradish peroxidase isoenzyme C (HRPC) and
hydrogen peroxide†

Tomoyuki Fujisaki, ab Keita Kashima, ab Sandra Serrano-Luginbühl,a
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Horseradish peroxidase isoenzyme C (HRPC) is often used as catalyst for the preparation of the conductive

emeraldine salt form of polyaniline (PANI-ES) from aniline and hydrogen peroxide (H2O2) in the presence of

anionic templates in aqueous solution. Here, a direct comparison of three types of soft templates wasmade,

(i) the sodium salt of sulfonated polystyrene (SPS), (ii) micelles from sodium dodecylbenzenesulfonate

(SDBS), and (iii) vesicles from either a 1 : 1 molar mixture of SDBS and decanoic acid or from AOT

(sodium bis(2-ethylhexyl)sulfosuccinate). Based on UV/vis/NIR, EPR and Raman spectroscopy

measurements all three types of templates are similarly suitable, with advantages of the two vesicle

systems in terms of aniline conversion degree and radical content in the final PANI-ES product. First

experiments with sulfated cellulose nanocrystals (CNCs) indicate that they are promising rigid templates

for the preparation of electroconductive PANI-ES-coated cellulose materials or devices.
1. Introduction

Despite its simple chemical structure, the oxidation of aniline
oen results in the formation of complex heterogeneous
mixtures consisting of oligomeric and/or polymeric products
whose composition, chemical structures, degree of oligo- or
polymerisation, oxidation states and the resulting product
morphologies depend on the conditions under which the
oxidation is carried out.1–11 One of the challenges is to nd
reaction conditions for obtaining exclusively – or as dominating
product – polyaniline (PANI) molecules in their linear,
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electroconductive, emeraldine salt form, abbreviated as PANI-
ES.1,2,12–16 The ideal PANI-ES molecules consist of tetraaniline
repeating units in their half-reduced and half-oxidised,
protonated state, see Scheme 1. The chemical structure of the
counter anion (also called dopant, A� in Scheme 1) has an
inuence on the conductivity and processibility of materials
prepared from PANI-ES molecules.17 Bulky dopants with sulfo-
nate groups were found to be particularly good dopants to
improve the dispersibility of PANI-ES in water, e.g., camphor
sulfonate18,19 or bis(2-ethylhexyl)sulfosuccinate (the sodium salt
is known as AOT, Scheme 1).20,21 Standard methods for
preparing PANI-ES are based on the chemical oxidation of
aniline with a strong oxidant (e.g. ammonium peroxodisulfate)
at strongly acidic conditions (pH < 2.5).1,22

In 1998/1999 the HRP/H2O2-catalysed polymerisation of
aniline to PANI-ES was attempted as environmentally friendly
approach, and it was shown that the presence of anionic addi-
tives, so-called “templates” is important for obtaining products
with PANI-ES features.23–25 The templates are additives which
have a positive inuence on the desired outcome of the reaction
in terms of chemical structure and colloidal product stability
(and processability), acting in the case of PANI-ES formation
also as counter ions (dopants). The rst template used was
sulfonated polystyrene (SPS) and the reaction was carried out
successfully at pH ¼ 4.0 or 4.3 and at room temperature
(RT).24,25 Since this pioneering work, SPS26,27 and other anionic
This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Schematic illustration of the horseradish peroxidase isoenzyme C (HRPC)/H2O2-catalysed oxidation of aniline at pH ¼ 4.3 (0.1 M
NaH2PO4 + H3PO4) and T z 25 �C in the presence of one of four different types of soft anionic templates: AOT vesicles, vesicles from a 1 : 1
molar mixture of sodium dodecylbenzenesulfonate (SDBS) and decanoic acid (DA), SDBS micelles, or sulfonated polystyrene (SPS) poly-
electrolyte. All template molecules have one or more sulfonate groups and the reactions are initiated by adding aniline, HRPC, and H2O2 to the
template solutions or suspensions. Each reaction can be run under conditions which result in products that are rich in the conductive PANI-ES
form. Chemical structures of the ideal PANI-ES repeating unit are shown in its diamagnetic bipolaron (1) and paramagnetic polaron forms (2).
Mechanistically, HRPC is first oxidised by H2O2 in a two-electron oxidation. Oxidised HRPC then oxidises two aniline molecules in two one-
electron oxidations to yield two anilino radicals. After protonation to yield aniline radical cations, coupling reactions and further oxidation steps
lead to the formation of PANI-ES repeating units (and other undesired side products). The templates “promote” desired PANI-ES product
formation, act as counter ions (A�), and prevent precipitation of the otherwise insoluble PANI-ES reaction products.
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polyelectrolytes28–30 were used by different research groups with
variation of the type of peroxidase and experimental conditions.
In terms of template type, micelles formed from sodium
This journal is © The Royal Society of Chemistry 2019
dodecylbenzenesulfonate (SDBS)26,31 or other related amphi-
philes,32 and vesicles from a 1 : 1 molar mixture of SDBS and
decanoic acid (DA)33 or from AOT34–37 were found to be
RSC Adv., 2019, 9, 33080–33095 | 33081

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra06168a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 3

/5
/2

02
6 

5:
58

:4
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
particularly promising. For the chemical structures, see Scheme
1. Although micelles and vesicles differ from polyelectrolytes, in
the sense that they are polymolecular assemblies, which are
constituted by amphiphilic molecules and only form above
a certain critical concentration, both mentioned amphiphilic
molecules, SDBS and AOT, have a sulfonate head group, and
their micellar/vesicular self-assemblies are rich in sulfonate
groups, similarly to the many sulfonate groups present in
a single SPS molecule. In a broader sense, all three templates
are so, dynamic “sulfonate clusters”. “Non-clustered” sulfo-
nate groups do not act as templates.31,35

The aim of the rst part of the work presented here was to
make a direct comparison of the effect of four different so
sulfonate templates, which were used so far in the literature for
the HRP/H2O2-catalysed oxidation of aniline towards the
formation of products which have a high content of PANI-ES
repeating units. The templates used in our work were the
polyelectrolyte SPS, micelles formed from SDBS, and vesicles
formed either from a 1 : 1 (mol mol�1) mixture of SDBS and DA
or from AOT. All reactions were carried out at pH ¼ 4.3 and at
RT (T z 25 �C), and for all reactions the same batch of HRP
isoenzyme C (HRPC) was used. Furthermore, for each template
type, the best template concentration was rst determined. The
reaction mixtures were analysed by in situ UV/vis/NIR, electron
paramagnetic resonance (EPR), and Raman spectroscopy
measurements, and the optimised, as-obtained solutions and
dispersions were tested for their inkjet-printability. Finally, we
investigated for the rst time whether sulfated cellulose nano-
crystals (abbreviated as CNCs), rod-like nanoscale particles
which can be obtained upon a controlled hydrolysis of cellulose
with sulfuric acid,38–40 could also be used as rigid template; and
if this would be the case, how the performance of this rigid
sulfate template would compare with the four chosen so
sulfonate templates.

The rst part of this work is directly related to our previous
work on the effect of different so template types on the Tra-
metes versicolor laccase (TvL)/O2-catalysed oligomerisation of
the linear para-NC-coupled aniline dimer PADPA (p-amino-
diphenylamine) to oligo(PADPA), carried out at pH ¼ 3.5 and T
z 25 �C.41 This previous work was also aimed at obtaining
products with a high content of PANI-ES repeating units. In the
present work we wanted to know whether the template which
appeared most ideal among the tested template types for the
PADPA/TvL/O2 reaction, AOT vesicles,41 is also the “best” one for
the aniline/HRPC/H2O2 reaction. Finally, we show rst
evidences on the use of CNC as rigid template for the synthesis
of PANI-ES.

2. Materials and methods
2.1. Commercial materials

Horseradish peroxidase isoenzyme C (HRPC, product PEO-131,
Grade I, 287 U mg�1, RZ$ 3, lot number 2131616000) was from
Toyobo Enzymes and aniline (M ¼ 93.13 g mol�1; 99.8%) was
from Acros Organics. Acetonitrile ($99.5%). Docusate sodium
salt (¼bis(2-ethylhexyl) sulfosuccinate sodium salt, aerosol OT,
AOT, M ¼ 444.56 g mol�1, BioUltra $ 99.0%), poly(sodium 4-
33082 | RSC Adv., 2019, 9, 33080–33095
styrenesulfonate) (SPS, average Mw ¼ 70 000 g mol�1), micro-
crystalline cellulose (m-cellulose) with a particle size of 20 mm,
sodium phosphate monobasic (NaH2PO4, $99.0%), hydrogen
peroxide (for analysis, 35 wt% solution in water, corresponding
to 11.4 mol L�1), hydrochloric acid, (HCl, $37%), sulfuric acid
(95–98%), pinacyanol chloride (2,20-trimethinequinocyanine
chloride, M ¼ 388.9 g mol�1), and chloroform ($99.0%) were
purchased from Sigma-Aldrich. Dodecylbenzenesulfonic acid
sodium salt (hard type) (SDBS, M ¼ 348.48 g mol�1; >95%) was
from TCI Europe. ortho-Phosphoric acid (H3PO4, 85%), dec-
anoic acid (DA, M ¼ 172.26 g mol�1; $99.0%), and glycidyl-
trimethylammonium chloride (also known as
epoxypropyltrimethylammonium chloride, EPTMAC) were
purchased from Fluka. Deionised water prepared with a Milli-
pore Synergy system was used for all experiments.
2.2. Sulfated cellulose nanocrystal (CNC) synthesis and
analysis

Cellulose nanocrystals (CNCs) were obtained by hydrolysis of
20 g of m-cellulose using 400 mL of a 64 wt% sulfuric acid
solution at 45 �C for 30 min under vigorous magnetic stirring
(300 rpm).42 The reaction was quenched by adding 2 L of cold
water and the remaining dispersion was centrifuged at
4000 rpm with a Hettich Universal 320 table centrifuge for
10 min to remove excess aqueous acid. Nanosized cellulose was
obtained aer sonication (Vibracell Sonicator (Sonicsand
Materials Inc., Danbury, CT)) at 40% output energy for 5 min
using volumes of 50 mL. The suspension was dialyzed against
water for 7 days using a Visking dialysis membrane with
a molecular weight cut off of 12 000–14 000 Da from Medicell
Membranes Ltd. to obtain an aqueous CNC dispersion of pH ¼
1.9 and 2 wt%. If not indicated otherwise, CNCs stands for
cellulose nanocrystals consisiting of sulfate groups (Scheme 2).

For control purposes, (sulfated) CNCs were rendered cationic
through a reaction with EPTMAC.43,44 Water-dispersed CNCs
were desulfated using a 7 wt% NaOH solution at 65 �C for 5 h.
Aer washing, cationization of the water-dispersed CNCs was
carried out at 2 wt% NaOH at RT followed by the addition of
EPTMAC (1.554 mmol g�1 with respect to CNC) at 65 �C.45 Aer
5 h, the product was precipitated in ethanol and then washed
several times with water. A nal purication step using a Pur-A-
Lyzer™ (Sigma) 3500-MW cut-off dialysis membrane for 4 d was
carried out. For the chemical structures of the repeating units of
an anionic CNC chain and its cationic analogue, see Scheme 2.

The synthesised CNCs were characterised by X-ray powder
diffraction (XRD) using a PANalytical Empyrean powder
diffractometer in reection mode with Cu Ka radiation and
operation at 45 kV and 40 mA. Attenuated total reectance
Fourier transform infrared spectroscopy (ATR-FTIR) measure-
ments were performed on a Bruker Alpha FT-IR spectrometer
equipped with diamond ATR optics. Elemental analysis was
performed at the Microanalytic Laboratory of the Laboratory of
Organic Chemistry at the Department of Chemistry and Applied
Sciences (D-CHAB), ETH Zurich. Zeta-potential measurements
of CNC suspensions at different pH values were performed on
a Malvern Zetasizer Nano-ZS with a CNC concentration of
This journal is © The Royal Society of Chemistry 2019
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Scheme 2 Chemical structures of the repeating units of a CNC chain and of a cationic analogue. For both structures the case of a single
modification of the cellobiose repeating unit is shown.
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0.1 mg mL�1. The measurements were made at RT in a folded
capillary cell (DTS1070). The thermal stability was assessed by
thermal gravimetric analysis (with a Mettler Toledo TGA/
SDTA851e instrument) in alumina pans under nitrogen atmo-
sphere by heating the samples from 25 to 1100 �C at
10 �C min�1. The morphology of the CNC particles was deter-
mined by transmission electron microscopy (TEM) with a Phi-
lips CM120 Biolter apparatus with a STEM module at an
acceleration voltage of 120 kV. A droplet of a 0.1 wt% suspen-
sion of CNCs in water was deposited onto carbon-coated grids
and then negatively stained with 1% (w/v) uranyl acetate
(UO2(CH3COO)2) for 1 min. Scanning electron microscopy
(SEM) analyses were performed on a LEO Gemini 1530 instru-
ment (from Zeiss).
2.3. Preparation of stock solutions and suspensions

2.3.1. “pH ¼ 4.3 solution”. A pH ¼ 4.3 solution (0.1 M) was
prepared at RT (T z 25 �C) by rst dissolving 0.1 mol of
NaH2PO4 in deionised water to yield a total volume of 1 L, fol-
lowed by adjustment of the pH value with 1 MH3PO4 until pH¼
4.3. This “pH ¼ 4.3 solution” was used for the preparation of all
template solutions and suspensions and for all polymerisation
reactions.

2.3.2. Aniline stock solution. A 40 mM aniline stock solu-
tion was prepared by dissolving 105 mL of aniline (1.15 mmol) in
28.59 mL of the pH ¼ 4.3 solution, followed by adjustment of
the pH value to 4.3 with a HCl solution (0.12 g HCl mL�1). This
aniline stock solution was stored in a refrigerator at T z 5 �C
and used within three weeks.

2.3.3. HRPC stock solution. A HRPC stock solution (z70
mM) was prepared by dissolving 3.4 mg of HRPC powder in 1 mL
deionised water. The HRPC concentration in this solution was
determined spectrophotometrically by using 3403 ¼ 1.02 �
105 M�1 cm�1 as molar absorbance,46 yielding 67.7 mM. This
enzyme stock solution was stored at T z 5 �C and used within
one month.

2.3.4. H2O2 stock solution. A hydrogen peroxide stock
solution (200 mM) was prepared by dissolving 17.5 mL hydrogen
peroxide solution (35 wt%) in 982.5 mL deionized water. This
solution was freshly prepared every day.

2.3.5. AOT vesicle stock suspension. A vesicle suspension
of 20 mM AOT consisting of mainly unilamellar vesicles with
This journal is © The Royal Society of Chemistry 2019
average diameters of about 100 nm was prepared in the same
way as described before.41 The only difference was the use of the
pH ¼ 4.3 solution instead of the pH ¼ 3.5 solution. The critical
concentration for AOT vesicle formation (cvc) is about 0.4 mM.34

The vesicle suspension was stored at RT and used within three
weeks.

2.3.6. SDBS/DA (1 : 1) vesicle stock suspension. A vesicle
suspension consisting of equimolar amounts of SDBS and DA,
each 20 mM and mainly unilamellar vesicles of about 100 nm
was prepared in the same way as described before by using the
pH ¼ 4.3 solution instead of the pH ¼ 3.5 solution, with cvc z
0.4 mM.41 The vesicle suspension was stored at RT and used
within three weeks.

2.3.7. SDBS micelle stock solution. A 20 mM SDBS micellar
solution was prepared at RT by dissolving 0.1394 g (0.4 mmol) of
SDBS in 20 mL of the pH ¼ 4.3 solution. The micellar solution
was stored at RT and used within one month. With pinacyanol
chloride the critical concentration for SDBS micelle formation
(cmc) was determined in the same way as described before.41

The value obtained in the pH ¼ 4.3 solution (data not shown)
was the same as the one determined previously for the pH¼ 3.5
solution (cmc z 0.3 mM).41

2.3.8. SPS polyelectrolyte stock solution. A SPS poly-
electrolyte solution with 20 mM SPS repeating unit (r.u.) was
prepared as described before, by using the pH ¼ 4.3 solution
instead of the pH ¼ 3.5 solution.41 The polyelectrolyte solution
was stored at RT and used within one month.

2.3.9. Cellulose nanocrystals (CNC) stock suspension. A
2 wt% suspension of CNC was prepared in a 0.01 M NaH2PO4/
H3PO4 solution which was obtained by tenfold dilution of the
pH ¼ 4.3 solution with deionized water.
2.4. Preparation and analysis of reaction mixtures
containing so templates

2.4.1. Reaction mixture preparation. All reactions were
carried out inside 2.0 mL Eppendorf tubes at RT. Dened
volumes of the different separately prepared stock solutions
or suspensions were added and mixed in the following
sequence: (a) pH ¼ 4.3 solution, (b) template stock solution
or suspension, (c) aniline stock solution, (d) HRPC stock
solution, and (e) H2O2 stock solution. The total reaction
volume was always 500.15 mL. Aer mixing by gentle agitation
RSC Adv., 2019, 9, 33080–33095 | 33083
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(set to reaction time t ¼ 0) and closing the tubes with the cap,
the reaction mixtures were le standing at RT until they were
analysed by one of the spectrophotometric methods used. In
the case of the reaction mixtures containing SPS poly-
electrolyte, about 5 min agitation was necessary for obtaining
reproducible results. For each template and the conditions
which we considered optimal and ideal for a direct compar-
ison of the effect of the templates (see below), the different
volumes of the stock solutions and suspensions are listed in
Table 1.

2.4.2. In situ UV/vis/NIR, EPR, and Raman spectroscopy
measurements. All in situ spectroscopy measurements were
carried out at RT in the same way as described before.41 For
the UV/vis/NIR and EPR measurements, 0.3 mL of the reac-
tion mixtures were analysed with a JASCO V-670 and a Bruker
EMX X-band spectrometer, respectively. For the Raman
measurements, a DXR Raman microscope (from Thermo
Scientic) was used, and drops of the reaction mixtures with
volumes of a few mL were analysed.

2.4.3. Quantication of unreacted aniline present in the
reaction mixtures. The concentration of unreacted aniline in
the reaction mixtures aer a reaction time t ¼ 24 h was
determined spectrophotometrically, as described before.35

First, 30 mL of the reaction mixture was added to 1470 mL
acetonitrile which was placed inside a 2.0 mL Eppendorf
tube. Aer centrifugation with an Eppendorf centrifuge
5415D to remove the reaction products, the UV/vis absorp-
tion spectrum of the supernatant solution was recorded with
a JASCO V-670 spectrophotometer by using a quartz cell with
a path length of l ¼ 0.1 cm. The same analysis was carried out
for the reaction mixtures at t ¼ 0 h, i.e. immediately before
adding H2O2 for starting the reaction. Second, as reference
measurement, the same procedure was applied to a reaction
mixture which did not contain aniline. Third, the measured
reference spectrum was subtracted from the spectrum ob-
tained from the reaction mixture, and DA238 (t ¼ 24 h or t ¼
0 h) the difference in absorbance at 238 nm, was determined.
With DA238 (t ¼ 24 h), the concentration of aniline in the
acetonitrile solution (and in the reaction mixture) could be
Table 1 Details of the preparation of the different reaction mixtures in th
the reaction mixtures was kept constant at pH ¼ 4.3 (0.1 M NaH2PO4 + H
4.0 mM, the HRPC concentration 0.92 mM and all reactions were init
concentrations, the ratio of the volume of the pH ¼ 4.3 solution to the
keeping their total volume constant (432.2 mL). The volumes given in the
effect of the templates. The concentrations given in parenthesis are the

Template type
pH ¼ 4.3 solutiona

(mL)
Template stock solution or
suspensionb (mL)

AOT vesicles 357.2 75.0 (/3.0 mM)
SDBS/DA (1 : 1)
vesicles

379.7 52.5 (/2.1 mM)

SDBS micelles 374.7 57.5 (/2.3 mM)
SPS polyelectrolyte 374.7 57.5 (/2.3 mM r.u.)

a pH ¼ 4.3 solution: [NaH2PO4] + [H3PO4] ¼ 0.1 M. b 20 mM AOT; or 20 m
solution. c 40 mM aniline in pH ¼ 4.3 solution (adjusted to pH ¼ 4.3 with
(dissolved in deionised water).

33084 | RSC Adv., 2019, 9, 33080–33095
determined by taking into account 3238 (aniline) ¼ 10 600 �
300 M�1 cm�1 as molar absorbance.35 The percentile aniline
conversion was calculated for each reaction mixture by
comparing DA238 (t ¼ 24 h) with DA238 (t ¼ 0 h), see Fig. S-1–S-
3, ESI.†

2.4.4. Test of inkjet-printability. The as-obtained reaction
mixtures were used as ink in a thermal desktop inkjet
printer with printing on ordinary white paper, as described
before.41

2.5. Preparation and analysis of reaction mixtures
containing rigid CNC templates

2.5.1. Reaction mixture preparation. The reactions with
CNCs as templates (and the corresponding controls without
CNCs) were carried out in a similar way as described for the
reactions in the presence of so templates, again using 2.0 mL
Eppendorf tubes (see Section 2.4.1). Dened volumes of the
following stock solutions were added and mixed in the indi-
cated sequence: (a) pH ¼ 4.3 solution diluted 1 : 1 with
deionised water (0.05 M NaH2PO4 + H3PO4), (b) CNC stock
suspension, (c) aniline stock solution, (d) HRPC stock solution
diluted with water 1 : 9 (0.34 mg HRPCmL�1, 6.67 mM), and (e)
H2O2 stock solution diluted 1 : 9 with water (20 mM H2O2).
The total volume was 400 mL. The volumes used for the
“optimal” conditions are given in Table 2. For other reaction
mixtures prepared and analysed in this work, see Table S-1,
ESI.†

2.5.2. Reaction product analysis. In situ UV/vis/NIR and
EPR spectra were recorded in the same way as described for the
reaction mixtures with the so templates, as well as the quan-
tication of unreacted aniline see Section 2.4.2 and 2.4.3. High
resolution scanning electron microscopy (HR-SEM), FTIR and
DSC analyses were carried out as described in Section 2.2. For
the HR-SEM measurements, the CNC/PANI-ES suspension (rxn
# 3, prepared in sodium dihydrogen phosphate solution) were
washed by centrifugation two times with deionised water at
10 000 rpm for 10 min to remove excess salt. For the FTIR and
DSCmeasurements, the suspension was allowed to dry at RT for
48 h, followed by vacuum drying at 60 �C for 24 h.
e presence of soft templates (500.15 mL total volume). The pH value of

3PO4). For all reaction mixtures, the initial concentration of aniline was
iated with 4.5 mM H2O2. For finding the optimal template molecule
volume of the template stock solution or suspension was varied while
table are the ones considered as optimal for a direct comparison of the
initial concentrations in the reaction mixtures, see text for details

Aniline stock solutionc

(mL)
HRPC stock solutiond

(mL)
H2O2 stock solutione

(mL)

49.9 (/4.0 mM) 6.8 (/0.92 mM) 11.3 (/4.5 mM)

M SDBS and 20 mM DA; or 20 mM SDBS; or 20 mM SPS r.u. in pH ¼ 4.3
HCl). d 67.7 mM HRPC (dissolved in deionised water). e 200 mM H2O2

This journal is © The Royal Society of Chemistry 2019
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Table 2 Details of the preparation of the “optimal” reaction mixture with CNCs as rigid templates (400 mL total volume), abbreviated as “rxn # 3”,
see below. The concentrations given in parenthesis are the initial concentrations in the reaction mixture at the start of the reaction

Template type Diluted pH 4.3 solutiona (mL) CNC stock suspensionb (mL)
Aniline stock
solutionc (mL)

HRPC stock
solutiond (mL)

H2O2 stock
solutione (mL)

CNC: sulfated cellulose
nanocrystals

169.9 92.8 (/0.46 wt%) 80.0 (/8.0 mM) 21.3 (/0.36 mM) 36.0 (/1.8 mM)

a [NaH2PO4] + [H3PO4] ¼ 0.05 M. b 2 wt%. c 40 mM aniline in pH ¼ 4.3 solution (adjusted to pH ¼ 4.3) with HCl. d 6.67 mM HRPC (dissolved in
deionised water). e 20 mM H2O2 (dissolved in deionised water).
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3. Results and discussion
3.1. Specication of “optimal reaction conditions” and
criteria used for template comparison

For any type of reaction optimisation, one has to specify
dening criteria. Direct comparison of the inuence of a single
component of a complex reaction mixture, the template in our
case, requires keeping all other components in the reaction
mixtures with identical concentrations at the beginning. Initial
conditions were selected as follows: pH ¼ 4.3 ([NaH2PO4] +
[H3PO4] ¼ 0.1 M), [aniline] ¼ 4.0 mM, [HRPC] ¼ 0.92 mM, and
[H2O2] ¼ 4.5 mM. These conditions originate from previous
work with AOT vesicles where the reaction was found to be
optimal at [AOT] ¼ 3.0 mM.35 Under these conditions, the
reaction can be followed by in situ UV/vis/NIR absorption
measurements with cells of path length l¼ 0.1 cm, requiring no
dilution of the mixture until equilibrium is reached; the
absorbance (Al) between 250 and 1200 nm never exceeds Al z
1.5 and therefore remains in the linear A vs. concentration range
of the spectrophotometer used. For a comparison of the effects
of the so templates used, the above mentioned “standard
concentrations” were used. In the case of CNC, however,
modications were necessary since the nal reaction mixtures
did not show the desired properties in terms of colour and
physical state, see later Section 3.3.

The criteria for the optimal conditions with the so
templates were as follows. The products obtained should have
(i) high absorption at 1000 nm (A1000) and a band centred
around z420 nm, which both is indicative for the formation of
PANI-ES (Scheme 1);19,47 (ii) low absorption at 500–600 nm
(absence of unwanted branching or phenazine formation);25,48

(iii) an EPR spectrum, indicative for the presence of unpaired
electrons;1,49,50 (iv) Raman bands atz1320–1380 cm�1 assigned
to polaronic structures;1,51,52 and the as-obtained reaction
mixture must be (iv) an inkjet-printable, colloidally stable
solution or dispersion.

3.2. Comparison of AOT vesicles, SDBS/DA (1 : 1) vesicles,
SDBS micelles, and SPS polyelectrolyte as so templates

3.2.1. Optimal reaction conditions. Based on a variation of
template molecule concentration with initial aniline, HRPC,
and H2O2 concentrations identical, the optimal conditions
determined for each reaction mixture are summarized in Table
1. These optimal conditions are derived from a series of in situ
UV/vis/NIR absorption measurements carried out aer
This journal is © The Royal Society of Chemistry 2019
a reaction time of 24 h at RT and by considering Az1000 and
A1000/A500. Desired conditions were those where both values
were high and no precipitation occurred. Data for the different
reaction mixtures containing various amounts of SDBS/DA
(1 : 1) vesicles, SDBS micelles, or SPS polyelectrolyte are given
in Fig. S-4, ESI.†

3.2.2. In situ recorded UV/vis/NIR and EPR spectra and
aniline conversion. For each sulfonate template used the UV/
vis/NIR and EPR spectra of the reaction mixtures prepared at
their optimal conditions were measured aer a reaction time of
24 h at RT, see Fig. 1–4. The reproducibility of the reaction is
illustrated by the variation in the spectra by three runs carried
out under identical conditions for each template, as described
in Table 1. For all four so templates reproducibility was
excellent. Prolonged storage of the reaction mixtures for up to 7
d indicated that the reactions still proceeded to some extend
without changing the main features of the spectra, see Fig. S-5,
ESI.† The UV/vis/NIR spectrum measured for the reaction
mixture containing AOT vesicles is in good agreement with the
spectra we obtained in our previous investigations of this
system.35,37

Although all reaction mixtures turned dark green with very
similar product spectra for all four templates, signicant
differences among the absorption spectra still exist. With SPS
polyelectrolyte, for example, the absorption maximum in the
vis/NIR region is found atz830 nm (Fig. 4A), while with the two
vesicle systems it is at z1010 nm (AOT, Fig. 1A) or z1060 nm
(SDBS : DA (1 : 1), Fig. 2A). With SDBS micelles, the band is very
broad, ranging from z800 nm to z1100 nm (Fig. 3A). More-
over, with SDBS micelles, the EPR spectrum is rather broad,
indicating that a large fraction of the radicals is present in a less
ordered state, compared to the products formed in the other
three systems. The absorbance values at 1000 nm (A1000, Fig. 4A)
are correlated to the integrals of the EPR spectrum (Fig. 5B). For
products obtained with AOT vesicles, both values of A1000 and
EPR signal integral (i.e., radical content) were highest, while
both of these values were lowest for the products obtained with
SDBS micelles (Fig. 5A and B). If A500 is taken into account as
well (Fig. 5C), it is lowest for the SDBS micelle system and
highest for the AOT vesicle system. This may be due to the slight
turbidity of the AOT vesicle suspension compared to the SDBS
micellar solution. In terms of the A1000/A500 ratio, the products
obtained with SDBS/DA (1 : 1) vesicles give the highest value,
higher than for the products obtained with AOT vesicles or
SDBS micelles (Fig. 5D).
RSC Adv., 2019, 9, 33080–33095 | 33085

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra06168a


Fig. 1 UV/vis/NIR (A) and EPR (B) spectra of the reaction mixtures recorded after t ¼ 24 h at T z 25 �C in the presence of AOT vesicles as
templates with the following initial conditions: [AOT]¼ 3.0mM, [aniline]¼ 4.0mM, [HRPC]¼ 0.92 mM, [H2O2]¼ 4.5 mM, pH¼ 4.3 solution. Three
spectra are shown as obtained from three separate reactions to illustrate the reproducibility.
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The highest conversion degree of aniline aer 24 h was
determined for the reaction with AOT vesicles (90%). For the
reactions with SPS polyelectrolyte (66%), SDBS/DA (1 : 1) vesi-
cles (64%), and SDBSmicelles (52%), the aniline conversion was
lower, see Fig. 5E. According to the EPR integral normalised by
the extent of aniline conversion, products obtained with SDBS/
DA (1 : 1) vesicles give the highest relative radical content, fol-
lowed by products from AOT vesicles (Fig. 5F).

Based on the UV/vis/NIR and EPR measurements and on the
conversion degree of aniline, we conclude that the use of AOT or
SDBS/DA (1 : 1) vesicles provides advantages in terms of desired
product properties (EPR intensity and A1000/A500 ratio) over
SDBS micelles or SPS polyelectrolyte. Since aniline conversion
in the presence of SDBS micelles is rather limited, these
micellar templates appear the least attractive from an economic
point of view.

3.2.3. In situ recorded Raman spectra. For each so
sulfonate template used, the Raman spectrum of the reaction
Fig. 2 UV/vis/NIR (A) and EPR (B) spectra of the reactionmixtures record
as templates with the following initial conditions: [SDBS] ¼ [DA] ¼ 2.1 m
solution. Three spectra are shown as obtained from three separate reac

33086 | RSC Adv., 2019, 9, 33080–33095
mixtures prepared at their optimal conditions was measured
aer a reaction time of 4 d at RT, see Fig. 6. The reproducibility
of the reaction was again illustrated by Raman spectroscopy,
aer running three reactions of the same initial composition for
each template. The spectra of the three product mixtures
resemble each other, and they are also in good agreement with
the spectra measured aer a reaction time of 15 d (Fig. S-8,
ESI†). Intensity differences among the spectra recorded for
the three reaction runs in the presence of the same template are
most probably due to the statistical nature of in situ Raman
measurements that depend on the local concentration of the
polymer molecules at the drop surface. Moreover, independent
from the type of so template used, the Raman spectra are very
similar. Nevertheless, small differences are still seen in the
relative band intensities.

All spectra conrm the presence of conductive PANI-ES units
in the nal products. The bands which are characteristic for PANI-
ES are observed at 1605–1598 cm�1 (C]C and C–C stretching
ed after t¼ 24 h at Tz 25 �C in the presence of SDBS/DA (1 : 1) vesicles
M, [aniline] ¼ 4.0 mM, [HRPC] ¼ 0.92 mM, [H2O2] ¼ 4.5 mM, pH ¼ 4.3
tions to illustrate the reproducibility.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 UV/vis/NIR (A) and EPR (B) spectra of the reaction mixtures recorded after t ¼ 24 h at T z 25 �C in the presence of SDBS micelles as
templates with the following initial conditions: [SDBS] ¼ 2.3 mM, [aniline] ¼ 4.0 mM, [HRPC] ¼ 0.92 mM, [H2O2] ¼ 4.5 mM, pH ¼ 4.3 solution.
Three spectra are shown as obtained from three separate reactions to illustrate the reproducibility.
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vibrations of quinonoid (Q) and semiquinonoid (SQ) rings,
n(C]C)Q and n(C–C)SQ), 1515–1513 cm�1 (N–H bending vibra-
tion, d(N–H), in SQ units), 1344–1339 cm�1 with a shoulder at
z1360 cm�1 (C–Nc+ stretching vibrations in polaronic SQ
structures, n(C–Nc+)SQ), 1267–1259 cm�1 and 1233–1225 cm�1

(C–N stretching in benzenoid (B) rings, n(C–N)B), 1183–
1178 cm�1 (C–H bending in-plane vibrations of B rings, d(C–
H)B), 824–815 cm�1 (C–H wagging out-of-plane in polaronic
structure/Q ring deformation in bipolaronic structure), and at
z730 cm�1 (C–C ring deformation vibration, out-of-plane, in
polaronic/bipolaronic PANI-ES structures).51,53 The band
observed at 616–613 cm�1 is due to B ring deformation (in-
plane) of PANI-ES polaronic structure51,53 combined with
d(SO2) vibrations in sulfonate (–SO3

�) groups of all template
molecules.54,55

The coexistence of the two bands attributed to n(C–Nc+) vibra-
tions, observed at z1340 cm�1 and 1360 cm�1, indicates two
types of polarons present in the PANIs prepared enzymatically
Fig. 4 UV/vis/NIR (A) and EPR (B) spectra of the reaction mixtures record
templates with the following initial conditions: [SPS r.u.] ¼ 2.3 mM, [anilin
Three spectra are shown as obtained from three separate reactions to il

This journal is © The Royal Society of Chemistry 2019
with different templates (Ćiríc-Marjanovíc et al. (2008)51 and
references therein). The very strong band at 1340 cm�1 is attrib-
uted to highly delocalised polaronic sites, while the shoulder at
higher wavenumber, z1360 cm�1, corresponds to localised
polarons (with possible contribution of n(C–N+) vibrations in
substituted N-phenylphenazine-type structural units).51,56,57 This
means that the distribution of SQ radical cations (polarons) in
PANIs is not uniform, and that delocalised polarons prevail.
Similar spectral characteristic was found in the case of oligo(-
PADPA) produced with HRPC in the presence of AOT vesicles as
templates,47 however, in that case the wavenumbers and the
intensity ratio of the two n(C–Nc+)SQ bands were different: the
Raman spectra of the nal oligo(PADPA) products (at t¼ 3 d and t
¼ 19 d) exhibited a strong n(C–Nc+)SQ band at higher wavelength
(z1350 cm�1), attributed to polarons with low delocalisation, and
the weaker shoulder at lower wavelength (at z1330 cm�1) that
corresponds to highly delocalised polarons, see Fig. S2 in the ESI†
of Luginbühl et al. (2017).48
ed after t ¼ 24 h at Tz 25 �C in the presence of SPS polyelectrolyte as
e] ¼ 4.0 mM, [HRPC] ¼ 0.92 mM, [H2O2] ¼ 4.5 mM, pH ¼ 4.3 solution.
lustrate the reproducibility.

RSC Adv., 2019, 9, 33080–33095 | 33087
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Fig. 5 Comparison of the effect the four soft templates – AOT vesi-
cles (1), SDBS/DA (1 : 1) vesicles (2), SDBS micelles (3), or SPS poly-
electrolyte (4) – have on the HRP/H2O2-catalysed polymerisation of
aniline in terms of UV/vis/NIR and EPR spectroscopic properties and
aniline conversion. The reaction time was 24 h, at T z 25 �C, for
a summary of the experimental details, see Table 1. Comparison is
made on the basis of A1000 (A), EPR signal integral (B), A500 (C), A1000/
A500 (D), aniline conversion (E) and ratio of EPR signal integral/aniline
conversion (F).
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Besides the bands characteristic for PANI-ES, the systems for
all templates also show Raman bands related to structural units
atypical for PANI-ES, such as phenazine (Phz)-like, N-phenyl-
phenazine (safranine, Saf)-like or phenoxazine (Pho)-like units
(formed by the oxidative intramolecular cyclisation of branched
structures), or branched structures. These bands are observed at
z1637 cm�1 (ring n(C–C) vibrations in Phz-, Saf or Pho-type
units, mixed with n(C–C)B vibration in ordinary PANI units),
1579–1569 cm�1 (attributable to Phz-type units), z1454 cm�1

(attributable to ring C]C stretching vibrations, possibly in
short branches/chains and in substituted Phz- and N-
phenylphenazine-type structures), and 1419–1401 cm�1

(attributed to Phz-type units).51

Based on the Raman spectroscopy measurements alone, we
are unable to make any convincing conclusion on which of the
chosen templates is most suited in terms of the desired prod-
ucts obtained. In all cases bands which are characteristic for
PANI-ES are observed as dominant bands, accompanied by
bands which are atypical for PANI-ES.

3.2.4. Test of inkjet-printability of the as-obtained PANI-ES
suspensions and solutions. All four reaction mixtures
33088 | RSC Adv., 2019, 9, 33080–33095
containing so templates were tested for their inkjet-
printability on ordinary white paper by applying a previously
developed protocol.41 As a result, all mixtures could be used as
ink without any further pretreatment (Fig. 7). For all four
mixtures, no printer nozzle clogging and only insignicant ink-
bleeding was observed. Therefore, they appear equally useful for
possible applications.
3.3. Possible use of cellulose nanocrystals (CNCs) as rigid
templates

3.3.1. CNC characterization. The crystalline structure of
the cellulose nanocrystals (CNCs) prepared was investigated by
X-ray powder diffraction (XRD). As depicted in Fig. 8A, the CNCs
had the characteristic X-ray diffraction peaks of cellulose I, with
three well-dened peaks centered at 2q ¼ 14.7�, 16.4� and 22.7�

arising from the reections of the (1 � 10), (110) and (200)
planes, respectively, and a weaker reection at 2q ¼ 34.4� cor-
responding to the (004) plane.58,59 The presence of functional
groups in the CNCs was investigated by ATR-FTIR measure-
ments as shown in Fig. 8B. The characteristic absorption peaks
of cellulose, with a broad band corresponding to –OH stretching
vibrations at 3600–3200 cm�1, a less intense band located at
2902 cm�1 as a result of the C–H groups, and narrower well-
dened bands at 1337, 1160 and 897 cm�1 due to C–O–H
bending, C–O–C bending and C–O–C asymmetric stretching
modes were observed.60 The presence of sulfate groups in CNC
is supported by the strong bands at around 1033 cm�1,40 see
also Fig. S-9A, ESI.† According to the elemental analysis carried
out (elements C, H, and S), the prepared CNCs were composed
of 42.2 � 0.11% C, 6.1 � 0.05% H and 0.82 � 0.15% S, sup-
porting the covalent coupling of sulfate groups to the surface of
the CNCs, as a result of the hydrolysis of cellulose with H2SO4.
These sulfate groups, besides providing the CNC with a negative
surface charge (zeta-potential of �37.2 mV at pH of 4.3, Fig. S-
9B, ESI†), decreased the thermal stability of the CNCs, where
the onset of thermal degradation (Tonset, as determined by the
rst 10% weight loss) was found at 165.7 �C (Fig. 8C).40 Finally,
the morphology of the synthesized CNCs was characterised by
transmission electron microscopy (TEM). Fig. 8D shows rod-
shaped particles with 135 � 21 nm in length and 7 � 1 nm in
width (statistics based on counts of 40 particles).

3.3.2. Optimal reaction conditions and product character-
isation. In a large number of trials dened amounts of CNC,
aniline, HRPC and H2O2 were mixed in aqueous pH ¼ 4.3
solution at RT to explore whether conditions exist which lead to
a stable green suspension, characteristic for the formation of
PANI-ES. Typical sample volumes were 400 mL, and the mixtures
were prepared in 1.5 mL Eppendorf tubes with nal addition of
H2O2 to initiate the reaction (see Section 2.5.1). This screening
was carried out under simple inspection by the naked eye.
Although we initially prepared reaction mixtures containing
CNCs under exactly the same conditions as used for the so
template experiments, i.e., 4.0 mM aniline, 0.92 mM HRPC,
4.5 mM H2O2 (see Table 1), for none of the CNC concentrations
tested satisfactory products were obtained. They were both
reddish and showed a lot of precipitation. This was probably
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Raman spectra of the different reaction mixtures run for t ¼ 4 d at T z 25 �C, either in the presence of AOT vesicles (A), SDBS/DA (1 : 1)
vesicles (B), SDBSmicelles (C), or SPS polyelectrolyte (D) and aniline, HRPC and H2O2 at pH¼ 4.3. For a summary of the experimental details, see
Table 1. Three spectra are shown as obtained from three separate reactions to illustrate the reproducibility.
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due to the low sulfate content of the CNCs, as compared to the
amount of sulfonate groups present in the so templates.61

Therefore, other compositions were tested. A general observa-
tion was that the nal addition of H2O2 always resulted in the
formation of coloured products if aniline and HRPC were
present. Depending on the experimental conditions, the
Fig. 7 Photographs of inkjet-printed patterns of aniline on white paper
catalysed polymerisation of aniline at pH¼ 4.3 and T¼ 25 �C in the presen
(C), or SPS polyelectrolyte (D). The different reaction mixtures were used
details, see Table 1. To improve the visibility of the printed structure, the c
MS PowerPoint. The length of the carbon–carbon bonds in the benzene
mm.

This journal is © The Royal Society of Chemistry 2019
initially turbid (milky) CNC suspension rst turned violet and
then reddish or dark-green, depending on the composition.
Without CNCs, most reaction mixtures tested resulted in
reddish precipitates. These observations indicate that rigid
CNCs can act as templates for PANI-ES formation from aniline
with HRP and H2O2, in a similar but apparently less efficient
using the different reaction mixtures obtained from the HRPC/H2O2-
ce of either AOT vesicles (A), SDBS/DA (1 : 1) vesicles (B), SDBSmicelles
as ink after a reaction time of 44 h. For a summary of the experimental
ontrast of all images was modified (�50%) by using the standard tool of
ring of the printed chemical structures of aniline was in all cases 11.5

RSC Adv., 2019, 9, 33080–33095 | 33089
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Fig. 8 Characterisation of the synthesised cellulose nanocrystals (CNCs). (A) XRD pattern; (B) ATR-FTIR spectrum; (C) trace from thermogra-
vimetric analysis; and (D) representative TEM micrograph.
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way as the so templates investigated. As a general trend,
keeping the amount of CNC, HRPC and H2O2 the same, the
intensity of the green colour increased with increasing initial
aniline concentration, see Fig. 9. Similarly, increasing the
amount of CNCs or HRPC and H2O2 resulted in products which
had a more intense green colour. For the series of experiments
in which aniline or HRPC and H2O2 were increased, the highest
concentrations tested resulted in green hydrogels (Fig. 9). We
had never found such gelation in the case of so templates.
Therefore, it must be due to the type of template used or the
actual amounts applied.

In order to provide insights into the spectroscopic properties
of the products obtained from aniline with HRPC and H2O2 in
the presence of CNC, UV/vis/NIR absorption spectra of the
reaction mixtures shown in Fig. 9 were recorded. They are
shown in Fig. 10, together with spectra of several control
mixtures. Notable differences are observed depending on the
concentrations of CNCs, aniline, HRPC and H2O2. Spectra with
absorption bands in the NIR region and at about 420 nm –

characteristic for the formation of PANI-ES19,47 – were only
observed for reaction mixtures containing CNCs. The best
(“optimal”) conditions for CNC in terms of PANI-ES formation
we found with our preliminary screening were those of reaction
mixture 3 (rxn # 3). The spectrum has a clear absorption
maximum atz1100 nm and atz420 nm, but also a small peak
33090 | RSC Adv., 2019, 9, 33080–33095
atz550 nm (most likely originating from undesired phenazine
formation).48 The reaction is highly reproducible, as shown with
three samples of the same composition, see Fig. S-10, ESI.† The
kinetics of the reaction under optimal CNC conditions was
monitored by recording the UV/vis/NIR spectrum as a function
of reaction time, see Fig. 11A. The changes are qualitatively the
same as observed with AOT vesicles as so templates,34,35 with
the initial fast formation of a peak at z750 nm, followed by
a decrease in A750 and an increase in absorption in the NIR
region, at z1000 nm and at higher wavelength. In the absence
of CNC, the changes in the absorption spectrum are very
different, although at the beginning a peak at z750 nm
occurred as well (rxn # 30; Fig. 11B).

The products in rxn # 3 aer t¼ 24 h have an EPR spectrum (3
in Fig. 12), as expected for the unpaired electrons present in the
polaron forms of PANI-ES. For the reference reaction run without
CNC (rxn # 30), an EPR spectrum could also be measured (30 in
Fig. 12). The integral, i.e., the amount of radicals, was, however,
only about one third of the one for the reactionmixture with CNCs
(Fig. S-11, ESI†). In the case of the so templates, the difference in
EPR signal intensity between the PANI-ES products obtained
under optimal conditions in the presence of template and the
PANI products obtained without template is much larger.33

Determination of the amount of unreacted aniline aer 24 h
showed that the aniline conversion was only about 28%, see
This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Digital photographs showing the colour and appearance of some of the reaction mixtures tested (rxn # 1–13, 10–40, and 90–130) after
a reaction time of 24 h for different experimental conditions at Tz 25 �C, see Table S-1, ESI.† In Table 2, the preparation and initial composition
for the reaction mixture, which we considered optimal (rxn # 3) are listed: 8.0 mM aniline, 0.36 mM HRPC, 1.8 mM H2O2, 0.46 wt% CNC (pH ¼
4.3). Reaction mixture 30 (rxn # 30) had the same composition as rxn # 3, but without CNCs. The two photographs in the second row show
reaction mixtures 5–13 (rxn # 5–13) after turning them upside down.
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Fig. S-12, ESI.† The reason for this low yield currently is not
clear. It may, however, be related to the inactivation of HRPC by
the formed products.35
Fig. 10 UV/vis/NIR absorption spectra of the same reaction mixtures sh

This journal is © The Royal Society of Chemistry 2019
The synthesised CNCs consisting of surface adsorbed PANI-
ES (abbreviated as CNC/PANI-ES) (products of rxn # 3, see Table
2 and Fig. 9) were washed with deionised water – to get rid of the
own in Fig. 9, recorded after a reaction time of 24 h at T z 25 �C.

RSC Adv., 2019, 9, 33080–33095 | 33091
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Fig. 11 Changes of the UV/vis/NIR spectrum of (A) reaction mixture 3 (rxn # 3 of Fig. 9, “optimal” conditions for CNCs as templates) and (B)
reaction mixture 30 (rxn # 30 of Fig. 9, absence of CNC) during the course of the reaction run at T z 25 �C.
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buffer salt – and then analysed by HR-SEM. For this, a drop of
rxn # 3 was casted onto a silicon wafer (Fig. 13). The washed
CNC/PANI-ES particles were also characterised by FTIR spec-
troscopy aer drying (Fig. S-13, ESI†). Compared to untreated
CNCs (Fig. 13A), the morphology of the CNC/PANI-ES product is
very similar. Higher magnication images reveal the formation
of a core-sheath structure with diameters of about 20 nm, where
the PANI molecules remain wrapped around individual CNC
particles, similarly to what has been observed previously for
a CNC/polypyrrole system,44 whereby in that case polypyrrole
was synthesised through non-enzymatic, chemical oxidation.
The morphology of the CNC/PANI-ES particles is in clear
contrast to the morphologies determined for PANI polymerised
under the same experimental conditions in a CNC-free solution
(see Fig. S-14A, ESI†) or for a mixture of CNCs with aniline
before addition of HRP and H2O2 (Fig. S-14B, ESI†).

Concerning the FTIR spectrum of CNC/PANI-ES product (Fig. S-
14, ESI†), there is no notable difference to CNC. The spectrum is
dominated by vibrational bonds originating from CNC.
Fig. 12 EPR spectrum of the reaction mixture 3 (rxn # 3 of Fig. 9,
“optimal” conditions for CNCs as templates), recorded after a reaction
time of 24 h at T z 25 �C. For comparison, a reaction mixture of
identical initial composition, but without CNC (30) was also analysed
after 24 h at T z 25 �C.
3.4. Concluding remarks

From our previous comparative investigations of the Trametes
versicolor laccase/O2-catalysed, template-assisted oxidation of
PADPA to PANI-ES-like oligo(PADPA) products at pH ¼ 3.5, we
concluded that AOT vesicles are somewhat superior so
templates if compared to SDBS/DA (1 : 1) vesicles, and more so if
compared to SPS polyelectrolyte, or SDBS micelles. The use of
SDBS micelles appeared particularly disadvantageous because
considerably higher amounts of laccase were required as
compared to the other templates used.41 This earlier nding
agrees to some extent with what we found in the present work for
the HRPC/H2O2-catalysed polymerisation of aniline to PANI-ES
products. The two types of vesicles were again superior if
compared to SDBSmicelles; the presence of the micelles resulted
in a lower extent of aniline conversion (Fig. 5E). The reason for
this is probably the lower operational stability of HRPC (and
laccase) in the presence of SDBS micelles as compared to AOT or
SDBS/DA (1 : 1) vesicles. In the presence of one of the two types of
vesicles, HRPC is indeed very stable if stored without aniline and
33092 | RSC Adv., 2019, 9, 33080–33095
H2O2,33,35 while the enzyme is considerably less stable in the
presence of SDBS micelles.33 The same order of stability was also
found for HRPC in the reaction mixture during the reaction
(Fig. S-15†). In terms of EPR signal intensity, indicative for the
formation of the polaron form of PANI-ES, the measurements
indicate that the two vesicle systems are again good choices
(Fig. 5B and F). Neglecting the issue of enzyme inactivation, the
differences between the two vesicle systems and the SPS poly-
electrolyte or SDBS micelles are, however, not as signicant to
show clear and convincing differences in the Raman spectra of
the nal reaction products (Fig. 6). Moreover, for all four so
templates, inkjet printability of the as-obtained solutions or
suspensions was demonstrated (Fig. 7), conrming their suit-
ability for processes in which nely dispersed PANI-ES particles
are required. In terms of possible applications, it is the nal
performance of the applied products which counts at the end. In
this respect, in one application – the coating of glassy carbon
electrodes with electroactive PANI-ES synthesised with HRPC/
H2O2 from aniline in the presence of AOT vesicles – it was shown
that AOT vesicles may indeed be a good choice.37
This journal is © The Royal Society of Chemistry 2019
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Fig. 13 Representative HR-SEM images of (A) the prepared CNCs and (B) CNCs containing surface adsorbed PANI-ES products, as obtained after
a reaction time of 24 h at Tz 25 �C from reactionmixture 3 (rxn # 3 of Fig. 9, “optimal” conditions for CNCs as templates). (C) is amagnification of
a part of image (B).
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Moving from vesicles, micelles and polyelectrolyte to the
more rigid template CNCs showed that replacement of one of
the so template molecule types by CNC is not as simple as one
may think at rst. Although CNCs have a negatively charged
surface originating from sulfate groups, it was not clear whether
the charge density would be appropriate for acting as useful
template, and whether the rigidity of the CNCs would favour
PANI-ES formation. The preliminary results obtained indicate
that the HRPC/H2O2-catalysed formation of PANI-ES products
from aniline on CNCs is possible. Although there is still room
for improvement, the method can be considered as alternative,
enzymatic approach to the conventional methods in which
PANI is synthesized chemically on cellulose nanocrystals for the
development of conductive textile surfaces,62 exible papers63 or
more sophisticated conductive materials.64
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chemical oxidative polymerization of aniline in water:
Raman spectroscopy, J. Raman Spectrosc., 2008, 39, 1375–
1387.
This journal is © The Royal Society of Chemistry 2019
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