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In a previous report on the enzymatic synthesis of the conductive emeraldine salt form of polyaniline (PANI-
ES) in aqueous solution using PADPA (p-aminodiphenylamine) as monomer, horseradish peroxidase
isoenzyme C (HRPC) was applied as a catalyst at pH = 4.3 with H,O, as a terminal oxidant. In that work,
anionic vesicles were added to the reaction mixture for (i) guiding the reaction to obtain poly(PADPA)
products that resemble PANI-ES, and for (ii) preventing product precipitation (known as the “template
effect”). In the work now presented, instead of native HRPC, only its prosthetic group ferric heme b (=
hemin) was utilized as a catalyst, and micelles formed from SDBS (sodium dodecylbenzenesulfonate)
served as templates. For the elaborated optimal reaction conditions, complementary UV/vis/NIR, EPR,
and Raman spectroscopy measurements clearly showed that the reaction mixture obtained after
completion of the reaction contained PANI-ES-like products as dominating species, very similar to the
products formed with HRPC as catalyst. HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonate) was
found to have a positive effect on the reaction rate as compared to dihydrogenphosphate. This work is
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1. Introduction

In a series of previous studies, it was shown that HRPC (horse-
radish peroxidase isoenzyme C) can be successfully used in the
presence of hydrogen peroxide (H,O,) as a terminal oxidant in
aqueous solution at pH = 4.3 and at room temperature for the
synthesis of oligomeric and polymeric products rich in the
conductive emeraldine salt form of linear polyaniline (PANI-ES)
(Fig. 1). As monomers, either aniline,*™* the aniline dimer p-ami-
nodiphenylamine (PADPA)® (Fig. 1), or mixtures of aniline and
PADPA® were used. Moreover, for obtaining reaction products that
contain substantial amounts of the ideal PANI-ES repeating unit,
i.e., half oxidized and protonated linear tetraaniline (Fig. 1), the
presence of aggregates of anionic amphiphiles (mainly micelles or
vesicles)"” or anionic polyelectrolytes® as “templates” was shown
to be essential. One of the roles these templates play in the
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friendly conditions using hemin as a cost-effective catalyst.

reaction mixture is to accumulate the monomers by electrostatic
and hydrophobic interactions, thereby increasing their local
concentration. As a consequence, once the monomers are
oxidized by HRPC/H,0,, the follow-up reactions are influenced by
the templates in a positive way, leading to a desired coupling of
the oxidized monomers so that finally PANI-ES repeating units are
obtained.****? The use of anionic vesicles from AOT (the sodium
salt of bis(2-ethylhexyl) sulfosuccinate) turned out to be particu-
larly suitable for these HRPC-catalyzed reactions,*" but the
reactions also proceeded well with micelles formed from SDBS
(sodium dodecylbenzenesulfonate) (Fig. 1) using aniline as
monomer.** In the presence of SDBS micelles, however, HRPC is
less stable than in the presence of AOT vesicles.***

The idea behind the work presented now was to try to
synthesize PANI-ES products from PADPA as monomer in the
presence of SDBS micelles by using instead of HRPC its pros-
thetic group, ferric heme b} (Fig. 1).

i Although it has been suggested to use capital letters for specifying isolated, free
hemes, e.g. heme B, and lowercase letters for hemes bound or associated to
proteins (i.e., heme b), in this work we do not make this distinction and always
use “heme b” for both cases.” The extent of amphiphilicity of heme b depends
on the degree of dissociation of the two carboxylic acids. At the pH value of the
aqueous solutions used in this work, it is likely that the two carboxylic acids are
not ionized at all.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra02198f&domain=pdf&date_stamp=2022-04-29
http://orcid.org/0000-0001-5646-7978
http://orcid.org/0000-0003-4703-1173
http://orcid.org/0000-0003-2443-376X
http://orcid.org/0000-0002-1050-7003
http://orcid.org/0000-0002-0827-0545
https://doi.org/10.1039/d2ra02198f
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra02198f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012021

Open Access Article. Published on 03 May 2022. Downloaded on 2/6/2026 10:50:10 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
SDBS
® o
PADPA Na :5:
y [0=s=0;
!1; Heme b (ferric state)
T
|
H ( X )y 0<xy
x+y=7-9
PANI-ES
H
A N
© @ Bipolaron (1)
(3 ° i
| A \
H Hn
A
A
N
e
oralorn,, e
© N pair
N A 'ﬁ HEPES (at pH = 4. 3)
H H P
i ) @ e
{ m e f
{Jij/ @ @\©\ Separated HO \_/
€] o ~1H polarons
A A if
H N

Fig.1 Chemical structures of PADPA (=

p-aminodiphenylamine); PANI-ES, the emeraldine salt form of linear polyaniline in the bipolaron (1) and
conductive polaron (2) states; SDBS (= sodium dodecylbenzenesulfonate), hard type;** heme b in its ferric state (=
Fe'' = hemin) with undissociated carboxylic acid groups at pH = 4.3;% and HEPES (=

Fe()protoporphyrin IX = por
4-(2-hydroxyethyl)-1-piperazineethansulfonic acid) in the

zwitterionic form, which dominates at pH = 4.3 (deprotonated sulfonic acid and protonated N-atom close to the sulfonate group).>®

In ferric heme b, Fe*" is coordinated to the four nitrogen
atoms of protoporphyrin IX (Fig. 1). Other designations and
abbreviations for ferric heme b are iron(m) protoporphyrin IX,
Fe(m)PPIX, or porFe'™ (“por” standing for “protoporphyrin IX”).
Ferric heme b is also known as hemin.'* The commercially
available hemin form contains a chloride ion at the 5™
dination position (porFe™-Cl).

The SDBS micelles used should play two essential roles in the
reaction. They should not only serve as templates for the reac-
tion, but also as a host for hemin by providing a local envi-
ronment that ensures that hemin is in a catalytically active
state. It is well known that heme b can form aggregates in an
aqueous medium depending on the experimental conditions:
-1 dimers, p-oxo dimers, or large stacks of p-oxo dimers.””**
However, since only monomeric heme b/ is catalytically active,
like at the active site of heme peroxidases***' and of other heme
proteins,*®>* binding of hemin to the micelles must prevent
hemin aggregation. Therefore, the challenges of the work were
to investigate (i) whether suitable conditions can be found
under which hemin in the presence of anionic SDBS micelles is
in catalytically active (monomeric) state towards PADPA as
substrate, and (ii) whether PANI-ES-like oligo- or poly(PADPA)
products are formed under these conditions.

The use of micelles for hosting heme b was studied before,
although investigations of the average localization of heme b in
micelles are still rare.>®>” Based on previous reports, it is evident
that only in the presence of certain types of micelle-forming

coor-

© 2022 The Author(s). Published by the Royal Society of Chemistry

surfactants monomeric hemin is obtained.” So far, sodium
dodecylsulfate (SDS) was most commonly used.>*°

Other possibilities for obtaining monomeric hemin in
aqueous medium are to work at very low concentration,™° to
use human serum albumin, to which heme » binds in mono-
meric state at one of the hydrophobic binding sites,** or to
form complexes with guanine (G)-rich DNAs (so-called G-
quadruplex-DNAs).>*3® In the latter case, the activity of such
complexes towards aniline was reported by Shen et al. (2014).*°
Compared to G-quadruplex-DNAs or human serum albumin,
however, SDBS micelles are not only simpler and cheaper hosts
for hemin, but they can also serve as templates for the reaction
(see above).

When hemin is placed in a non-protein environment, as in
this work with SDBS micelles, a logical question arises: does the
hemin/SDBS micelle system follow the same catalytic cycle as
heme peroxidases do (but perhaps less efficiently)? Or, do
alternative mechanisms play a role? Scheme S-1, ESI,T provides
an overview of the peroxidase cycle of HRPC."****# In brief, the
two-electron oxidation by H,O, of porFe™ in the resting state of
HRPC is followed by two one-electron oxidations of a reducing
substrate, which is PADPA in the present case. Depending on
the reducing substrate, non-enzymatic follow-up reactions lead
to the final product(s), i.e., oligo- or/and poly(PADPA)."*

Regardless of the mechanism by which PADPA is oxidized,
the performance of the hemin/SDBS micelle system for the
oxidation of PADPA to PANI-ES-like products was evaluated
using the following criteria: (i) presence of spectroscopic
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features of the reaction products that are characteristic for the
formation of PANI-ES; (ii) presence of high amounts of favor-
able PANI-ES products; (iii) high “quality” of the formed prod-
ucts in terms of amount of linear PANI-ES products vs. amount
of unfavorable products containing branches or phenazine-type
units; and (iv) no precipitation of the products formed. There-
fore, the aqueous reaction mixtures were analyzed by three
complementary methods, UV/vis/NIR, EPR, and in situ Raman
spectroscopy measurements. Characteristic absorption bands
for PANI-ES-like products are in the near-infrared (NIR) and
visible (vis) regions of the spectrum, at A;,,,x = 800-1100 nm,
assigned to the m — polaron transition,” and at Ap. =
420 nm, assigned to the polaron — w* transition,* with low
absorption at A = 500-600 nm, indicative for the absence of
extensive branching and absence of phenazine-type units.>®
Due to the presence of unpaired electrons, conductive PANI-ES
products in their polaron form (Fig. 1) have an EPR spec-
trum.*** Raman bands originating from C-N'' stretching
vibrations of the polaron form of PANI-ES are at wavenumbers
(#) in the range of 1320-1380 cm™*.1%%3

As a part of the work with the hemin/SDBS micelle system,
we also explored the possible effect the type of salt used for the
preparation of the aqueous pH = 4.3 solution might have on the
rate of reaction and on the product distribution.§ Although all
previous investigations with HRPC and PADPA were carried out
with a sodium dihydrogenphosphate solution of pH = 4.3 (0.1
M), in the current work with heme b, a pH = 4.3 solution of
0.1 M HEPES was mainly used. The reason for this is the known
positive effect HEPES molecules have on the activity of ferric
heme 5.>*

2. Materials and methods
2.1.

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid),
99%, for biochemistry, M,, = 238.30 g mol ™, lot A0233527, and
hydrogen peroxide (H,0,) for analysis, 35 wt% solution in
water, stabilized, lot: A0352305 were from Acros Organics.
Sodium phosphate monobasic (sodium dihydrogenphosphate,
NaH,P0O,), ReagentPlus, =99.0%, lot BCBQ6142V, was
purchased from Sigma-Aldrich. PADPA (p-aminodiphenyl-
amine, N-phenyl-p-phenylenediamine), 98%, M,, = 184.24 g
mol ?, lot MKBX9690V was from Aldrich Chemistry. PADPA was
recrystallized from n-hexane as described before.*> Hemin from
porcine, BioXtra, =97.0% (HPLC), lot BCCB6735, M,, = 651.94 ¢
mol ', was from Sigma. SDBS (dodecylbenzenesulfonic acid
sodium salt, hard type), >95% (T), M,, = 348.48 g mol ', was
purchased from TCI Chemicals. Dimethyl sulfoxide (DMSO),
Analytical reagent, lot 18K084026, was from VWR Chemicals,
and n-hexane, for liquid chromatography, LiChrosolv, was from
Merck. HRPC (horseradish peroxidase isoenzyme C), PEO-131,
grade I, 271 U mg ™', RZ = 3, lot 8153665000 was from Toyobo
Enzymes. TMB (3,3,5,5"-tetramethylbenzidine), lot BCBV1333

Commercial materials

§ For the pH = 4.3 conditions used for the reaction, the “buffer” salts used, HEPES
or dihydrogenphosphate, do not act as buffers since pH = 4.3 is too far away from
the corresponding pK, values of the two salts.
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was purchased from Aldrich Chemistry. Polypropylene Eppen-
dorf tubes (2 mL reaction tubes) were purchased from Greiner
Bio-One GmbH.

2.2. Preparation of stock solutions

2.2.1. Aqueous pH 4.3 HEPES or phosphate salt solution.
Two different salt solutions of pH = 4.3 were prepared in glass
bottles, either by using HEPES salt or NaH,PO,. The salts were
dissolved in Milli-Q water to yield in both cases 0.1 M. The pH
was adjusted to pH = 4.3 by using 2 M HCIl. Depending on the
type of experiment, one of the two pH 4.3 salt solutions was
used for preparing the reaction mixture and also for the prep-
aration of micellar solutions of SDBS.

2.2.2. SDBS stock solutions. Stock solutions of SDBS (40.0
mM) were prepared by dissolving 55.8 mg of SDBS in 4 mL of
one of the two aqueous pH 4.3 solutions. After preparation, the
solutions were stored at room temperature (RT, T = 25 °C) and
used within 2 weeks.

2.2.3. HRPC stock solutions. Stock solutions of HRPC were
prepared by dissolving =4.0 mg of HRPC in 1 mL of 0.1 M
sodium phosphate buffer solution (pH = 7.0), yielding a HRPC
concentration of =70 uM. The exact concentration was deter-
mined spectrophotometrically by using as molar absorption ¢,¢3
=102 000 M~ cm ™" which gave a concentration of 77.6 uM.'®
Such stock solution was kept at T'= 4 °C. It remained very stable
and could be used for at least for up to 2 years after preparation.
For carrying out the reactions, stock solutions of lower HRPC
concentration (0.8 pM) were freshly prepared before use. This
was done by adding 10 pL of the 77.6 uM HRPC stock solution to
990 uL of the appropriate aqueous pH 4.3 solution.

2.2.4. Hemin stock solution. A hemin stock solution (6.0
mM) was prepared by dissolving 4.17 mg of hemin powder in
1069 pL of DMSO. This solution was freshly prepared (used
within a day), due to a previous report on the adsorption of
hemin onto plasticware.>

2.2.5. PADPA stock solution. A stock solution of PADPA
(150 mM) was prepared in Eppendorf tubes by dissolving
13.8 mg of recrystallized PADPA in 500 pL of DMSO. This
solution was freshly prepared before use.

2.2.6. H,0, stock solution. A hydrogen peroxide stock
solution (200 mM) was freshly prepared in Eppendorf tubes
before use by dissolving 19.3 pL of 35 wt% hydrogen peroxide
solution (=10.4 M) in 980.7 uL of Milli-Q water.

2.3. Preparation and analysis of reaction mixtures

2.3.1. Reaction mixture preparation. Unless otherwise
stated, all reactions were carried out in 2 mL Eppendorf tubes at
RT. If not mentioned else, the reaction time was always 24 h,
and the final volume of all reactions was 1 mL. In cases where
hemin was used as catalyst, the order of addition of the different
stock solutions was the following: (1) aqueous pH 4.3 solution
containing either 0.1 M HEPES or 0.1 M phosphate salt, (2)
SDBS stock solution, (3) hemin stock solution, (4) PADPA stock
solution, and (5) H,O, stock solution. The initial concentrations
in the reaction mixture were: 5.0 mM SDBS, 10 uM hemin,
1.0 mM PADPA, and 1.0 mM H,O0,. In order to avoid any effects

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of DMSO on the physical state of hemin,*® the total DMSO
content was kept below 1 vol%. When HRPC was used as cata-
lyst, the order of addition of the stock solutions was the
following: (1) aqueous pH 4.3 solution containing 0.1 M HEPES
or 0.1 M phosphate salt, (2) SDBS stock solution, (3) PADPA
stock solution, (4) HRPC stock solution, and (5) H,O, stock
solution. The initial concentrations in the reaction mixture
were: 3.0 mM SDBS, 30 nM HRPC, 1.0 mM PADPA, and 1.0 mM
H,0,. In both systems, after the addition of each component,
the reaction was gently mixed by flipping the Eppendorf tube
with a closed cap up and down. When controls were performed,
the order of addition of the stock solutions stayed the same, just
one of the stock solutions was not used but replaced by an
appropriate amount of the aqueous pH 4.3 solution.

2.3.2. UV/vis/NIR, EPR and Raman spectroscopy measure-
ments. UV/vis/NIR: for all reactions which were carried out in
2 mL Eppendorf tubes and analyzed after a reaction time of
24 h, a volume of 350 pL was withdrawn from the reaction
mixture and poured into a quartz cuvette (0.1 cm path length),
and the UV/vis/NIR absorption spectrum was recorded with
a JASCO V-670 spectrophotometer. Time-dependent changes of
the absorption spectrum during the course of the reaction were
carried out by running the reaction inside the quartz cuvette (in
situ measurements). For this, the reaction mixture was first
prepared in an Eppendorf tube, followed by immediate removal
of a volume of 350 pL from the reaction mixture and placing it
into a quartz cuvette (0.1 cm path length). The absorption
spectrum was then recorded every 15 min (up to 24 h). EPR:
three identical reaction mixtures were prepared in 2 mL

295 410 1030
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=== 2, Hemin/SDBS/HEPES solution (no H,0,)
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Fig. 2 UV/vis/NIR absorption spectra of reaction mixtures prepared in
HEPES solution containing hemin as catalyst, PADPA as monomer, and
SDBS micelles, either with added H,O5 (1, solid line), or without added
H>O5 (2, dashed line), recorded after a reaction time t = 24 h at RT.
Reaction conditions: 0.1 M HEPES, pH = 4.3; [hemin] = 10 uM;
[PADPA]g = 1.0 mM; [SDBS] = 5.0 mM; [H,05]lg = 1.0 mM (for 1). The
contribution of hemin to Azgo (= 0.1 cm) is = 0.066 or less; and to
Asgo and Agio (| = 0.1 cm) = 0.012 and = 0.005, respectively, see
Fig. S-3.1
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Fig. 3 UV/vis/NIR absorption spectra of reaction mixtures prepared in
HEPES solution containing HRPC as catalyst, PADPA as monomer, and
SDBS micelles, either with added H>O5 (1, solid line), or without added
H,O, (2, dashed line), recorded after a reaction time t = 24 h at RT.
Reaction conditions: 0.1 M HEPES, pH = 4.3; [HRPC] = 30 nM;
[PADPA]g = 1.0 mM; [SDBS] = 3.0 mM; [H,05]g = 1.0 mM (for 1).

Eppendorf tubes. The tubes were stored at RT. After a pre-
determined time, the entire reaction mixture of one of the three
tubes was poured into a flat quartz cell, and the EPR spectrum
was measured with a Bruker EMX X-band spectrometer. Raman:
Raman spectra of the reaction mixtures were recorded with
a DXR Raman microscope (Thermo Scientific). A HeNe gas laser
with an excitation wavelength of 633 nm was used for all
measurements. The laser power on the sample was kept at 4.0
mW. The reaction mixtures were prepared in 2 mL Eppendorf
tubes and stored at RT. At predetermined times, 10 pL aliquots
of the reaction mixture were transferred into the sample wells of
the sample platform (Gold EZ-Spot Micro Mount sample slide,
Thermo Scientific). After filling the well with the sample of the
reaction mixture, the slide with the sample was placed on an X-
Y motorized sample stage, and the laser beam was focused on
the sample at an objective magnification of 10x. The scattered
light was analyzed by the spectrograph with a 600 lines mm ™"
grating. The exposure time was 10 s, and 10 exposures per
spectrum were taken. Automatic fluorescence correction was
performed using the OMNIC software.

3. Results and discussion

3.1. Determination of the “optimal reaction conditions” for
poly(PADPA) formation with hemin as catalyst

With “optimal reaction conditions” we mean reaction condi-
tions (i) at which the formed amount of favorable, dark-green,
PANI-ES-like poly(PADPA) products is as high as possible,
while (ii) the amount of unfavorable products containing
branches and/or phenazine-type units is low. Moreover, (iii) the
amount of products obtained from PADPA as monomer should
allow UV/vis/NIR absorption measurements inside cuvettes with

RSC Adv, 2022, 12, 13154-13167 | 13157
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a path length of 0.1 cm without dilution of the reaction mixture;
and (iv) precipitation of intermediates and products during the
reaction or after completion of the reaction should not occur.
These requirements were set by ourselves for practical reasons
since they allow a clear and simple screening of different reac-
tion conditions by direct UV/vis/NIR measurements without the
involvement of possible effects originating from post-reaction
treatments and from reaction product isolation. Our main
interest was in finding reaction conditions that resulted in the
appearance of absorption bands at A = 1000 and 420 nm (as
expected for PANI-ES-like products) and absence of strong
bands at A = 500-600 nm (i.e., absence of undesired branching
and/or phenazine-type structure formation), see Introduction.
Based on our previous work on the enzymatic oxidative oligo-
merization of PADPA,® the initial concentrations for the reac-
tions with hemin were kept at [PADPA], = 1.0 mM and [H,0,],
= 1.0 mM. Furthermore, based on previous literature reports on
the catalytic activity of hemin, the concentration of hemin used
in all measurements was kept constant at [hemin] = 10 uM.>""°
This concentration is also useful for direct spectrophotometric
measurements of hemin itself in the region of the Soret band
(A400 (I =1 cm) = 0.5-1.2), so that information about possible
changes in the aggregation state of hemin upon changing the
reaction medium (in the absence of PADPA, i.e., without reac-
tion) can be obtained."”

For reference reactions with HRPC, the PADPA and H,O,
concentrations used were the same as in the case of the reac-
tions with hemin, [PADPA], = [H,0,]o = 1.0 mM, and the HRPC
concentration applied was the one applied in our previous work
with AOT vesicles as templates:* [HRPC] = 30 nM.

As mentioned in the Introduction, SDBS micelles were used
for hosting hemin and as templates for the reaction. The
determination of the optimal SDBS concentration was carried
out separately for the hemin- and the HRPC-catalyzed reactions.
For both optimizations, an aqueous 0.1 M HEPES solution with
pH = 4.3 was used. The spectra measured after a reaction time
of t = 24 h in the presence of different SDBS concentrations are
shown in Fig. S-1 and S-2, ESIL.{ The optimal SDBS concentra-
tion for the hemin system was found to be 5.0 mM, while for the
HRPC system it is 3.0 mM. The same optimal SDBS concen-
trations were also obtained when an aqueous 0.1 M dihy-
drogenphosphate solution at pH = 4.3 was used instead of the
HEPES solution (data not shown). For both systems, SDBS may
play at least two roles, see Introduction. First, hemin (amphi-
philic and positively charged at low pH if water molecules
coordinate at the 5™ and 6™ coordination site) and HRPC
(overall positively charged at pH = 4.3, pI(HRPC) = 8.8,*' are
expected to bind to SDBS micelles. Therefore, the micelles
localize the catalytic steps of the reaction. Second, cationic
PADPA and (some of) the reaction intermediates and products
are expected to bind to SDBS micelles, similarly to what was
shown in the case of anionic AOT vesicles.'** Such binding
results in increased substrate concentration in the area of the
micelles if compared to the concentration in bulk solution. At
optimal reaction conditions, no matter whether hemin or HRPC
was used, the reaction products remained dispersed in the
aqueous solution for several days without visible precipitation.
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Fig. 4 UV/vis/NIR absorption measurements during the reaction of
PADPA with either hemin (A) or HRPC (B) as catalyst and added H,O,.
Reaction conditions: (A) 0.1 M HEPES pH 4.3 solution, [SDBS] =
5.0 mM, [hemin] =10.0 uM, [PADPA]g = 1.0 mM, [H,O;]g = 1.0 mM; (B)
0.1 M HEPES pH 4.3 solution, [HRP] = 30.0 nM, [SDBS] = 3.0 mM,
[PADPA]g = 1.0 mM [H,0,]lg = 1.0 mM. For the sake of clarity, only 4
measurements (the most prominent ones) per system are shown;
a complete data set can be found in Fig. S-14 and S-15.1 Total reaction
time t = 24 h, RT.

This supports the existence of product-SDBS micelle interac-
tions, with SDBS acting as counterion (dopant) of the formed
PANI-ES-like products with their positively charged backbone.
Moreover, in the presence of SDBS micelles, hemin at 10 pM is
soluble in 0.1 M HEPES (or 0.1 M H,PO, ) at pH = 4.3, while
without SDBS, at the same hemin concentration aggregates
form (small particles that are visible by the naked eye), see
Fig. S-3.1

3.2. Comparison of the reaction products obtained with
hemin or HRPC as catalyst

3.2.1. UV/vis/NIR spectroscopy measurements. For the
determined “optimal reaction conditions”, both with hemin or
HRPC as catalyst, the reaction mixtures were analyzed and
compared with each other by recording UV/vis/NIR absorption
spectra after running the reaction for ¢ = 24 h at RT (see Fig. 2
and 3, solid lines). For both systems, the general features of the
spectra are very similar. Absorption bands at A,.x = 1000 and =
410 nm are indications for the presence of favorable PANI-ES-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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type products (see Introduction), although one has to be aware of
the fact that in the case of hemin (10 pM), the Soret band
absorption of the heme group contributes to A,y as well (see the
legend of Fig. 2 and S-31). The band at A = 615 nm most likely
indicates the presence of undesired phenazine-like units.” The
band at A = 300 nm originates in part from remaining PADPA.
The intensity of this band is very high at the beginning of the
reaction and decreases during the course of the reaction when
PADPA is consumed (see below). Based on Az, (as well as A~ 1990)
measured after ¢ = 24 h, it seems that the PADPA conversion was
a bit higher for the HRPC system as compared to the hemin
system. The ratio of absorption intensities at A = 1000 and
610 nm was 1.8 for the hemin system (A;30/A¢10) and 2.4 for the
HRPC system (Aggo/As10)- This qualitative resemblance of the two
UV/vis/NIR spectra of the reaction mixture after ¢ = 24 h is an
indication that the products obtained from the two systems are
similar but not identical. A higher value of A, for the ® —
polaron transition band, 1030 nm for the hemin system
compared to 980 nm for the HRPC system, indicates higher
polaron delocalization and higher electrical conductivity of the
poly(PADPA) products synthesized with hemin. The spectrum of
the oligo- or poly(PADPA) products obtained with HRPC as
catalyst were also compared with the spectrum of the products
obtained from PADPA in our previous investigations, again with
HRPC as catalyst and H,0, as terminal oxidant, but in the
presence of AOT vesicles, again at pH = 4.3 in 0.1 M H,PO,"
solution, also with [PADPA], = [H,0,], = 1.0 mM and [HRPC] =
30 nM, see Fig. S-4.1° In both cases, there is a clear absorption
band at A, = 410 nm (with basically the same intensity), and
there are strong absorptions in the NIR region of the spectrum,

—A— 1, Hemin/SDBS/HEPES solution,H,0,
—A— 2, Hemin/SDBS/HEPES solution (no H,0,)
—A— 3, HRPC/SDBS/HEPES solution/H,0,

0.94

0.8

0.6+
0.5

0.4

Ajoso (1= 0.1 cm) (-)

0.3
0.24

0.1

0.0 —Tr T 1 T T T T 1T
8 10 12 14 16 18 20 22 24
Time (h)

Fig. 5 Comparison of the changes of Ajgzg during the reaction of
PADPA in 0.1 M HEPES solution (pH = 4.3) with either hemin or HRPC
as catalyst at RT. Reaction conditions: (1) [nhemin] = 10.0 uM, [SDBS] =
5 mM, [PADPA]p = 1.0 mM, [H,05]g = 1.0 mM; (2) [hemin] = 10.0 puM,
[SDBS] = 5 mM, [PADPA]p = 1.0 mM, no H,O,l; (3) [HRPC] = 30 nM,
[SDBS] = 3 mM, [PADPA]g = 1.0 mM, [H,0,]po = 1.0 mM. Data points
were obtained by running the reaction inside quartz cuvettes with
a pathlength of { = 0.1 cm and recording the spectrum every 15 min for
uptot = 24 hatRT.
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with A,.x = 1097 nm for the reaction run in the presence of AOT
vesicles,® and Ay = 980 nm for the reaction in the presence of
SDBS micelles (this work). In both cases, there is absorption in
the region of A = 500-600 nm with differences in absorption
band positions (Fig. S-47). Although we are not able to unam-
biguously explain the observed differences when using SDBS
micelles vs. AOT vesicles as templates, a dependence of the
absorption in the vis/NIR region of the absorption spectrum on
the type of template used was also seen before in the case of the
oxidative oligomerization of PADPA with Trametes versicolor lac-
case and O, for reactions carried out at pH = 3.5.* Such differ-
ences most likely reflect not only differences in the molecular
constitution (i.e., the type of bonds formed between structural
units), but also differences in (i) the degree of protonation of the
nitrogen atoms present in the products, (ii) the oxidation state,
(iii) the electron conjugation length, and/or (iv) molecular
conformations.

Further comparative measurements were carried out for the
hemin- and the HRPC-catalyzed reaction in the presence of
0.1 M dihydrogenphosphate instead of 0.1 M HEPES, again at
pH = 4.3. The UV/vis/NIR absorption spectra of the reaction
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40004 272
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Magpnetic field (G)
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-2000
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Fig. 6 EPR spectroscopy measurements for reaction mixtures
prepared with 0.1 M HEPES, pH = 4.3, with either hemin (A) or HRPC (B)
as catalyst. Reaction conditions: (A) [hemin] = 10.0 uM, [SDBS] =
5.0 mM, [PADPA]; = 1.0 mM, [H,05]o = 1.0 mM; (B) [HRPC] = 30.0 nM,
[SDBS] = 3 mM, [PADPA]g = 1.0 mM, [H,O5lp = 1.0 mM. The reactions
were run at RT inside Eppendorf reaction tubes and analyzed after t =
2 min, 1 h or 24 h. G-factor and AH,,, values are calculated for the
spectrum recorded at t = 24 h.
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mixtures prepared with the H,PO, "~ solution and incubated for ¢
= 24 h at RT are shown in Fig. S-51 together with the spectra
obtained in the presence of the HEPES solution (data of Fig. 2
and 3). This comparison was made due to a previous report of
Travascio and coworkers,* in which it was demonstrated that
the catalytic activity of a DNA aptamer-hemin complex in the
presence of Triton X-100 may depend significantly on the salt
type used, and that the use of HEPES at pH = 8.0 may result in
a more efficient reaction as compared to phosphate (analyzed
with ABTS?", 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonate),
as substrate). Our aim was to find out whether a similar salt-type
dependence of the activity of hemin also exists in the case of
PADPA as substrate in the presence of SDBS micelles. The
measurements showed that this is indeed clearly the case
(Fig. S-51). Although there was no big difference in the
absorption peak positions for the two systems (at A = 1030-
1080, 400 nm, and 615 nm), two observations are obvious: (i)
A~ 1000 and A~ o0 after t = 24 h were much higher for the
reaction mixture prepared with the HEPES solution, while
A~ 500-600 Was in both cases about the same; (ii) A~ 30 after ¢ =
24 h remained at a higher value for the reaction in the presence
of dihydrogenphosphate as compared to the HEPES system
(Fig. S-51). These two observations clearly indicate higher
conversion and a better “product quality” (higher A~;000/As00
and A 1000/As00 ratios) if the HEPES solution is used instead of
the dihydrogenphosphate solution. For the reactions with
HRPC, the band positions and intensities in the vis and NIR
region of the absorption spectrum were very similar, although
the spectrum recorded after ¢ = 24 h at RT for the reaction run
in the HEPES solution had slightly higher intensities at A =
400 nm and at the band maximum in the NIR region. However,
the band maximum position and intensity were different (Anax
= 980 nm, with Agg, (0.1 cm) = 0.68, for the HEPES solution and
Amax = 1074 nm, with A;y;4 (0.1 cm) = 0.63, for the dihy-
drogenphosphate solution) (Fig. S-51). These latter intensities
are similar to the value determined previously with AOT vesicles
as templates (0.1 M NaH,PO,)° instead of SDBS micelles with
the same [PADPA],, [H,0,]o, and [HRPC] (Fig. S-4,t Aj100 (0.1
cm) =0.68 after ¢t = 24 at RT).

As an important result from this HEPES vs. dihy-
drogenphosphate comparison is that under the conditions used
the presence of HEPES has a positive effect on the outcome of
the hemin-catalyzed formation of poly(PADPA). Whether this
positive “HEPES effect” is a direct consequence of the influence
the HEPES molecules have on the catalytic activity of hemin, or
whether it is an effect which originates from HEPES-substrate
interactions, was investigated by using TMB (3,3',5,5'-tetrame-
thylbenzidine) as substrate ([TMB], = [H,0,]o = 0.3 mM, pH =
4.3, see Fig. S-6). The initial rate of TMB oxidation was about
3.6 times faster in the presence of HEPES as compared to
dihydrogenphosphate. This supports a direct effect of HEPES
on the catalytic activity of hemin, possibly by coordinating to
the iron atom at the 5™ coordination site. For the results pre-
sented in the following, the reaction mixtures usually contained
0.1 M HEPES at pH = 4.3 (optimal conditions). Only for
comparative measurements, a 0.1 M H,PO,  solution at pH =
4.3 was used as well.
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Fig. 7 EPR spectroscopy measurements for a reaction mixture
prepared with 0.1 M HEPES, pH = 4.3, with hemin without added H,O,.
Reaction conditions: [hemin] = 10.0 uM, [SDBS] = 5.0 mM, [PADPA]y =
1.0 mM, no H,O,. The reaction was run at RT inside an Eppendorf
reaction tube and analyzed after t = 2 min (initial), 1 h or 24 h. G-factor
and AH,, values are calculated for the spectrum recorded at t = 24 h.

Different control measurements were carried out for both
the hemin- and the HRPC-catalyzed reactions in the presence of
0.1 M HEPES and PADPA (1.0 mM) at pH 4.3, whereby one of the
other components present in the optimal reaction mixtures was
omitted, either SDBS, catalyst (hemin or HRPC), or hydrogen
peroxide. In the case of the HRPC system, the reaction mixture
did not turn green after ¢ = 24 h at RT if one of the mentioned
components was absent (no absorption in the near-infrared
region of the spectrum, ie., no formation of PANI-ES-like
products), see Fig. S-7.1 Without H,0, (but with HRPC and
SDBS), no reaction occurred (the spectrum measured after ¢ =
24 h was the spectrum of PADPA (Fig. 3, dashed line); without
HRPC (but with H,O, and SDBS), the absorption at A = 300 nm
due to PADPA remained high after ¢ = 24 h (no significant
PADPA conversion); without SDBS (but with HRPC and H,0,),
areaction occurred but most of the brown products that formed
precipitated, as already observed before.” Therefore, the oxida-
tion and oligomerization or polymerization of PADPA into
PANI-ES-like oligo- or poly(PADPA) products with HRPC
requires the presence of H,0, as well as SDBS (Fig. S-71). In the
case of the hemin system, the situation is different. For two
control measurements, the outcome was as expected: (i) in the
absence of hemin (with H,0, and SDBS), or (ii) in the absence of
SDBS (with hemin and H,0,), no significant amounts of the
green PANI-ES-like products were obtained (no significant
absorption at A = 1000 nm, presence of a weak absorption
centered around A = 600 nm) (Fig. S-8,1 compare also with the
spectrum shown in Fig. S-1,T for “no SDBS”). More interesting
and somewhat surprising, however, was the outcome of the
control measurements without H,0, (but with hemin and
SDBS). The reaction proceeded quite well without added H,0,,
resulting after ¢ = 24 h at RT in an absorption spectrum with
Amax = 1051 nm with A;g5; (0.1 cm) = 0.44 and Apax = 412 nm
with Ay, (0.1 cm) = 0.43, as compared to Apax = 1030 nm with
Ai030 (0.1 cm) = 0.60 and Apax = 410 nm with Ay (0.1 cm) =
0.64, for the reaction run under the “optimal conditions”, i.e., in
the presence of H,0,, hemin and SDBS (Fig. 2, dashed line and
Fig. S-8f). This observed reactivity of hemin without H,O,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Raman spectra of a reaction mixture prepared with an aqueous
0.1 M HEPES solution at pH 4.3, with [hemin] = 10.0 uM, [SDBS] =
5 mM, [PADPA]g = 1.0 mM, [H505]p = 1.0 mM, recorded at t = 5 min,
1 h, and 24 h at RT. The bands characteristic for PANI-ES products are
labeled in red, see text; a.u., arbitrary units.

indicates not only (i) how insightful control measurements can
be, but also (ii) that — under the conditions used (0.1 M HEPES,
pH = 4.3) - the oxidation of PADPA with hemin in the absence
of added H,0, cannot proceed via a peroxidase-like mechanism
(see Scheme S-17), where H,O, first oxidizes the heme group in
a two-electron oxidation reaction to yield compound I, which
then initiates the oxidation of the substrate (PADPA) in two
consecutive one-electron oxidation reactions. Compound I
formation - if compound I forms at all - must occur in
a different way in the absence of H,0,. For the hemin-catalyzed
reaction without added H,0,, the absorption at A = 600 nm
after ¢t = 24 h at RT was lower than in the case of the reaction run
under the “optimal conditions” (with H,0,) (Fig. 2). The ratio of
Aio51/Ag00 for the reaction mixture where no H,O, was added
was 3.0, as compared to A;p30/As00 = 1.9 for the reaction run
under “optimal conditions” (with H,0,). Understanding how
the hemin-catalyzed oxidation of PADPA in the absence of H,0,
occurs is an interesting challenge for detailed future investiga-
tions (see below).

For a direct comparison, Fig. S-9f shows the UV/vis/NIR
absorption spectra of the reaction mixtures containing either
hemin or HRPC and incubated for ¢ = 24 h at RT (in the HEPES
solution with or without H,0,).

The same set of control measurements for the hemin- and
HRPC-catalyzed reactions were also carried out in the presence
of aqueous 0.1 M dihydrogenphosphate solution instead of
0.1 M HEPES at pH 4.3 (see Fig. S-10 and S-11}). Qualitatively,
similar results were obtained when using the dihy-
drogenphosphate solution as compared to using the HEPES
solution: For HRPC, there was no significant reaction without
H,0, (Fig. S-111); for hemin, a clear reaction also occurred
without H,O,. Moreover, the absorption spectrum of the oligo-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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or poly(PADPA) products obtained after ¢ = 24 h at RT was about
the same for the reaction run in the H,PO,~ solution with H,O,
as compared to without H,0, (Fig. S-10t). Obviously, the addi-
tion of H,0, had no beneficial effect at all if the reaction was
run in the dihydrogenphosphate solution at pH = 4.3. This is
different to what we observed with the HEPES solution, where
the added H,0, still was advantageous (see Fig. S-5T): compared
to the reactions run in the dihydrogenphosphate solution with
hemin and PADPA, the reactions in HEPES solution were more
efficient (clearly higher intensity in the NIR region of the
absorption spectrum of the products obtained).

Using TMB as substrate and measuring the initial rate of
TMB oxidation in the presence of hemin, qualitatively the same
results were obtained as with PADPA, see Fig. S-12 and S-13:7 (i)
with the HEPES solution, TMB was also oxidized without added
H,0,, but the TMB oxidation was much faster with added H,O,
(Fig. S-127); (ii) with the dihydrogenphosphate solution, the
same initial rate of TMB oxidation was measured, independent
on whether H,0, was added or not (Fig. S-13, ESIt); and (iii)
with the HEPES solution, the initial rate of TMB oxidation in the
presence of H,O, was = 3.6 times faster than with the H,PO, ™
solution (please compare Fig. S-12 and S-137).

Overall, the “best” conditions for oxidizing PADPA to PANI-
ES-like oligo- or poly(PADPA) products with hemin is to use
the HEPES solution with added H,O, at the optimal reaction
conditions already mentioned above: 0.1 M HEPES, pH = 4.3;
[SDBS] = 5.0 mM; [hemin] = 10 pM, [PADPA], = 1.0 mM;
[H,0,]o = 1.0 mM.

In Fig. 4, the time-dependent changes of the UV/vis/NIR
absorption spectrum for the hemin- and the HRP-catalyzed
oxidative oligomerization of PADPA in the presence of SDBS
micelles and with added H,O, in the HEPES solution are shown.

With hemin, the development of the UV/vis/NIR absorption
spectrum over time is relatively simple. There is an increase of
absorption above 4 = 380 nm over time with a clear appearance
of bands centered around A = 1030 and = 410 nm (indication
of the formation of favorable PANI-ES-type products). A broad
band in the region of A = 615 nm is also clearly developing,
which indicates formation of unfavorable products containing
phenazine-type units. There is also a decrease of absorbance at A
=~ 300 nm, which is an indication of PADPA being consumed
during the reaction. The rate of reaction but not the pattern of
the spectral evolution was affected by the type of salt present
(HEPES vs. dihydrogenphosphate) and the presence or absence
of H,0, (see Fig. S-16-S-187). The fastest initial rate of spectral
development in the hemin-catalyzed system was observed when
the HEPES salt and H,0, were used, i.e., the “optimal reaction
conditions”.

With HRPC, the development of the UV/vis/NIR absorption
spectrum with time was rather different from the spectral
development of the reaction mixtures containing hemin.
During the first 30 min, there was a sharp increase in absor-
bance of the bands positioned at A = 410 and = 915 nm, which
indicates the presence of PANI-ES-type products. In addition,
there was a decrease in absorbance at A,qs, which shows that
PADPA was consumed during the reaction. After 30 min, there
was a slow decrease of Ay,5 and at the same time an increase of
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Fig.9 Raman spectra of a reaction mixture prepared with an aqueous
0.1 M HEPES solution at pH 4.3, with [HRPC] = 30.0 nM, [SDBS] =
3.0 mM, [PADPA]g = 1.0 mM, [H,O,lg = 1.0 mM, recorded at t = 7 min,
1 h, and 24 h at RT. The bands characteristic for PANI-ES products are
labeled in red, see text; a.u., arbitrary units.

absorption intensity in the NIR region, at A = 1200-1400 nm,
with an isosbestic point at A = 1100 nm. In addition, during the
reaction, a shoulder at A = 700 nm was always present. Please
note that the spectrum obtained after ¢ = 24 h was slightly
different from the one obtained for the same reaction condi-
tions shown in Fig. 2. This difference originates from the
different reaction containers used in the two cases (see Mate-
rials and methods).

Fig. 5 shows a direct comparison of the time-dependent
changes of A;g30 for the reaction mixtures prepared with the
HEPES solution with hemin as catalyst, with (1) or without (2)
H,0,. Data for the HRPC system with H,O, (3) are also shown
(note that without H,O, no reaction occurred, see Fig. 3). In the
case of the HRPC-catalyzed reaction, A;q3, leveled off after ¢ =
15 min already, with a continuous slow decrease beyond this
time due to a broadening of the spectrum into the NIR region
(see Fig. 4B). For the hemin-catalyzed system, a plateau value
was reached after ¢ = 8 hours in the presence of H,0,, while
without added H,0,, the reaction clearly was much slower but
A1930 kept gradually increasing (at least up to ¢ = 24 h). This
latter comparison is again a clear proof that for the hemin-
catalyzed reaction the addition of H,O, is not necessary for
the reaction to proceed (see Fig. 2), but that the rate of reaction
with addition of H,0, is much faster than without added H,O,.

For the sake of completeness, kinetic measurements were
also carried out by using the 0.1 M H,PO, solution instead of
the 0.1 M HEPES solution, see Fig. S-19.7 These measurements
confirmed the lower activity of hemin in the H,PO,™ solution, in
which the addition of H,0, had no beneficial effect at all (see
also Fig. S-107). For all further measurements by using EPR and
Raman spectroscopy as analytical methods, the focus was on
reaction mixtures prepared in 0.1 HEPES at pH = 4.3. Never-
theless, the results obtained by using 0.1 M H,PO,  at pH = 4.3
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Fig. 10 Raman spectra of a reaction mixture prepared with an
aqueous 0.1 M HEPES solution at pH 4.3, with [hemin] = 10.0 uM,
[SDBS] = 5 mM, [PADPA]g = 1.0 mM, no H,O,, recorded at t = 5 min,
1h, and 24 h at RT. The bands characteristic for PANI-ES products are
labeled in red, see text; a.u., arbitrary units.

are also mentioned, with the corresponding data shown in
the ESI.

3.2.2. EPR spectroscopy measurements. Under the elabo-
rated optimal conditions for the hemin- and HRPC-catalyzed
reactions (use of the HEPES solution), EPR measurements
were carried out. In both cases, the presence of an EPR signal in
the reaction mixtures that were prepared in Eppendorf reaction
tubes and analyzed 1 h or 24 h after the start of the reactions
was in agreement with the formation of the polaron form of
PANI-ES type products (presence of unpaired electrons, with
characteristic absorption at Apmax = 420 and 800-1100 nm, see
Introduction), see Fig. 6.

The rate of increase of the intensity of the EPR signal with
time was slower if hemin was used as catalyst, as compared to
HRPC. This is in agreement with the kinetic data obtained from
the UV/vis/NIR absorption measurements, given that the pres-
ence of an absorption band in the NIR region of the spectrum is
due to the presence of unpaired electrons that give rise to an
EPR spectrum (see Introduction). The relative quantity of radi-
cals produced till ¢ = 24 h was significantly higher for the
reaction run with HRPC as compared to hemin. The calculated
g-factor values in both systems are identical (2.007, see Fig. 6)
and are in good agreement with previously reported values for
the emeraldine salt form of PANL®"® The EPR signal width
(AH,,) for the spectrum recorded after ¢ = 24 h indicates that
the radical species are more uniform in the HRPC-catalyzed
reaction (AHp, = 4.69 G) than for the reaction run with
hemin (AH,, = 5.97 G), see Fig. 6.

A very weak EPR signal was also observed in the reaction
mixture containing hemin without added H,O,, see Fig. 7. The
relative intensity after ¢ = 24 h was, however, much lower than
for the reaction run with H,O, (compare Fig. 7 with Fig. 6). This
is again in qualitative agreement with the UV/vis/NIR

© 2022 The Author(s). Published by the Royal Society of Chemistry
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absorption measurements, see Fig. 2. The g-factor determined
for the spectrum recorded after ¢t = 24 h is identical with the
ones described in Fig. 6. Interestingly, AHp, is more similar to
the one determined for the spectrum of the HRPC system than
for the spectrum of the hemin system with added H,0,.

EPR measurements were also carried out for reaction
mixtures containing hemin in 0.1 M H,PO, " solution (pH = 4.3)
instead of 0.1 M HEPES (pH = 4.3), both in the presence and
absence of H,0,, see Fig. S-20.f The data are again in good
qualitative agreement with the UV/vis/NIR measurements, ie.
there was no beneficial effect of H,O, on the EPR signal
intensity for the reaction with hemin in the reaction mixture
containing dihydrogenphosphate. Furthermore, when the
reaction mixture was carried out in the 0.1 M dihy-
drogenphosphate solution (pH = 4.3) the relative intensity of
the EPR signal obtained when HRPC was used as catalyst was
much higher than when hemin was used.

3.2.3. Raman spectroscopy measurements. For each of the
aforementioned reaction mixtures using hemin or HRPC as
catalyst under optimal reaction conditions, Raman spectros-
copy measurements were carried out, again in situ, like in the
case of the UV/vis/NIR and EPR measurements, ie., without
isolation of the reaction products.

In Fig. 8, Raman spectra obtained for the reaction mixture
containing hemin are shown for reaction times ¢ = 5 min, 1 h,
and 24 h. For the reaction mixture analyzed after ¢ = 5 min, the
Raman spectrum contained numerous bands that originate
from starting materials and early reaction intermediates. As
time progressed, the spectrum changed, and several bands that
are typical for PANI-ES-like oligomeric products of PADPA
appeared, as discussed in the following.

A number of bands that are characteristic for structural units
of ordinary (“standard”) PANI can be observed at # = 1620 cm ™"
(m, C-C stretching vibrations of benzenoid (B) rings, »(C-C)g),
1603 cm™ " (m, C=C and C-C stretching vibrations of quino-
noid (Q) and semiquinonoid (SQ) rings, »(C=C)q and »(C-C)sq),
1520 em™ " (m, N-H bending vibration, §(N-H), commonly
related to SQ (polaron) structures in PANI), 1501 cm ™' (m, C=N
stretching in quinonediimine units, »(C=N)g), 1340 cm ™" (w,
C-N"" stretching vibration in SQ (polaron) units, »(C-N"")sq,
characteristic for the conducting form of PANI, the emeraldine
salt PANI-ES), 1272 cm™ ' (w, C-N stretching vibrations in B
rings, »(C-N)g), 1231 cm™ ' (w, »(C-N)g), 1181 cm™* (m, C-H
bending in-plane vibration of B ring, 6(C-H)g), and 1164 cm ™"
(m, C-H bending in-plane vibration of Q ring, 6(C-H)q).>*> The
Raman spectrum also indicates formation of structural units
different from those of “standard” PANI, by the bands observed
at # = 1633 cm ™' (m, attributable to C-C ring-stretching vibra-
tions in phenazine-, N-phenylphenazine- and/or phenoxazine-
type units, mixed with the C-C stretching vibration of the B ring,
¥(C-C)g), 1578 cm™' (sh, phenazine-type of units), 1456 cm™"
(w, assignable to C-C ring stretching/C=N stretching in
quinonoid type of units that are probably present in short
chains/branches and in substituted phenazine- and N-phenyl-
phenazine-type segments), 1423 cm~ ' (m, assignable to the
ring-stretching vibration in phenazine-, N-phenylphenazine-
and phenoxazine-type units, combined with a contribution
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from DMSO0), 1370 cm ™' (vw, »(C-N") ring stretching vibration
in substituted N-phenylphenazine-type units and to phenox-
azine-type units/#(C-N"")sq vibration in polaron-SQ structures
of low delocalization), and 582 ¢cm™* w, a band at similar
position in spectra of PANI has been attributed to substituted
phenoxazine-like units.>»**** Such phenoxazine-like units could
have been formed by the oxidative intramolecular cyclization of
substituted ortho-aminophenol units, formed as products of
hydrolysis of fully oxidized pernigraniline-like oligomers,* and
substituted phenazine- and N-phenylphenazine-type units.*
Contributions of C-S stretching vibration »(C-S) and SO,
deformation vibration §(SO,) probably originating from the
anion of SDBS (DBS) to the band at 582 cm ™" are also possible.®®
The weak band in the spectrum at ¢ = 5 min observed at 603
cm ! could be assigned to §(SO,) vibrations, originating from
SDBS,*® and benzenoid (B) ring deformation in PANI-like
segments of oligo- or poly(PADPA).9***” In the Raman spectrum
recorded at ¢t = 1 h, one can observe that the band at 7 = 1370
cm™ ', attributed to »(C-N"")sq of polarons with lower delocal-
ization/N-phenylphenazine and phenoxazine units, is well
developed, being even stronger than the band at # = 1340 cm ™"
assigned to ¥(C-N"")sq of more delocalized polarons. However,
in the Raman spectrum for ¢ = 24 h, the intensity ratio of these
two bands is reversed, and the band at # = 1370 cm™* becomes
a shoulder of the band at # = 1344 cm™".

The relative intensities of the two bands characteristic of
conducting PANI-ES at 7 = 1603 cm ™' and 1344 cm ™" increased
as the reaction time increased, so that they are present as the
most intense bands in the Raman spectrum recorded at ¢t =
24 h, along with the band at 582 cm™". The strong band at
1344 cm ' indicates a conductive nature of the poly(PADPA)
product. Strengthening of the band at 1344 cm ™' indicates an
increase in the relative amount of delocalized polaron struc-
tures and consequently an increase in electrical conductivity of
the oligo- or poly(PADPA) products over time. On the other
hand, the relative intensity of the bands atypical for standard
PANI, at 1633 cm ™' and 1420 cm ™', decreased with reaction
time in relation to the intensity of the mentioned PANI-ES
bands. Additional interesting changes occur in the spectrum
at ¢t = 24 h related to the spectrum at ¢t = 1 h: the bands
attributed to “atypical segments” at # =~ 1456 cm ' and
1420 cm™ ' become at ¢ = 24 h noticeably weaker compared to
the bands of standard PANI-ES (e.g., at # = 1603 cm ' and
1344 cm ™), the band at # = 1633 cm ™' disappears, and we
observe a new band at # = 1652 cm™ ' (which is also noticeably
weaker compared to the bands of ordinary PANI at ¥ =
1603 cm™ ' and 1344 cm™ ') and a shoulder at # = 1578 cm ™.
The band at # = 1652 cm ™" could be attributed to the stretching
of quinonoid C=0 groups/C-C ring-stretching vibrations in
phenoxazine-type units®* with possible contributions of phen-
azine- and N-phenylphenazine-type units; C=0 groups can be
formed by the partial hydrolysis of iminoquinonoid C=N
bonds.® The shoulder at 7 = 1578 cm ™" can also be attributed to
substituted phenoxazine- and phenazine-type units.*® The

94 Sulfonates often have two bands in the range # = 610-500 cm™" due to SO,
deformation vibrations.®
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bands at # = 1652, 1578, and 585 cm ™' indicate certain over-
oxidation of oligo- or poly(PADPA) produced at long reaction
times (¢ = 24 h). The relative intensities of the bands attributed
to DMSO (at # = 1046, 720, and 685 cm ') gradually decrease
with reaction time, e.g., the band at # = 685 cm ™" is very strong
and the most intense band in the spectrum at ¢ = 5 min, while it
is weak at ¢t = 24 h. This occurs due to the increase of the
amount of oligo- or poly(PADPA) chains (as the reaction
proceeds) on the surface of the reaction mixture “drop” which
consequently leads to a reduction of surface concentration of
DMSO. Thereby, as the reaction proceeds, oligo- or poly(PADPA)
chains are becoming dominating species for Raman scattering
instead of DMSO. We have observed an increase in the relative
intensity of the band at # = 603 cm™" (assigned to 6(SO,)/B ring
deformation in PANI-like segments) with an increase in reaction
time (it is weak at ¢ = 5 min, medium at ¢ = 1 h, and strong at ¢ =
24 h). This feature could be explained by an increase in oligo- or
poly(PADPA) yield, and therefore, an increase in the surface
concentration of DBS anions, which could serve as counterions
(dopant ions), compensating positive charges of the poly(-
PADPA) backbone. The prominent increase in the relative
intensity of the band at # = 582 cm ™ with increasing reaction
time is observed. At ¢t = 24 h, it becomes very strong, bearing an
intensity comparable to that of the band at # = 1344 cm™*. Such
band development might come from an increase in the amount
of phenoxazine-type units at longer reaction time due to the side
processes connected with ortho-coupling of PADPA molecules.
An additional factor could be an increase in DBS anions surface
concentration. It should be noted that bands at similar posi-
tions, # = 576 cm ™" (strong) and # = 607 cm™ ' (weak), are
present in the solid-state Raman spectrum of PANI doped with
dodecyl benzenesulfonic acid (PANI-DBSA).*

The Raman spectra of the reaction mixture containing HRPC
as a catalyst for the reaction times ¢ = 7 min, 1 h and 24 h (Fig. 9)
qualitatively resemble the Raman spectra obtained with hemin
as a catalyst. Nevertheless, there are certain differences which
will be specified and discussed in the following.

In both systems, the one containing hemin and the other
containing HRPC after a reaction time ¢ = 24 h, the bands
attributed to standard PANI-ES (7 = 1600 cm ' and =
1340 cm™ ') are stronger compared to the bands of atypical units
(7 = 1420-1440 cm ") and both spectra contain a band at # =
606 cm™ . It is interesting to note that the Raman spectra ob-
tained in the reaction mixture containing HRPC as catalyst do
not contain a band at # = 580 cm ' (attributable to
phenoxazine-type units), and they do not show a strong
“phenazine band” at # = 1420 cm ™" in the initial phase of the
reaction (¢ = 7 min), as it is the case for the reaction mixture
with hemin as a catalyst. In addition, the spectra of the system
with HRPC do not show a band at 7 = 680 cm™*, as was the case
when hemin was used (Fig. 8). This indicates that the
consumption of PADPA and the formation of poly(PADPA) oligo-
or polymeric chains at the surface of the reaction mixture
“drop” analyzed was faster in the system with HRPC than in the
one containing hemin as a catalyst, which was also expected.
This is in good agreement with the results from the UV/vis/NIR
and EPR measurements (see above). When comparing the
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Raman spectra recorded at ¢ = 24 h of the reaction mixtures
with either HRPC or hemin as a catalyst, one more difference is
evident. The spectrum for the system with HRPC contains
a broad band in the region of the »(C-N") vibrations, with two
peaks of similar intensity at around 7 = 1340 cm™" ((C-N"")sq
vibration of more delocalized polaron structures) and v =
1366 cm ! (y(C-N") ring stretching vibration in substituted N-
phenylphenazine- and phenoxazine-type units and »(C-N"")sq
vibration in polaron structures of low delocalization) (Fig. 9),
while the spectrum of the system containing hemin (Fig. 8) has
a strong »(C-N"")sq band, at 7 = 1340 cm ™" and a shoulder at =
1370 cm ™.

Due to the results obtained for the hemin-catalyzed reaction
analyzed by UV/vis/NIR and EPR measurements (see above),
Raman spectra of the reaction mixture containing hemin
without added H,O, were also recorded, at ¢ = 5 min, 1 h, and
24 h, see Fig. 10.

A comparison of the Raman spectra of the reaction mixtures
without H,0, (Fig. 10) and with H,0, (Fig. 8) - both recorded
after ¢ = 24 h - shows that the absorption band pattern in both
cases is very similar. However, differences in the band intensi-
ties are obvious when spectra recorded after the same reaction
time are compared. This is directly related to the lower PADPA
monomer consumption for the reaction without H,O, (lower
band intensities) as compared to the one with H,O, (higher
band intensities).

Comparing the Raman spectra recorded at ¢t = 24 h for the
two hemin systems (with and without H,0,) in terms of ratios of
intensities of the polaron »(C-N"")sq band at # = 1340 cm
which is characteristic of standard conductive PANI-ES, and the
bands at # = 1453 and 1420 cm ', attributed to segments
atypical for standard PANI-ES, I 340/l1453, and Ii340/I1420,
respectively, it is clear that these ratios are higher for the hemin
system containing H,0, than the one without H,0,. Also, at t =
24 h, the bands at # = 1372 cm™ " and 1576 cm™ " are present as
distinct bands in the spectrum of the hemin reaction mixture
without H,0,, while in the spectrum of the hemin reaction
mixture with H,O, they appear as shoulders, only. The bands at
7 = 604 and 583 cm™ " have lower relative intensities in the
spectrum of the hemin system without H,O, compared to these
bands in the spectrum of the hemin system with H,O,.

Although it was not the main focus of the work, Raman
spectroscopy measurements were also carried out for reaction
mixtures prepared with 0.1 M dihydrogenphosphate solution
instead of 0.1 M HEPES solution (both at pH = 4.3), see Fig. S-
21-S-24.1 As a general observation, the data obtained is in good
agreement with the UV/vis/NIR and EPR data for the same
reaction conditions and the explanations given above.

3.3. Discussion of the main points of interest

3.3.1. The use of hemin instead of HRPC. Our investiga-
tions have shown that HRPC can be replaced by hemin for the
synthesis of PANI-ES-like products using PADPA as monomer at
an initial concentration of 1.0 mM (and 1.0 mM H,0,) in an
aqueous solution containing SDBS micelles (5.0 mM SDBS) at
pH = 4.3 (0.1 M HEPES). High conversions of PADPA were

© 2022 The Author(s). Published by the Royal Society of Chemistry
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achieved within a reaction time of ¢ = 24 h at RT. All three
complementary spectroscopic measurements used (UV/vis/NIR,
EPR, and Raman spectroscopy), indicate that the products
contain stable radicals that are typical for the conductive
polaron state of PANI-ES (Fig. 1). However, due to the signifi-
cantly lower catalytic activity of hemin as compared to HRPC,
the molar amount of catalyst used in our experiments (10 uM
hemin) was significantly higher as compared to the concentra-
tion of HRPC (30 nM). Nevertheless, the costs for hemin to yield
comparable PADPA conversions within a similar reaction time
as with HRPC were only about 5% of the costs for HRPC, see
ESI,7 Section 6. An interesting topic of a possible follow-up
investigation would be to explore whether hemin's catalytic
activity could be increased by addition of electron-donating
groups (e.g., histidine or imidazole) at a concentration that
optimizes peroxide coordination to Fe(m) of hemin. Although
the basic form of hemin, hematin (= porFe™-OH), was used
before as catalyst in aqueous micellar solutions of SDBS at T =
4 °C for the synthesis of polypyrrole,* our work is the first one
on the formation of poly(PADPA) products that resemble PANI-
ES by using hemin as catalyst.

3.3.2. The role of SDBS micelles. There are two roles of
SDBS micelles in the hemin-catalyzed formation of PANI-ES like
products from PADPA: (i) the micelles prevent hemin aggrega-
tion, which enables hemin to be catalytically active, and (ii) the
micelles serve as reaction “template”, i.e., they guide the reac-
tion towards the desired formation of the emeraldine salt form
of PANI. Since for this latter role, which is directly related to the
chosen reaction, the negative surface charge of the micelles is
essential.” Whether other types of micelles (cationic, zwitter-
ionic, or neutral) could be used as well for hemin-catalyzed
reactions that do not rely on a “template” effect, remains to
be investigated. In other words, one key question of interest is,
whether there is a correlation between micelle type, capability to
prevent hemin aggregation, and catalytic activity of hemin for
(simple) reactions involving substrates that are different from
PADPA and do not involve complex follow-up reactions that
occur uncatalyzed after substrate oxidation as in the case of
PADPA.

3.3.3. The use of HEPES vs. dihydrogenphosphate. In the
hemin-catalyzed reactions investigated in this work, the use of
HEPES proved to be more advantageous than the use of dihy-
drogenphosphate. Considering that the spectra of hemin in
these two salt solutions look very similar in the presence of
SDBS micelles (Fig. S-31), one can conclude that in both systems
the fraction of monomeric hemin is very similar. Therefore, the
difference in the catalytic activity of hemin in the two micellar
solutions is not due to different physical states of hemin
(monomer, -1 dimer, etc.). The difference more likely origi-
nates from different iron coordination propensities of the two
salt species. It has already been shown that dihy-
drogenphosphate can displace water and bind to Fe(m) of
hemin.” From the results we obtained, it appears that the
binding of H,PO, " is so strong that hydrogen peroxide is unable
to displace the coordinated dihydrogenphosphate (or displaces
it to a very low extent only), making the oxidation of hemin with
H,0, to form compound I inefficient (Fig. S-10 and S-131). On
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the other hand, when HEPES was used, the impact of hydrogen
peroxide was significant (Fig. 2 and S-12%). Therefore, we
conclude that under the conditions used HEPES does not block
the 5™ and 6™ coordination sites of Fe(ur) as strong as dihy-
drogenphosphate does. In addition, HEPES species that are
partially coordinated to Fe(m) may promote the reaction by
either weak electron donation to the iron of hemin or by
stabilizing a transition state.

3.3.4. The role of H,0,. As already stated in the Introduc-
tion, the aim of our work was to try to replace HRPC by its
prosthetic group (ferric heme » = hemin). More specifically, we
asked ourselves whether hemin can be used as peroxidase-
mimic, as catalyst system in which hemin in SDBS micelles in
the presence of H,O, follows the catalytic heme peroxidase cycle
(Scheme S-17), but in a less efficient manner. Although hemin
proved to catalyze the formation of PANI-ES like material, it is
by no means clear whether the observed reactions with hemin
in the micellar system followed the same peroxidase cycle, with
intermediate formation of compound I and compound II
Exploring the mechanism of the hemin/H,0,-catalyzed PADPA
oxidation in the presence of SDBS micelles may be a challenge
that could be addressed in a future study.

So far, important control measurements of reactions run
without H,0, clearly demonstrated that the hemin-catalyzed
formation of PANI-ES-like products from PADPA in 0.1 M
HEPES solution at pH = 4.3 (in the presence of SDBS micelles)
also occurs to some extent without H,O, (Fig. 2), although the
reaction is much slower than with H,0, (Fig. 5 and S-121). It
seems that the oxidation of PADPA (or TMB) with hemin as
catalyst occurs via two mechanisms, one involving H,0, as
terminal oxidant, the other with O, (which was present in all
reaction mixtures due to their exposure to air). Preliminary
measurements with PADPA as substrate were carried out
without H,0, under “oxygen-free” conditions (see Fig. S-25, S-26
and accompanying text for detailst). The observation made is
that in the absence of H,0, oxygen is necessary for the reaction
to proceed. Although the mechanism involving oxygen is not
clear at the moment and deserves further investigations, one
possibility how the reaction might proceed is that Fe(u)PPIX is
reduced to Fe(u)PPIX by PADPA, while at the same time PADPA
is oxidized to the PADPA radical. Fe(u)PPIX is then reoxidized to
Fe(ur)PPIX by oxygen.|| Alternatively, the mechanism might be
completely different, and it may include the formation of
hydrogen peroxide in situ.”

4. Conclusion and outlook

The work carried out showed that hemin can be used success-
fully as catalyst for the oxidation of PADPA in a slightly acidic
aqueous micellar solution of SDBS to yield products with PANI-
ES structural units that are typical for the conductive form of
polyaniline. Apart from applications of the products obtained,
future studies may involve the investigation of the binding of
hemin to the micelles, the use of other surfactant aggregates, or

| Heme Fe** undergoes autooxidation in the presence of oxygen to Fe**.”
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an investigation of the reaction mechanism and a possible
substrate selectivity. Beyond this, experimental proof of cata-
lytically active hemin in aggregates of amphiphiles is also of
interest for origin-of-life research. Porphyrins like PPIX are
molecules that are not only ubiquitously present as prosthetic
groups in contemporary proteins,”” but may have been present
already in prebiotic times.””* Due to the likely prebiotic exis-
tence of simple membrane-forming amphiphiles,” these
amphiphiles might have associated with metal porphyrins to
form catalytically active assemblies for accelerating localized
chemical transformations. In this way, amphiphile-heme
aggregates could have served as a kind of “primitive
enzymes”, even before the suggested heme RNA quadruplex
systems possibly formed.” Although this is pure speculation,
the idea is worth considering in scenarios on the prebiological
emergence of functional compartment systems, in steps that
preceded the first living cells at the origin of life on earth.”
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