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The combination of scanning electrochemical microscopy (SECM) with single-bounce
attenuated total reflection Fourier-transformed infrared spectroscopy (IR-ATR) has been
developed for in-situ studies on electrochemically induced processes at IR waveguide surfaces
via evanescent field absorption spectroscopy. The feasibility of the combined
microelectrochemical FT-IR setup was demonstrated by spectroscopically monitoring
microstructured polymer depositions induced via feedback mode SECM using a 25 μm Pt disk
ultramicroelectrode (UME). The surface of a ZnSe ATR crystal was initially coated with 2,5-
di-(2-thienyl)-pyrrole (SNS) layer, which was then locally polymerized during Ru(bpy)3

2+

mediated feedback mode SECM experiments. The polymerization reaction was simultaneously
monitored by recording absorption intensity changes of SNS specific IR bands, thereby
providing information on the polymerization mechanism, and on the percentage of surface
modification.

Introduction
The systematic analysis of processes at the solid/liquid interface requires experimental tools
and analytical methods to measure and image qualitatively and quantitatively interfacial events
with molecular selectivity, sensitivity, and preferably temporal/spatial resolution.
Conventional analytical techniques are frequently limited to bulk averaging measurements or
to ex-situ analysis. The combination of complementary in-situ analytical techniques with
scanning probe microscopies (SPM) enables bridging this gap for elucidating fundamental
processes at the solid/liquid interface.

Among the scanning probe techniques, SECM has matured into a versatile in-situ technique
providing information on homogeneous and heterogeneous electron transfer mechanism at
solid/liquid, liquid/liquid, and air/liquid interfaces.1, 2 In addition, SECM has successfully
been used for microstructuring surfaces using deposition or etching processes.3 Either direct
mode of SECM using an ultramicroelectrode (UME) as auxiliary electrode and the biased
sample as working electrode, or feedback mode experiments at conductive and insulating
sample have been described in literature.4-22 First approaches using the direct mode for
microstructuring were based on applying a bias between an electrochemical scanning tunneling
microscope (STM) tip, and a conductive surface, which was covered with a thin polymer film
such as e.g., Nafion.21, 22 The localized current established between tip and sample was
responsible for reducing or oxidizing metal ions or organic ions incorporated in the film,
thereby forming metal lines or polymer lines. Furthermore, direct mode deposition of 2- and
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3-dimenional polymer structures using pulsed deposition profiles has also been achieved using
disk-shaped microelectrodes as auxiliary electrodes.7, 8, 23 The possibly close distance
between tip and sample surface, as well as the tip size and geometry governs the dimensions
of the obtained microstructures by defining the electrical field distribution between tip and
conductive sample. Alternatively, surface modifications may be achieved in feedback mode
SECM by generating an electroactive species at the UME, which is diffusing to the sample
surface governing the surface modification reaction. Thus, pH shifts induced at the UME were
used for depositing polymer and metal structures.4, 24 Heinze and co-workers have described
the structured polymerization of 2,5-di-(2-methylpyrrolidin)-thiophene, which was adsorbed
onto a substrate surface prior to feedback mode induced polymerization, as the precursor is not
soluble in the mediator solution.25 To date, surface modification using SECM in feedback
mode have been achieved by etching and deposition of metals and semiconductors,11-15, 26
metal oxides,19, 27 polymers,8, 22, 23, 28, 29 and organic molecules as well as biomolecules.9,
16, 17, 30-34

In recent years, SECM has been combined with a variety of analytical techniques ranging from
mass sensitive and optically responsive methods to complementary scanning probe techniques
providing laterally and temporally resolved information on interface processes. Combined
electrochemical SPM techniques are mainly based on integrating an electroactive area into a
SPM tip. Dependent on the physical near field interaction, ESTM-SECM,35, 36
photoelectrochemical (PEM)-SECM37, and AFM-SECM38-41 have been realized.
Complementary bulk information on mass changes can be obtained by SECM combined with
an electrochemical quartz crystal microbalance (EQCM) simultaneously detecting the
generated species by SECM and the associated mass change.5, 42-44 SECM has also been
combined with optical microscopy,45, 46 with near-field scanning optical microscopy
(NSOM),47 with fluorescence spectroscopy,48 chemiluminescence techniques,49-52 and with
surface plasmon resonance (SPR).53 For example, Szunerits et al have developed a combined
SECM-SPR set-up, obtaining simultaneous SPR images of micropatterned conductive
polypyrrole deposited with SECM.53

To our best knowledge, the combination of SECM with spectroscopic techniques operating in
the mid-infrared (MIR, 3-25 μm) region of the electromagnetic spectrum has not been described
yet. Recently, our research group has developed a combined AFM-IR-ATR set-up, which
enabled obtaining simultaneous spectroscopic and topographic information on dissolution
processes.54 However, gaining molecular level insight on reactions or interfacial processes via
vibrational spectroscopy in the mid-infrared regime, while simultaneously inducing or probing
spatially resolved electrochemistry via SECM further expands the applicability of such
multifunctional analytical platforms for studying molecular processes in complex
environments.

Mid-infrared spectroscopy is based on the excitation of fundamental vibrational modes of
molecules, and is among the most powerful techniques for identifying molecular structures. In
particular, the fingerprint regime (10-25 μm) of the IR spectrum provides sensitive and distinct
characteristic absorption patterns for almost any organic molecule. However, water absorptions
are usually a significant problem for in-situ IR spectroscopy due to strong absorption bands at
1640 and 3400 cm–1. To minimize this interference, attenuated total reflection infrared
spectroscopy (IR-ATR) is the method of choice due to the exquisite surface sensitivity of the
obtained signal limited to the penetration depth of the evanescent field.55 IR radiation coupled
into an internal reflection element at angles exceeding the critical angle propagates within this
optical waveguide due to total internal reflections. Given a refractive index n1 of the waveguide,
and n2 of the surrounding medium (with n1 > n2), an evanescent field penetrates a short distance
beyond the interface into the optically rare medium. This evanescent field is characterized by
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a field intensity exponentially decaying with distance to the interface, and typical penetration
depths in the MIR of a few micrometers (μm) following

(1)

with λ as the incident wavelength, n1 as the refractive index of the ATR waveguide, n2 as the
refractive index of the adjacent medium (n1 > n2), and θ as the incidence angle at the interface.
IR absorbing molecules either adsorbed at the ATR surface or within the evanescent field are
therefore spectroscopically adressable.55 The effect of strong IR absorbers, such as e.g., water,
is therefore minimized during IR-ATR measurements as compared to conventional
transmission absorption and reflection absorption IR spectroscopy, due to the limited probed
volume as determined by the penetration depth of evanescent field. For example, plasma
deposition of polymers at the waveguide surface have been studied by IR-ATR.56

In the present study, a combined SECM-IR-ATR system is demonstrated enabling in-situ IR-
ATR monitoring of microstructured polymer spots generated in feedback mode SECM with a
25 μm (diam.) Pt electrode at the ATR waveguide surface. Surface adsorbed 2,5-di-(2-thienyl)-
pyrrole (Figure 1a) insoluble in the mediator solution was polymerized by tip-generated Ru
(bpy)3

3+ similar to the experiments described by Heinze and co-workers (Fig. 1)25.

Experimental section
Combined SECM-IR-ATR set-up

A scheme of the developed set-up is shown in Fig. 1. For IR-ATR spectroscopy, broadband
IR radiation emitted by a SiC filament from a FT-IR spectrometer (IRCube-M, Bruker Optics
Inc., Billerica, MA) is collimated and focused by an off-axis parabolic mirror (OAPM) onto
the curvature of a single-bounce hemispherical ZnSe ATR crystal (3 mm in diameter, Harrick
Scientific, Pleasantville, NY). Due to the hemispherical shape of the ATR crystal the incident
radiation is focused onto a small spot at the flat top surface of the ATR crystal creating the
evanescent field. The internally reflected radiation is then collimated via a second OAPM, and
focused via a third OAPM onto a liquid nitrogen cooled mercury-cadmium-telluride (MCT)
detector. For combined SECM experiments, the ATR crystal has been built into an
electrochemical cell as central part of the base plate (see Figure 1b). The micropositioning
system moving the microelectrode above the ATR crystal is part of a home-built SECM driven
by stepper motors (Scientific Precision Instruments GmbH®, Oppenheim, Germany) with a
precision of 0.02 μm. All electrochemical experiments were conducted with a CHI 842A
bipotentiostat (CH Instruments, Inc., Austin, TX). The combined SECM-IR-ATR system was
sealed into a darkened compartment and purged with nitrogen to avoid possible
photopolymerization reactions of SNS, and to maintain stable atmospheric conditions for the
IR measurements. The combined IR-ATR technique has been applied to simultaneously
monitor an electropolymerization process locally induced by the SECM electrode via changes
occurring in the IR spectrum appearing at different wavenumber regions, especially around
690 cm-1.57 All IR spectra obtained using the SECM-IR-ATR set-up were collected at a spectral
resolution of 4 cm-1, and by averaging 100 scans; the data were analyzed with the OPUS
software package (Bruker Optics Inc., Billerica, MA).

UME preparation
Disk–shaped microelectrodes were fabricated as previously described by sealing a 25 μm
(diam.) Pt wire under vacuum into a borosilicate glass capillary.3 Successive grinding and
polishing with diamond paste (6 μm and 3 μm) and with alumina paste (1 μm and 0.05 μm),
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respectively, exposes a disk-shaped microelectrode. Cyclic voltammetry, optical microscopy,
and AFM imaging were applied for characterizing the fabricated microelectrodes.

Chemicals
Deuterated water (D2O), Ru(bpy)3Cl2·6H2O, KCl (reagent grade), and acetone (ACS
spectrophotometric grade), were obtained from Sigma Aldrich (St. Louis, MO). Deionized
water (Milli-Q water system, Millipore Corp., Billerica, MA) was used for preparing solutions
if not stated otherwise. 0.02 M Ru(bpy)3Cl2·6H2O/0.1 M KCl electrolyte solution was prepared
in D2O. All solutions were deaerated by purging with UHP argon (Airgas, Hapeville, GA)
prior to electrochemical experiments.

2,5-di-(2-thienyl)-pyrrole monomer was synthesized and purified based on the method
described by Wynberg et al.58 The precursor 1,4-bis(2-thienyl)butanedione was prepared
following a procedure published by Stetter et al.59 The resulting 1,4-diketone was allowed to
react with ammonium acetate, which resulted in the SNS derivative with a yield of 75 %.58

2,5-di-(2-thienyl)-pyrrole was purified and stored under argon. 0.1 M SNS was dissolved in
acetone and drop-casted on the ATR crystal surface.

Ex-situ FT-IR studies on SNS monomer and electrogenerated poly(SNS)
A three-electrode configuration with a Pt sheet (1 cm2) as working electrode, a Pt mesh
(effective area 10 cm2) auxiliary electrode, and an Ag/AgCl quasi reference electrode was used
for macroscopic poly(SNS) deposition. Both Pt sheet and Mesh were flame-burned prior to
usage. The Pt sheet was coated with SNS monomer, and then immersed into 0.1 M KCl aqueous
solution. Prior to the deposition, cyclic voltammetry was performed in a potential range of
0-1.2 V (vs. Ag/AgCl) at a scan rate of 0.1 V/s to determine the oxidation rate of the monomer.
A constant potential of 1.0 V vs. Ag/AgCl was applied to the Pt sheet for 2, 5, or 10 min to
polymerize SNS in a series of experiments. The obtained thickness of poly(SNS) films was
approx. around 2 μm for all conducted experiments. Different degrees of polymerization were
achieved by varying the deposition time. Excess SNS monomer at the Pt sheet after
polymerization was removed in methanol during sonication of the substrate. IR absorption
spectra of the adsorbed SNS monomer film prior to polymerization, and poly(SNS) films
generated at different polymerization times were collected using a nitrogen purged Equinox
55 FT-IR spectrometer (Bruker Optics Inc., Billerica, MA). All IR spectra were collected at a
spectral resolution of 4 cm-1, and by averaging 100 scans. Analysis of the spectra was
performed using the OPUS software package.

SECM feedback mode polymerization of SNS
0.1 M SNS monomer solution was coated onto the surface of a ZnSe crystal (~1 cm × 1 cm)
by drop-casting prior to fixing the SNS-modified ZnSe in a conventional SECM
electrochemical cell. A three-electrode assembly using a 25 μm Pt disk UME as working
electrode, a Pt wire auxiliary electrode, and an Ag/AgCl wire reference electrode was used for
all SECM experiments. The cell was filled with 0.02 M Ru(bpy)3Cl2/0.1 M KCl/D2O. SECM
approach curves at a potential of 1.0 V vs. Ag/AgCl were recorded, and the approach of the
UME towards the SNS-coated ZnSe crystal was stopped when the steady state current had
increased by 20 % compared to steady state current at the UME in bulk solution. Poly(SNS)
spots were formed at different locations at the ZnSe crystal surface by applying a constant
potential of 1.0 V vs. Ag/AgCl to the UME. At this potential, the mediator Ru(bpy)3

2+ is
oxidized to Ru(bpy)3

3+, which diffuses to the ZnSe crystal if the UME is in close proximity
to the sample surface. Ru(bpy)3

3+ is driving the oxidation of the adsorbed SNS monomer
forming a radical cation (SNS·+), which is followed by a condensation reaction of SNS·+ to the
dimer. Chain propagation leads to oligomers, and finally to poly(SNS), as shown in Figure 1c.
60
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Simultaneous IR-ATR studies on microstructured poly(SNS) formed by SECM
The SNS monomer film was deposited onto the surface of the hemispheric ZnSe ATR crystal
by drop-casting from 0.1 M SNS acetone solution. Electropolymerization was obtained by
feedback mode SECM in 0.02 M Ru(bpy)3Cl2/0.1 M KCl/D2O solution, as described above.
The UME tip was approached to the sample surface by monitoring the feedback current, and
stopped once the current at the tip increased by 20 % compared to the current in bulk solution.
In-situ evanescent field IR absorption spectra were collected during the progress of feedback
mode SECM polymerization reactions at different time intervals (5, 10, 20, and 30 min). In
addition, micropatterning of multiple polymer spots via electropolymerization at the
hemispherical ZnSe ATR crystal surface using SECM was simultaneously monitored by in-
situ evanescent field IR absorption measurements. The UME was positioned closely to the
center of SNS/hemispheric ZnSe, and was then moved at constant height to five discrete
locations at the ATR crystal surface. At each location, the UME was held stationary for 20 min
allowing for polymerization of adsorbed SNS. An IR spectrum was collected at the end of each
individual polymerization step. Prior to SNS monomer film coating at the ATR crystal surface,
a background IR spectrum in nitrogen atmosphere was recorded using the bare crystal. In
addition, prior to combined SECM-IR-ATR experiments in-situ monitoring of the
electropolymerization process was performed via IR studies using macroscopic Pt electrodes
(1 mm) for electrochemically induced deposition at the single bounce ATR crystal. The
macroscopic electrode was positioned at a distance of approx. 100 μm from the SNS-modified
ATR crystal prior to initiation of the electropolymerization, and remained at this position there
until no further IR signal change during the electropolymerization process was observed.

Results and discussion
FT-IR studies on SNS monomer and electrogenerated poly(SNS)

A number of papers have been published studying the electrochemical properties of SNS in
organic61-64 or in mixtures of water with organic solvents65 containing appropriate supporting
electrolytes. Cyclic voltammetry was applied to study the electrochemical properties of SNS
in aqueous solution. SNS monomer was coated onto a Pt sheet and immersed in 0.1 M KCl
aqueous solution. The electrochemical results obtained from these experiments are consistent
with literature data obtained by electrogenerated polymerization of SNS. FT-IR studies have
been performed to identify the primary polymerization position(s), and the time-dependence
of the polymerization level of SNS. Figure 2a shows the spectral changes of the IR absorption
spectra with respect to the polymerization time. The out-of-plane C-H bending vibrations in
the spectral region of 600-1600 cm-1 were analyzed for characterizing the SNS polymerization
level. C-H IR absorptions characteristic for the different hydrogens positioned at the thiophene
and pyrrole unit of the SNS monomer are determined as follows: α-H has an IR absorption
around 690 cm-1, β-H and β'-H around 842 cm-1, and β”-H around 770 cm-1.57, 64 As evident,
during the polymerization process the relative peak intensity for α-H decreases. In addition, a
peak around 800 cm-1 attributed to β”-H emerges, and its intensity increases with progress of
the polymerization due to flanking of the middle pyrrole ring of SNS in poly(SNS).
Furthermore, weaker absorption peaks appear in the higher frequency region of the fingerprint
regime (850-900 cm-1), which are related to β-H and β'-H vibrations at the end of the polymer
chain. Based on the obtained polymerization time dependent spectra, it is concluded that the
SNS polymerization in aqueous solution primarily occurs at the α position, and hence, the
intensity change of the characteristic α-H vibrational mode may be used for monitoring the
polymerization level during SECM-IR-ATR studies.

SECM feedback mode polymerization of SNS
SNS was coated onto the ATR crystal surface, and the SECM electrode tip was approached to
the ATR crystal surface by monitoring the feedback current. Tip-generated Ru(bpy)3

3+
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subsequently oxidizes SNS monomer at the surface forming an intermediate radical cation
(SNS·+), which is followed by dimer formation via condensation of SNS·+ radicals. As the
chain reaction progresses, oligomers, and finally poly(SNS) are formed, as schematically
shown in Figure 1c.60 After feedback mode induced polymerization, the SNS/ZnSe was rinsed
with DI H2O und acetone, respectively. As expected, well-defined poly(SNS) spots were
generated, as shown in the optical microscopy image shown in Figure 2b. Fig. 2b reveals that
the poly(SNS) spot sizes increase with time of electropolymerization. The generated polymer
spots ranged in diameter from 180 to 210 μm corresponding to polymerization times ranging
from 5 to 20 min, respectively. The dimension of the obtained spots compare with the
dimensions of the entire UME (active electrode and glass insulation), which is related to the
diffusion of the redox mediator Ru(bpy)3

3+ and the SNS radical cations, the distance between
UME and SNS/ZnSe, the kinetics of involved surface reactions, and the electrochemical
reaction time.3

In-situ IR-ATR studies of surface modifications induced by feedback mode SECM
Prior to the polymerization reaction, the thickness of the adsorbed SNS film at the
hemispherical ZnSe ATR crystal was determined by AFM measurements. The average
thickness was determined at 200-400 nm. The stability of the SNS film coated onto the
hemispherical ZnSe ATR crystal surface was monitored via IR-ATR during a period of 8 h
after coating the crystal already within the combined SECM-IR-ATR set-up, which was purged
with nitrogen. No change of the IR signal was observed for this period indicating a stable
monomer layer. All in-situ electrochemical experiments were conducted in deuterated water,
as D2O provides an IR transparent window in the region of 660 – 1000 cm-1, which is the
spectral region of interest providing access to the IR absorption features relevant for monitoring
the polymerization progress of SNS.

Prior to microstructuring the SNS monomer film via SECM, a 1 mm Pt electrode was positioned
at a close distance (approx. 100 μm) to the SNS-modified ZnSe crystal surface. By applying
a potential of 1 V vs. Ag/AgCl in 0.02 M Ru(bpy)3Cl2/0.1 M KCl/D2O, the current rapidly
increased and then dropped to the bulk current after approx. 2 min. Figure 3 shows the IR
spectra of the SNS film prior to and after 2 min of electropolymerization. After this period, no
further detectable changes in the IR spectra were determined. After rinsing with DI water and
acetone, a dark poly(SNS) spot with a diameter of approximately 1.8 mm in visible at the
surface of the hemispherical ATR crystal. The IR data obtained from this experiment are in
agreement with the data presented in Fig. 2a showing ex-situ FT-IR results obtained from the
SNS monomer and electrogenerated poly(SNS).

Three consecutive in-situ polymerization experiments using the combined IR-ATR-SECM set-
up were performed. A representative data set of the IR measurements for a polymerization
sequence in the region of 670-710 cm-1, presenting the out of the plane α-H bending vibration
is shown in Fig. 4. The α-H peak areas were integrated from 670 cm-1 to 710 cm-1, and the
polymerization levels for different reaction times were calculated by determining the
percentage of peak area change between the integrated α-H peak area of polymerized SNS at
the different polymerization times, and the integrated α-H area of the SNS monomer. Thus
obtained polymerization levels for three sets of experiments are presented in Table 2. AFM
studies and optical microscopy images revealed that the monomer film thickness is not
homogeneous; the film thickness ranged from 200-400 nm with ridges and flat regions, which
are formed during film adsorption. Hence, the resulting poly(SNS) films may have different
thicknesses and different levels of polymerization yet during the same observation periods for
the IR measurements. Furthermore, the IR measurement is subject to intensity variations across
the ZnSe single bounce crystal surface in dependence of the area illuminated by the evanescent
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field.66 These factors are considered responsible for the fact that despite keeping the conditions
for polymerizing each spot constant, variations in the IR signal are still observable.

Figure 5 shows the results for in-situ IR-ATR monitoring of the formation of six poly(SNS)
spots induced by feedback mode SECM. The scheme in the insert shows the relative position
and deposition sequence of the spots. The α-H peak areas were integrated from 670 cm-1 to
710 cm-1, and the overall polymerization levels after each polymer spot deposition were
calculated by determining the percentage of peak area change between the integrated α-H area
of poly(SNS), and the integrated α-H area of the SNS monomer signal. Thus calculated
polymerization levels are summarized in Table 3. The differences in polymerization level
between two adjacent polymer spot depositions are also listed in Table 3. As previously
discussed, from the data in Table 3 it is evident that the integrated area of the characteristic
peaks shows some variation between adjacent spots. In particular, the deposition at spot 2,
which resulted in a change of 17% is significantly higher compared to the other spots. These
variations are attributed to the difference in evanescent field sensitivity across the ATR crystal
at different surface locations, or to inhomogeneity of the pre-deposited SNS monomer film. It
is however anticipated that the next-generation combined SECM-IR-ATR instrument currently
developed by our research group will provide for a uniform evanescent field across the entire
sensing interface based the introduction of advanced planar waveguide technologies currently
developed at our research group67, 68 in lieu of the single-bounce ATR crystal, thereby
significantly improving the reproducibility of the IR signal.

Conclusions
We present the first instrumental combination of scanning electrochemical microscopy
(SECM) with in-situ attenuated total reflection infrared spectroscopy (IR-ATR) using a single
bounce ATR crystal as SECM substrate. The capabilities of the SECM-IR-ATR were
demonstrated by simultaneously spectroscopically monitoring the microstructured
electropolymerization of 2,5-di-(2-thienyl)-pyrrole, which was induced by feedback mode
SECM. The level of polymerization could be evaluated by the recorded IR spectra, which were
synchronized with the progression of the electrochemically-induced polymerization.
Furthermore, access to the fingerprint region of the IR spectrum (> 10μm) not only revealed
the polymerization level but provided direct spectroscopic insight on the polymerization
mechanism, which was verified via ex-situ data and reports in literature.

Future research is targeted towards next-generation SECM-IR-ATR technology using planar
waveguides providing uniform evanescent field intensity, and towards combining AFM
techniques with SECM-IR-ATR by using bifunctional AFM-SECM probes. This triple
combination AFM-SECM-IR-ATR will provide a unique multifunctional analytical platform
enabling simultaneous in-situ studies on topographic (AFM), infrared spectroscopic (IR-ATR),
and electrochemical (SECM) processes.
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Figure 1.
(a) 2,5-di-(2-thienyl)-pyrrole (SNS) structure with labeled hydrogen atoms; (b) Scheme of the
SECM-ATR-FTIR set-up; (c) SNS polymerization through feedback mode SECM using Ru
(bpy)3

2+ as mediator.
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Figure 2.
a) Ex-situ IR characterization of poly(SNS) formed on a Pt sheet electrode during progressing
electropolymerization. b) Optical micrograph of poly(SNS) spots formed at the ZnSe crystal
surface during different electropolymerization periods: upper left – 20 min; upper right – 15
min; bottom left – 5 min; bottom right – 10 min.
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Figure 3.
Simultaneous in-situ IR-ATR characterization of SNS polymerization induced via a 1 mm Pt
disk electrode.
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Figure 4.
Simultaneous in-situ IR-ATR characterization of SNS polymerization induced via feedback-
mode SECM using a 25μm Pt ultramicroelectrode.
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Figure 5.
Simultaneous in-situ IR-ATR characterization of poly(SNS) patterning at different spots via
feedback-mode SECM using a 25μm Pt ultramicroelectrode.
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Table 1

Changes of the Poly(SNS) spot size with respect to the polymerization time.

Polymerization time [min] 5 10 15 20

Deposited spot size [μm] 180 190 200 205
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Table 2

Changes of the polymerization level calculated from integrated α-H peak area of polymerized SNS and the
integrated α- H area of SNS monomer (integrated from 670 cm-1 to 710 cm-1) in respect to polymerization time.
Three sets of time-dependant in-situ electropolymerization of SNS are presented (experiment 1 -3). The peak
area change of the polymerization levels are presented in %.

Polymerization time [min] α-H polySNS vs. SNS peak area
change [%] Exp. 1

α-H polySNS vs. SNS peak area
change [%] Exp. 2

α-H polySNS vs. SNS peak area
change [%] Exp. 3

5 2.78 3.19 5.72

10 8.64 9.31 13.4

20 15.7 17.1 21.2

30 19.1 23.4 26.5
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