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While amperometric detection (AD) has been a powerful technique in non-aqueous capillary electrophoresis
(NACE) for many years, it has been used only for several oxidative determinations. Since reductive electro-
chemistry offers many possibilities, this study aims to extend NACE-AD to reductive electrochemical approaches.
After electrode material characterization in electrolytes based on acetonitrile (ACN), silver (Ag) emerged as the
most suitable electrode material among gold (Au) and platinum (Pt) due to its higher overpotential for hydrogen
evolution, and therefore, offers a broader potential range for reductive determinations in conjunction with
electrolytes containing ammonium acetate and acetic acid. The applicability of reductive NACE-AD at Ag elec-
trodes was subsequently evaluated using nitrophenolic compounds as model analytes, namely 4-nitrophenol
(4NP), 2,4-dinitrophenol (DNP), and 2,4,6-trinitrophenol (TNP). This method enabled the selective detection
of each nitrophenol within the migration window for negatively charged species without oxygen removal. It was
found that reductive detection in ACN-based NACE was straightforward in the presence of dissolved oxygen,
reaching low limits of detection in the uM range (0.5 uM for TNP and 2.0 uM for DNP). Furthermore, mechanistic
insight into the electrode reactions was obtained using a newly developed, user-friendly electrochemical injec-
tion module for capillary electrophoresis coupled to mass spectrometry (EC—CE-MS), to gain a holistic view of
NACE-AD and the electrochemical processes involved. Here, 4-aminophenol, 4-amino-2-nitrophenol, and 4-
amino-2,4-dinitrophenol could be identified as the electrode reaction products at a detection potential of - 1.3
V for NACE-AD in ACN-based media.

1. Introduction utilized to determine chlorinated phenols [11], illicit drugs [12,13],

nicotine in tobacco [14], and nicarbazine (coccidiostat) in poultry feed

Capillary electrophoresis (CE) is a highly efficient separation tech-
nique that requires minimal sample and solvent volumes, making it
suitable for a wide range of analytical applications. Non-aqueous
capillary electrophoresis (NACE) enhances CE by enabling the separa-
tion of compounds poorly compatible with aqueous media while also
providing better long-term stability and lower electrophoretic currents
[1] compared to its aqueous counterpart. NACE is especially valuable in
pharmaceutical, environmental, and analytical contexts for handling
poorly water-soluble substances [2]. Commonly, NACE is combined
with conductivity [3-5], mass spectrometric [5-7], and UV [8,9]
detection. A less common, but powerful detection principle in NACE is
amperometric detection (AD), relying on the electrochemical activity of
various analytes. In this context, NACE-AD shows improved sensitivity,
selectivity, and stability, aided by the use of organic solvents that reduce
noise and enhance detection performance [10]. NACE-AD has been
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[15]. Furthermore, a novel dual-detection concept based on NACE-AD
and mass spectrometry has been successfully deployed for the sensi-
tive and selective determination of trimetazidine (doping agent) in urine
[16] and nitenpyram (pesticide) in pet medication [17]. However, all
the above-mentioned methods rely on NACE in combination with
oxidative AD.

Notably, no method has yet been reported that uses a reductive
NACE-AD approach, although reduction plays an important role in many
electrochemical fields. For example, reductive electrochemical detec-
tion in aqueous CE has enabled the analysis of various analytes, such as
inorganic peroxides with gold (Au) microelectrodes [18], explosives
with Au and Ag electrodes [19], and nitrophenols with carbon fiber
electrodes [20]. Entirely non-aqueous systems have also been used for
reductive processes, for example, the electrosynthesis of fluorinated
compounds from dichlorofluoromethane [21], voltammetric reduction
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of benzamide [22], and detection of patulin and 5-hydroxymethylfurfu-
ral in apple juice [23]. Given this background, the integration of NACE
with reductive AD in non-aqueous background electrolytes (BGEs) could
be a promising new option in various analyses. For example, a typical
NACE BGE based on acetic acid and ammonium acetate dissolved in
ACN, which has been utilized in several oxidative NACE-AD applications
[14-17], could also be beneficial in this context since acetic acid can
provide protons needed in electrochemical reductions.

Nitrophenols present an important class of reducible compounds.
They are widely used in the production of pesticides, dyes, explosives,
and pharmaceuticals, but are latent, toxic, and environmentally haz-
ardous if not properly controlled. Typically, elevated concentration
levels of nitrophenols have been found in water and soil samples near
industry due to insufficiently treated wastewater [24] and military
training grounds and facilities [25] due to the production and use of
ammunition containing 2,4-dinitrophenol (DNP) and 2,4,6-trinitrophe-
nol (TNP) as explosives. Structurally, NPs have one or more nitro
groups attached to a phenol ring, at the ortho, meta, or para position.
These nitro groups can be targeted by electrochemical reduction. The
respective hydroxylamino- and amino species have been reported as the
main electrode reaction products for the electrochemical reduction of
various nitrocompounds, including nitrophenols, in aqueous media
[26-31]. Additionally, nitrophenols exhibit a negative charge in media
containing acetonitrile (ACN) due to the combined effects of deproto-
nation and hyperconjugation, and can therefore be easily separated by
NACE [32,33].

Given this perspective, we present the introduction to reductive AD
in the field of NACE. As a starting point, possible electrode materials
(Au, Ag, and Pt) were characterized in ACN BGE by cyclic voltammetry
(CV), with Ag emerging as the most promising candidate. 4-nitrophenol
(4NP), DNP, and TNP were used as model analytes, investigating the
electrochemical characteristics, migration behavior, and analytical
performance of reductive NACE-AD regarding nitrophenols. In this
approach, the oxygen reduction reaction (ORR) appeared as a constant
background signal, and thus, reductive detection in ACN-based NACE
was straightforward in the presence of dissolved oxygen. Moreover, the
products of the electrode reactions during detection were investigated
via electrochemically assisted injection to CE coupled to mass spec-
trometry (EC—CE-MS), which has been previously described for oxida-
tive NACE-AD determination, utilizing special injection modules [15,
17]. This project aims to extend the application of NACE-AD,
non-aqueous EC—CE-MS, and dual-detection concepts based on
NACE-AD and to give opportunities for efficient nitrophenol monitoring.

2. Experimental
2.1. Materials and reagents

The following chemicals were used, all of analytical grade: 2,4-dini-
trophenol (DNP), 2,4,6-trinitrophenol (TNP), 4-amino-2-nitrophenol,
and 4-aminophenol (4AP) were purchased from Sigma-Aldrich (St.
Louis, USA). 4-nitrophenol (4NP) and hydrazine hydrate were supplied
by Fluka Chemie GmbH (Buchs, Switzerland). Acetonitrile (ACN),
ammonium acetate, 0.1 M sodium hydroxide solution, and formic acid
were purchased from Merck (Darmstadt, Germany). Acetic acid and 2-
propanol were purchased from Carl Roth (Karlsruhe, Germany). Ultra-
pure water was provided by a Milli-Q Advantage A10 system (Merck
Darmstadt, Germany). All measurements were carried out using a
background electrolyte consisting of 1 M acetic acid and 10 mM
ammonium acetate in ACN.

Fused silica capillaries (75 ym inner diameter, 365 pm outer diam-
eter, polyimide coated) were purchased from Polymicro Technologies
(Phoenix, USA). For the preparation of the AD electrodes, 25 pm Ag, Pt
wires provided by Advent Research Materials (Oxford, United Kingdom)
and 25 pm Au wires supplied by Goodfellow (Cambridge, United
Kingdom) were used.
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2.2. Experimental procedures

2.2.1. Micro-electrode fabrication

The micro-electrodes were manufactured after the following pro-
cedure: Firstly, the soda glass capillary (O.D. 350 pm, wall thickness 103
pm, length: 100 mm) from Hilgenberg GmbH (Malsfeld, Germany) was
cut into 20 mm-long pieces. After closing one capillary end using heat
treatment, the wire was inserted. Finally, the wire was completely sealed
in the glass capillary by applying heat and a vacuum. This procedure was
chosen to achieve the best possible sealing while applying minimal heat,
since the Ag and Au micro-wires were prone to melting due to their
lower melting points compared to Pt. The sealed electrodes were
embedded in laboratory-crafted PTFE fittings and glued to copper tubing
using silver epoxy from M.G. Chemicals (Burlington, Canada) for elec-
trical connection.

The same strategy was applied to all electrodes, which were
deployed in the CV experiments.

2.2.2. Synthesis of 4-amino-2,6-dinitrophenol

4-amino-2,6-dinitrophenol was synthesized as an analytical standard
using Cu nanoparticles as a catalyst and 2,4,6-trinitrophenol* as a
starting material. Firstly, Cu nanoparticles were synthesized by reducing
an aqueous CuSO4 solution (50 mL, 10 mM) by adding 20 mM hydrazine
hydrate under stirring at room temperature. Afterward, the mixture was
heated to 60 °C for 30 min. TNP (4.4 mM) and hydrazine hydrate (10
mM) were dissolved in 50 mL ACN and added to the aqueous medium.
The mixture was kept at 60 °C for one additional hour. The initially
yellow solution changed color to red. As a next step, the solution was
filtered to remove the nanoparticles. Finally, the solvent was removed,
and the red precipitate was collected.

The crude product was purified by recrystallization from ACN/H30
3/1 (v/v), and characterized by CE-MS.

*2,4,6-trinitrophenol is a potentially explosive compound whose
hazard is strongly dependent on its hydration state. The dry material is
highly sensitive to shock, friction, and heat, and must therefore be
strictly maintained in a wetted condition at all times.

2.2.3. Cyclic voltammetry

The electrochemical behavior of Ag, Au, and Pt electrodes was
characterized using CV measurements. For the investigation, a three-
electrode setup in a 3-mL batch cell was used. The electrode system
was based on an Ag/AgCl reference electrode, a stainless-steel cannula
used as a counter electrode, and a 25 pm disc electrode made from the
respective metal. The setup was connected to a SP 200 potentiostat from
Biologic (Seyssinet-Pariset, France) operated using EC-Lab V11.46
software.

2.2.4. Capillary electrophoresis with amperometric detection

A custom-built, LabVIEW-controlled CE-system [17] was coupled to
an in-house constructed AD cell, which is described in [10] in detail.
This cell configuration was utilized in all CE-AD experiments. A sche-
matic representation of the CE-AD setup can be found in Fig. S5.

Briefly, the AD cell featured a three-electrode system. A 25 um Ag
disk electrode served as the working electrode, while an Ag/AgCl wire
acted as the reference electrode. A stainless-steel tube, which also
functioned as the capillary guide, served as the auxiliary electrode and
was grounded to complete the CE circuit. Electrode alignment was
performed under an UltraZoom Pro digital microscope (dnt, Die-
tzenbach, Germany). The AD cell was enclosed in a custom-built
Faraday cage to minimize electromagnetic interference. The three-
electrode assembly was connected to a BioLogic SP-200 potentiostat
equipped with an ultralow current module (BioLogic, Seyssinet-Pariset,
France) and operated using EC-Lab V11.46 software. The sample was
injected for 10 s by a syphon effect due to a difference in height between
the capillary inlet and outlet of 15 cm.

The separation capillary (length, 65 cm; I.D., 75 um) was prepared
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according to the following procedure: the capillary ends were polished
at a 90° angle and sequentially rinsed with 0.1 M NaOH (10 min),
deionized water (5 min), and background electrolyte (BGE: 10 mM
ammonium acetate and 1 M acetic acid in ACN, 30 min). The capillary
was subsequently stored overnight in ACN.

2.2.5. Mechanistic investigations

For the investigation of the electrode processes, an advanced elec-
trochemical injection module evolved from our previous work [17] was
used. This injection cell was developed to utilize a cylindrical standard
electrode commonly used as a working electrode (WE) in electro-
chemical measurements. Moreover, the design was modified to accom-
modate a removable auxiliary and reference electrode to enable easy
replacement of all electrodes in the case of the characterization of
different materials or electrode fouling. A 3D model of the module can
be seen in Fig. 1(1), and explosion drawings of relevant cell details are
shown in Fig. 1(2-4).

The cell was based on a PTFE body and a stainless-steel cell cover.
The cap held a sample reservoir made from a modified micro-insert (0.3
ml) from Avantor (Radnor, USA). Auxiliary electrode (stainless-steel
cannula) and reference electrode (Ag/AgCl wire) were integrated into
the reservoir. The separation capillary was guided through a glass funnel
made from a modified disposable Pasteur pipette from Avantor (Radnor,
USA). The working electrode (WE, see Fig. 1(4)) consisted of a 3 mm
disc housed in a PTFE body and was held in place by a copper screw,
which also served as a connector to the potentiostat. In this work, Ag was
used as the WE material. A detailed view of the electrode system can be
seen in Fig. 1(3). The cell was sealed with a modified silicone septum
E158.1 from Carl Roth (Karlsruhe, Germany) as a gasket. The arrange-
ment was compressed by four threaded rods and eight hexagonal nuts
(M2). The injection module was connected to a pAutolab potentiostat/
galvanostat (Metrohm Autolab B. V., Utrecht, Netherlands) to apply the
WE potential. The injection cell could be placed in the autosampler of
the CE device, analogous to a standard vial (1.5 ml, ND 9) from Avantor
(Radnor, USA). For the injection of the sample from the electrode sur-
face, the position of the high-voltage electrode and capillary was opti-
mized with the help of the capillary positioning system of the laboratory-
constructed CE device [17]. The unique cell design allows the use of a
multitude of common electrode materials like boron-doped diamond,
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glassy carbon, metals (e. g., Ag, Au, Pt, and many more) as WEs.
Furthermore, sample reservoir, auxiliary, reference, and working elec-
trodes could also be replaced easily, which is especially desirable when
working under corrosive conditions.

The electrode reaction was investigated by EC—CE-MS in combina-
tion with the newly developed injection module. A schematic repre-
sentation of the EC—CE-MS setup, utilizing specialized injection
modules, can be seen in Fig. S6. 4NP, DNP, and TNP (500 uM in BGE),
and blank BGE were injected from the surface of the WE while a po-
tential of - 1.3 V vs. Ag/AgCl was applied. Prior to injection, the elec-
trochemical injection module was kept at - 1.3 V for 60 s to provide a
steady-state concentration of the analytes with subsequent CE separa-
tion at 8 kV. 4NP, DNP, TNP, and 4-aminophenol (4AP), 4-amino-2-
nitrophenol (ANP), and 4-amino-2,6-dinitrophenol (ADNP), which
were the suspected reduction products of the respective nitrophenol,
were also injected at open circuit potential (OCP). All solutions con-
tained 500 uM of the respective analyte in BGE. A micrOTOF mass
spectrometer from Bruker Daltonics (Bremen, Germany) with a coaxial
sheath-flow ESI interface from Agilent Technologies (Santa Clara, USA)
was used for mass spectrometry. For the detection of DNP, TNP, and the
respective products of electrochemical reduction, the micrOTOF mass
spectrometer was operated in negative ion polarity mode using a sheath-
liquid consisting of HyO:2-propanol:ammonia (49.975:49.975:0.05, v:v:
v). The device was operated with the following parameters: nebulizer
gas pressure 0.3 bar, dry gas (N3) flow 2.5 L/min, dry gas temperature
240 °C, and m/z 50-400. The sheath liquid had a flow rate of 480 pl/h.
For the detection of 4NP, the micrOTOF mass spectrometer was operated
in positive ion polarity mode using a sheath-liquid consisting of HyO:2-
propanol:formic acid (49.95:49.95:0.1, v:v:v). The device was operated
with the following parameters: nebulizer gas pressure 0.3 bar, dry gas
(N3) flow 2.5 L/min, dry gas temperature 240 °C, and m/z 50-400. The
sheath liquid had a flow rate of 480 ul/h. Data Analysis 4.0 SP1 from
Bruker Daltonics (Bremen, Germany) and MZmine 3 [34] were used for
data acquisition.
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Fig. 1. Novel design for an electrochemical injection module for CE. 1: Full 3D model of the cell. 2: Explosion model of the cell. 3: Zoomed-in view of the electrode

system. 4: Explosion view of the WE composition.
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3. Results and discussion

3.1. Electrochemical characterization of electrode materials for non-
aqueous capillary electrophoresis with amperometric detection

As reductive detection poses a new field in NACE-AD, different
electrode materials were tested for their applicability in this context.
The noble metals Ag, Au, and Pt were chosen due to their stability in the
investigated BGE (10 mM ammonium acetate and 1 M acetic acid in
ACN) and the availability of micro wires for the production of ultra-
micro electrodes. For the material characterization, CV was performed
from O to - 1.5 V in BGE in the presence of dissolved oxygen, resulting in
the different current responses shown in Fig. 2.

Firstly, the oxygen reduction reaction (ORR) showed similar onset
potentials at approximately - 0.4 V for all materials investigated.
Different ORR mechanisms have been proposed for the respective metals
[35-37]. The second important electrode reaction to consider is the
hydrogen evolution reaction (HER). Here, Ag, Au, and Pt differed
significantly from each other. For Pt, HER started at - 0.9 V, marking the
lower end of the electrochemically stable potential range in combination
with the BGE (10 mM ammonium acetate and 1 M acetic acid in ACN).
This could be attributed to the high catalytic activity of Pt in the HER.
On the contrary, Au showed low activity, and Ag even lower activity,
which has also been reflected in the exchange current densities for Ag,
Au, and Pt reported by Lasia et al. [38] for HER determined in aqueous
media. The same trend for more negative HER potentials for Au (- 1.1 V)
and Ag (- 1.3 V) could be observed in this work. This led to a wider range
in negative potentials for reductive determinations of the systems Aul|
ACN BGE and Ag|ACN BGE before HER took over. At this point, Ag
emerged as the best-suited electrode material exhibiting the largest
potential range for reductive AD. All the following experiments were
carried out using 25 pm Ag micro-disc electrodes.

The next point to be addressed was the electrochemical behavior of
the electrode during CE separation. For oxidative NACE-AD, a potential
shift has been reported when positive HV is applied in end-capillary AD,
which had to be accounted for by adding an extra-potential [14]. A
similar situation could be encountered using reductive NACE-AD. To
compensate, the potential shift (AE) was subtracted from the optimum
detection potential of each analyte when no separation voltage was

-2.0
—Au

5] —Pt
<
=
T -1.0-
(]
5
© Start of HER

-0.5- \

Start of ORR
0.0 ¥ T v T T T
0.00 -025 =050 -075 =100 -125 =150

Potential vs. Ag/AgCI [V]

Fig. 2. Comparison of CV measurements of different electrode materials in BGE
(10 mM ammonium acetate and 1 M acetic acid in ACN) in the presence of
dissolved oxygen. Cyclic voltammograms of 25 pm disc electrodes made of
silver (Ag, blue), gold (Au, red), and platinum (Pt, black). Start of oxygen
reduction reaction (ORR) and hydrogen evolution reaction (HER) at different
potentials for Ag, Au, and Pt. Scan rate: 50 mV/s.
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applied, to achieve low background currents and sensitive AD with a
positive separation voltage (see supporting information Fig. S. 1).

3.2. Investigation of nitrophenolic compounds

3.2.1. Electrochemical properties of nitrophenols in ACN BGE

In the context of electrochemical detection methods, the choice of
electrode material is crucial, as the electrode forms the interface be-
tween the analyte and the electronic measurement system. Therefore,
different electrode materials can significantly influence sensitivity,
selectivity, and stability. For a first proof-of-concept, differently
substituted nitrophenolic compounds, namely TNP, DNP, and 4NP, were
chosen as model substances.

All compounds contain one or more nitro groups, which can be
electrochemically reduced. The species differ in the number and position
of the nitro groups to investigate the influence of substituents on elec-
trochemistry, electrochemical products, and CE separation. As a first
step in the electrochemical characterization, cyclic voltammograms of 1
mM solutions of TNP, DNP, and 4NP were performed using Ag and Pt
micro-disc electrodes and compared with BGE. The corresponding CV
measurements can be seen in Fig. 3. Here, the same ORR and HER as
previously shown in Fig. 2 could be observed in BGE for both electrodes.
However, an increased reduction current could be found for all solutions
of TNP, DNP, and 4NP at the Ag electrode (starting at — 0.8 V), indicating
additional electrochemical reduction. Signal intensity and onset do not
differ significantly, suggesting similar reduction mechanisms for all
compounds investigated. Moreover, a comparison with Pt under the
same conditions showed a lack of change in reduction current. This led
to the conclusion that Ag showed electrocatalytic activity for the
reduction of nitrophenols and was therefore ideally suited for the
detection of TNP, DNP, and 4NP in the context of reductive NACE-AD. It
is important to note that although ORR potential and the reduction of
nitrophenols may overlap, CV provided a clear difference in signal for
BGE and the analyte solution, which could be translated to AD.
Removing oxygen could be challenging due to the fast diffusion and high
solubility of Oy [39] in ACN compared to other media and the high
volatility of ACN and acetic acid. This is particularly relevant for reliable
NACE operation. For this reason, it was decided to continue all further
experiments without removing oxygen.

3.2.2. Analytical characterization of nitrophenols in ACN BGE

Given the electrochemical detectability of nitrophenols in ACN BGE
using electrochemical reduction at Ag electrodes, the next step was to
obtain the first actual electropherograms of reductive NACE-AD. Here,
the migration behavior of TNP, DNP, and 4NP in ACN BGE was inves-
tigated. The electropherogram of a mixture of 100 pM TNP, DNP, and
4NP is shown in Fig. 4, left panel. 2,4-dinitrotoluene (100 pM, DNT)
was added as an EOF-marker. This measurement was performed with
low separation voltage (8 kV) to provide an overview of all three
nitrophenolic compounds. The electropherogram shows three distinct
signals. The comparison with DNT led to the conclusion that all nitro-
phenols could be detected within the migration window for negatively
charged substances (hence showing deprotonation) in the BGE investi-
gated. Furthermore, the degree of negative charge is significantly
influenced by the degree of NOj-substitution. While 4NP (1xNOj)
migrated close to the EOF, DNP (2xNO,) showed good separation (peak
at 575 s), and TNP (3xNO3) could be determined selectively due to its
long migration time of 915 s at a separation voltage of 8 kV. This
configuration could be used to determine TNP and DNP selectively
amongst other nitro compounds. However, 4NP also showed a compa-
rably low negative charge (migration slightly after DNT, visible as a
signal shoulder). 4NP could also be determined selectively by enhancing
separation efficiency (see Fig. 4, right panel). Here, a separation voltage
of 27 kV was used to separate a mixture of 500 pM DNT and 4NP, which
could not be baseline separated at 8 kV (see Fig. 4, left panel). Here, the
two species could be separated, and 4NP could be determined
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Fig. 3. Cyclic voltammograms of differently substituted nitrophenols at Ag and Pt electrodes: 1 mM 2,4,6-trinitrophenol (TNP, red); 2,4-dinitrophenol (DNP, black);
4-nitrophenol (4NP, blue) solutions in BGE (10 mM ammonium acetate and 1 M acetic acid in ACN). Comparison with BGE (grey). All measurements were performed
in the presence of oxygen. Visualization of the analyte reduction, oxygen reduction reaction (ORR), and Hydrogen evolution reaction (HER). The current response for
nitrophenol reduction could be observed only on the Ag electrode. Scan rate: 50 mV/s.
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Fig. 4. Migration behavior of 4-nitrophenol (4NP), 2,4-dinitrophenol (DNP), and 2,4,6-trinitrophenol (TNP) in BGE (10 mM ammonium acetate and 1 M acetic acid
in ACN). 2,4-dinitrotoluene (100 uM, DNT) was used as an EOF marker. Detection at - 1.3 V vs Ag/AgCl using a 25 um Ag disk electrode. Left: Measurements of a 100
uM mixture of 4NP, DNP, TNP, and DNT at a separation voltage of 8 kV. Right: Measurements of a 500 uM mixture of 4NP and DNT, at a separation voltage of 27 kV.

selectively. However, due to the much higher separation voltage, the
noise level was also increased, which could influence detection perfor-
mance drastically.

Since only DNP and TNP showed a selective migration behavior at a
separation voltage of 8 kV, limits of detection (LODs) were calculated for
DNP and TNP, respectively, using a mixture of 4NP, DNP, and TNP in the
concentration range from 1 to 5 uM. For 4NP, additional measurements
using a mixture of DNT and 4NP in a concentration range from 100 to
500 uM at 27 kV were conducted. The results are summarized in Table 1

Table 1
LODs (mean and standard deviation) for the determination of 4NP at a separa-
tion voltage of 27 kV, DNP, and TNP at a separation voltage of 8 kV for S/N = 3,
(n = 3).

Analyte 4NP DNP TNP
Separation voltage [kV] 27 8 8
LOD [pM] 1.0-10%+ 0.1-10% 2.0+0.1 0.52 + 0.03

for DNP and TNP with LODs in uMrange (0.5 uM for TNP and 2 uM for
DNP). A different electrochemical behavior of 4NP under CE-AD con-
ditions (due to the influence of the significantly higher separation
voltage) and higher noise levels (see Fig. 4) at 27 kV compared to a
separation at 8 kV could contribute to the significantly higher LOD of
4NP (100 uM) compared to DNP and TNP. All LODs were determined for
S/N = 3.

3.3. Characterization of the electrochemical reduction products for 4-
nitrophenol, 2,4-dinitrophenol, and 2,4,6-trinitrophenol

For the following experiments, the newly developed injection mod-
ule was equipped with a 3 mm Ag disc electrode as a working electrode
(See Fig. 1), and the injection into the CE system was performed from the
surface of the working electrode.

3.3.1. Reduction of the BGE
As a first step in the characterization of the electrode reactions
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during AD, the reduction of ACN BGE was investigated. For this purpose,
BGE (10 mM ammonium acetate and 1 M acetic acid in ACN) was
injected at OCP, and an AD detection potential of - 1.3 V was applied to
the injection module while operating the mass spectrometer in negative
ion polarity mode. The corresponding total ion electropherograms
(TIEs) can be seen in Fig. 5. Here, only the unspecific EOF signal (see
black mass spectrum, right side) could be observed for injection at OCP,
while for injection at - 1.3 V, an additional peak in the migration win-
dow for positively charged analytes at 380 s could be observed, hinting a
reduction of BGE constituents. The BGE reduction product, character-
ized by m/z 232.8 and m/z 134.8 (blue mass spectrum, left side), could
also be found in the following investigations of 4NP, DNP, and TNP in
ACN BGE. For positive ion polarity, no specific electrochemical reduc-
tion product could be found for ACN BGE. For the sake of simplicity, the
additional illustration of extracted ion electropherograms for this BGE
reduction product has been omitted below, since the signal showed a
selective migration behavior and could be separated from 4NP, DNP,
TNP, and their reduction products by CE.

3.3.2. Reduction of nitrophenolic compounds

EC—CE-MS was performed to investigate the reduction processes of
4NP, DNP, and TNP at Ag electrodes in ACN BGE. 500 uM 4NP, DNP, and
TNP in BGE were investigated. The corresponding electropherograms
are shown in Fig. 6. The sample was injected at OCP, and at a potential of
- 1.3 V from the surface of the working electrode. For TNP and DNP,
mass spectrometric measurements were performed in negative ion po-
larity mode (see Fig. 6, top). For TNP and DNP (black electrophero-
grams), only one signal could be observed, corresponding to the
respective [M-H]” with m/z values of 183.0 for DNP (migration time 615
s) and m/z 228.0 for TNP (migration time 975 s), see respective mass
spectra in the supporting information (Fig. S. 2) when injected at OCP.
At - 1.3 V, one additional signal could be observed for each compound
for TNP at 580 s and for DNP at 570 s. A comparison with 500 pM so-
lutions of 4-amino-2,6-dinitrophenol (m/z 198.0, [M-H]') in the case of
the reduction of TNP and 4-amino-2-nitrophenol (m/z 153.0, [M-H]') for
DNP (blue electropherograms) suggests an electrochemical conversion
of one nitro group to the corresponding amino group. For ADNP, a small
residue of TNP could also be found as a contaminant (extracted ion
electropherogram m/z 228.0) due to the synthesis of ADNP using TNP as
a starting material (see Section 2.2.2).

The respective mass spectra are displayed in the supporting
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Fig. 5. EC—CE-MS measurements of BGE. Total ion electropherograms (TIE) of
BGE (10 mM ammonium acetate and 1 M acetic acid in ACN) injected at OCP
and - 1.3 V. The CE separation was carried out at 8 kV. Mass spectra obtained
from the peaks at 380 s and 575 s.
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information (Fig. S. 3.1-3). The EC—CE-MS measurements of 4NP are
displayed in Fig. 6, bottom. Since no product species were observable in
negative ion polarity mode, the investigation of 4NP required the mass
spectrometer to be operated in positive ion polarity mode. However, for
4NP, a mass spectrometric response was only observable in negative ion
polarity mode. Therefore, an extracted ion electropherogram (m/z,
138.1, [M-HJ, black electropherogram, peak at 575 s) was added to
visualize the migration behavior of 4NP. In positive ion polarity mode,
no signal could be obtained at OCP, while a signal at 515 s was observed
when a potential of - 1.3 V was applied. A comparison with a 500 pM
solution of 4-aminophenol (m/z 110.0, [M + H]") injected at OCP
suggested the same electrochemical reduction behavior as the other
nitrophenolic compounds investigated. The corresponding mass spectra
are shown in the supporting information (Fig. S. 4.1-2). Furthermore,
DNP and TNP exhibited similar electrochemical transitions during the
ESI process, as indicated by extracted ion electropherograms showing
signals at m/z 198.0 and m/z 153.0 below the respective [M-H]" signals,
which were separated from ANP and ADNP by CE.

The EC—CE-MS measurements showed, in agreement with Fig. 3,
that all three compounds undergo the same selective transition by the
electrochemical reduction of only one nitro group at - 1.3 V in the
investigated BGE (10 mM ammonium acetate and 1 M acetic acid in
ACN) to the respective amino group. These findings are based on com-
parisons of migration behavior and mass spectra for the nitrophenol, the
electrode reaction products, and the respective amino derivative (used
as an analytical standard). However, the ESI ionization behavior of the
electrochemical reduction products 4AP, ANP, and ADNP could differ
significantly due to the different -NO; substitution pattern. A schematic
summary of the electrode reactions during reductive amperometric
detection, and chemical formulas, can be seen in Fig. 7.

In contrast to reports mentioning the reduction of nitrophenols in
aqueous media [32], no additional hydroxylamine species could be
found for the investigated BGE (10 mM ammonium acetate and 1 M
acetic acid in ACN) at a potential of — 1.3 V, suggesting a different
electrochemical reduction mechanism in ACN-based BGEs compared to
aqueous media.

4. Conclusions

In this study, we demonstrated opportunities offered by reductive
electrochemical methods in combination with NACE, namely NACE-AD
and EC—CE-MS, under NACE conditions. Starting with material char-
acterization in ACN-based media, Ag emerged as the best electrode
material for reductive applications due to its high overpotential for HER
and stable ORR, resulting in lower background currents than Pt and Au.
Furthermore, the possible application of reductive NACE-AD at Ag
electrodes was investigated using nitrophenolic compounds as model
analytes, resulting in selective migration times within the migration
window for negatively charged analytes. AD of the nitrophenols in the
presence of dissolved oxygen emerged as a straightforward approach
leading to low LODs (0.5 uM for TNP and 2.0 uM for DNP). Given this
analytical background, reductive NACE-AD could provide a basis for
methods for the sensitive and selective determination of nitrophenols in
samples of different origins (surface water, soil, ammunition). Further-
more, insight into the electrode reaction could be gained by the imple-
mentation of a newly developed user-friendly electrochemical injection
module, which was specifically designed to accommodate a great vari-
ety of working electrode materials. The use of 3 mm Ag disc electrodes in
combination with ACN BGEs led to the electrochemical reduction of
only one nitro group in mono-, di-, and tri-substituted nitrophenols,
providing 4AP, ANP, and ADNP selectively at —1.3 V for NACE-AD of the
respective nitrophenol. Based on these findings, reductive NACE-AD and
EC—CE-MS could be extended to other important substance classes and
become an integral part of the CE and electrochemical landscape.
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Fig. 6. EC—CE-MS measurement of 500 uM solutions of TNP (top left), DNP (top right), and 4NP (bottom) in BGE (10 mM ammonium acetate and 1 M acetic acid
in ACN). Extracted ion electropherograms for measurements using m/z values of [M-H]" for TNP and DNP and their electrochemical reduction products 4-amino-2,6-
dinitrophenol (ADNP) and 4-amino-2-nitrophenol (ANP) (negative ion polarity mode), and [M + H]" for 4NP and the corresponding electrochemical reduction
product 4-aminophenol (4AP). The respective mass spectra are shown in the supporting information (Fig S. 2 — S4). Injection at open circuit potential (OCP, black
electropherograms) and - 1.3 V (red electropherograms) for each nitrophenol. Extracted ion electropherograms of 500 uM solutions of ADNP, ANP, and 4AP injected
at OCP (blue electropherograms). An extracted ion electropherogram 4NP [M-H] (measured in negative ion polarity mode, black) was added since no [M + H]™
could be observed for 4NP in positive ion polarity mode. CE conditions are as in Fig. 5.
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Fig. 7. Schematic representation of the electrochemical reduction of 4NP, DNP, and TNP to 4AP, ANP, and ADNP in BGE (10 mM ammonium acetate and 1 M acetic
acid in ACN).
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