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Corona discharge-induced reduction of quinones
in negative electrospray ionization mass
spectrometry
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Quinones, including 2,6-dichloro-1,4-benzoquinone (DCBQ), 1,4-benzoquinone (BQ), methyl-p-
benzoquinone  (MBQ), 14-naphthoquinone (1,4-NQ), 1,2-naphthoquinone (1,2-NQ), and
1,4-anthraquinone (AQ), generate M~ and [M + H]™ anions, rather than deprotonated molecules, in
negative electrospray ionization mass spectrometry (ESI MS), meaning a reduction occurs during the
electrospray process. The ratio of the signal intensities of M~ and [M + H]~ changed with the
adjustment of experimental parameters. To gain more insight into the mechanism of quinone reduction,
we explored the effect of experimental factors that are influential to corona discharge (CD). The results
showed that a severe CD, such as high spray voltage, using water as spray solvent, no use of sheath gas,
metal spray emitter, and slow flow rate of electrospray, facilitated the production of M*™ ions while
suppressing the production of [M + H]™ ions. Therefore, a conclusion can be drawn that the reduction of
quinones is closely related to CD. Moreover, the generation of M"™ and [M + H] ™ is related to the quinone

rsc.li/rsc-advances

1. Introduction

The quinone/quinol couple is a well-defined reversible redox
pair for electrochemistry investigations." However, phenol
oxidation or quinone reduction is also generally observed in
various mass spectrometry (MS) ionization sources. 1,4-Hydro-
quinone and several other phenolic compounds generated
[M — 2] radical-anions under certain negative-ion mass
spectrometric conditions with atmospheric pressure chemical
ionization (APCI), helium-plasma ionization (HePI) and elec-
trospray ionization (ESI) sources.”> Superoxide radical-anions
(0,'7), known to be present in many atmospheric-pressure
plasma ion sources, were thought to play a critical role in the
oxidative ionization process. Quinones, including 1,4-naph-
thoquinone (1,4-NQ), 1,2-naphthoquinone (1,2-NQ), and
5-hydroxy-1,4-naphthaquinone, were also found to experience
reduction during positive electron impact (EI),>* fast atom
bombardment (FAB),” and secondary ion mass spectroscopy
(SIMS),* as well as negative FAB® and desorption electrospray
ionization (DESI).” [M + 2H]" and [M + 3H]" cations were
generated in positive ion mode while M'™ and [M + H] ™ anions
were generated in negative ion mode. Electrons released by the
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structure. Quinones with higher reduction potentials are more readily reduced to the [M + H]™ form.

metal substrates and protons contained in the solid matrix were
supposed to be collaboratively involved in quinone reduction in
SIMS, and the plasma produced by corona discharge (CD) in the
gas phase was thought to be responsible for quinone reduction
in negative mode DESI MS.

Qin et al. observed the generation of [M + H]™ ions of 2,6-
dichloro-1,4-benzoquinone (DCBQ) in negative mode ESI MS,
based on which they have identified DCBQ as a new disinfection
by-product in drinking water.®* The authors attributed the
reduction to electrochemical reduction occurring at the spray-
ing tip. However, in-depth evidence was still absent. An ESI
source can be viewed as a controlled-current electrolytic cell, in
which oxidation reaction occurs in the positive mode and
reduction reaction occurs in the negative mode.**° In addition,
CD occurring during ESI, especially in negative ion mode,'* can
also result in analytes redox through producing plasmas con-
taining abundant H,0,, O; and "OH."™" Recently, we have
observed unexpected reduction of iminoquinone and quinone
derivatives in positive ESI MS, and illustrated that the reduction
was related with CD by adjusting experimental parameters that
were influential to CD.** Though CD ionization was specially
designed as a new kind of ionization source, [M + H]" ions were
generally generated in positive ion mode and [M — H]™ ions
were generated in negative ion mode.>'"'%1¢

In this study, we continued the investigation of the reduction
of quinones (DCBQ, 1,4-benzoquinone (BQ), methyl-p-benzo-
quinone (MBQ), 1,4-NQ, 1,2-NQ, and 1,4-anthraquinone (AQ))
in negative ESI MS, and explored the possible mechanism for
that phenomenon. By adjusting experimental parameters of
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spray voltage, solvent composition, sheath gas, spray emitter
material, and flow rate of electrospray, it illustrated that the
reduction of these quinones in negative ESI MS was closely
related with CD in the gas phase. Knowing the mechanism of
quinone reduction is beneficial to efficient qualitative and
quantitative analysis of quinonoid compounds in various
complex matrixes, such as the analysis of DCBQ in drinking
water.

2. Experimental

2.1. Materials and reagents

HPLC grade methanol (CH;OH) was purchased from Honeywell
Burdick & Jackson Inc. (Muskegon, MI, U.S.A.). BQ, MBQ, 1,4-
NQ, 1,2-NQ, AQ, DCBQ, and reserpine were obtained from
Sigma-Aldrich Chemical Co. Ltd. (St. Louis, MO, U.S.A.).
Ammonium acetate (NH,Ac) was obtained from Sinopharm
Chemical Reagent Co. Ltd. (Beijing, China). All these reagents
were used without any further purification. Distilled water
(18.2 MQ) was produced by Milli-Q system (Millipore Inc.,
Bedford, MA, U.S.A.).

2.2. ESI setup

The home-built ESI setup is shown in Fig. S1.} Spray voltage was
applied on the syringe needle, and the solution was electro-
sprayed from an approximate 50 cm-long fused silica capillary
(100 pm-i.d., 365 pm-o.d.). To achieve stable spray with the
home-built ESI source, the top 5 mm of the fused silica capillary
was etched with the method introduced by Kelly."” Sheath gas
was applied through a T-junction. Unless otherwise stated, the
home-made ESI source was used throughout. When investi-
gating the effect of spray emitter material on quinone reduc-
tion, home-made ESI source (fused silica capillary emitter) and
commercial ESI source (named HESI with stainless-steel capil-
lary emitter) were compared.

2.3. Mass spectrometry

All MS experiments were carried out using a Thermo LTQ or
Orbitrap Exactive Plus mass spectrometer (Thermo Fisher
Scientific, San Jose, CA, U.S.A.). The mass spectrometric
conditions throughout the study were set as: S lens voltage, 60%
(negative mode); capillary temperature, 275 °C; ion injection
time, 10 ms. The mass spectrum signals were averaged by three
microscans.

3. Results and discussion

3.1. Reduction of DCBQ in negative ESI MS

The setup in Fig. S1T was used to investigate quinone reduction
in negative ESI MS. When DCBQ solution was electrosprayed,
unexpected [M + H]™ ions (m/z 177, 179), rather than [M — H]|~
ions (m/z 175, 177), were observed in the mass spectra (Fig. 1a).
[M + H]™ ions of DCBQ were identified by MS/MS analysis
(Fig. S2t). Both electrochemical reaction and CD possibly
resulted in analyte reduction during ESI. It has been intensively
investigated that ESI can be viewed as a controlled-current
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Fig. 1 Chromatograms and mass spectra of (a) DCBQ (2 pg mL™t in
CH3OH/H,0 (v/v, 1:1) with 5 mmol L™ NH4Ac) and (b) reserpine
(0.5 pg mL~tin CH3OH/H,O (v/v, 1: 1) with 5 mmol L~ NH,Ac) for

continuous electrospray of 8 min. Flow rate = 1 uL min~?%, spray

voltage = 3 kV.

electrolytic cell.'®* When negative spray voltage is applied,
anions will be sprayed into the gas phase, and cations will be
accumulated in the liquid phase. To maintain charge balance,
reduction reaction will occur at the solution/electrode interface
to consume the excessive cations. However, the possibility of
electrochemistry-induced reduction of DCBQ could be excluded
based on the following experiments. Electrochemical reaction
occurred at the electrode/solution interface which corre-
sponded to the syringe needle/solution interface in the experi-
mental setup. Since there was an approximate 50 cm-long fused
silica capillary between the electrode and the spray tip,
electrochemistry-induced reduction would be observed with
a time delay, as that observed for reserpine oxidation in positive
ESI mode (Fig. 1b) (the oxidation pathway of reserpine is shown
in Fig. S3,7 with the main products of 3,4-dehydroreserpine
(m/z 607), 1-hydroxyreserpine (m/z 625), and methoxyl
substituted reserpine (m/z 639)***'). Herein, the volume of the
approximate 50 cm-long fused silica capillary with a diameter of
100 um was approximate 4 pL. Therefore, it took about 4 min for
sample solution with electrode contact to pass through it with
a flow rate of 1 uL. min~*. However, [M + H]~ ions of DCBQ were
observed at the very beginning of the spray (Fig. 1a). Therefore,
electrochemistry would not be responsible for DCBQ reduction
in negative ESI MS.

3.2. Effect of experimental parameters on DCBQ reduction

Benassi et al. observed the reduction of BQ in negative DESI MS
when investigating the asymmetrical incidence of oxidation and
reduction reaction.” The authors speculated that standard
solution-phase electrochemical processes had only limited
influence on the redox transformations, but discharge-created
radicals in the gas phase were dominant. To gain more
insight into the mechanism of quinone reduction in negative
ESI mode, we investigated the effect of experimental factors that
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were influential to CD, including spray voltage, solvent
composition, sheath gas, spray emitter material, and flow rate
of electrospray, on quinone reduction.

Solvent composition affects the extent of discharge in elec-
trospray.*” For example, the extent of discharge for the following
three solvents is: H,O > CH;OH/H,O (v/v, 1:1) > CH30H,*
which can be characterized by the luminescence extent of
electrospray.> When pure CH;OH was used as the solvent, most
of DCBQs were reduced to the [M + H]|  form. When CHj;-
OH/H,0 (v/v, 1 : 1) was used as the solvent, the signal intensity
of [M + H]™ ions was slightly higher than that of M"~ ions
(m/z 176, 178) (M"~ ions of DCBQ were identified by MS/MS
analysis (Fig. S21)). However, when pure H,O was used as the
solvent, the mass spectra were dominated by M"~ ions (Fig. 2).
The results showed that a more severe CD facilitated the
formation of M"~ ions, while a weaker CD favoured the forma-
tion of [M + H] ions. As the CD strengthens, the ESI source
increasingly behaves as a composite ESI/APCI source. M,
corresponding to the molecular radical ion of analytes, is
generally produced in plasma-based atmospheric pressure
ionization sources, such as APCI" LTP,” and DBDI* by
gaining an electron during the ionization process. However,
[M + H], corresponding to the deprotonated molecule of the
hydrogenated product, is rarely encountered in most of the
atmospheric pressure ionization sources. The reduction of
DCBQ to [M + H]” and M'~ might involve with proton- and
electron-initiated reduction,**” respectively, because addition of
NH,Ac, a proton-rich matrix,® to the DCBQ solution facilitated
the formation of [M + H]| ions (Fig. S471). Although the two
reduction pathways need more investigations, it can be
concluded that the formation of [M + H]” and M"~ ions of DCBQ
is related with CD occurring in the gas phase.

Flow rate is another factor affecting CD during ESI MS.* Our
previous work has shown that the discharge extent of electro-
spray was inversely proportional to the flow rate. With higher
flow rate, the intensity of CD-induced luminescence was
weaker."*® When the DCBQ solution was electrosprayed with
the flow rate of 2 and 5 pL min~", more [M + H|~ ions were
generated with the higher flow rates (Fig. 3). The results

100]
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Fig. 2 ESI mass spectra of DCBQ (2 pg mL™Y in (a) CHsOH, (b)
CH3OH/H,0 (v/v, 1:1), and (c) H,O. Flow rate = 2 uL min~?, spray
voltage = 3 kV.
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Fig. 3 ESI mass spectra of DCBQ (2 ng mL™tin H,O with 5 mmol L™*
NH4Ac) with flow rates of (a) 2 pL min~t and (b) 5 pL min~%. Spray
voltage = 3 kV.

indicated that a weaker CD favoured the formation of [M + H]~
ions of DCBQ.

Sheath gas affects CD via changing the surrounding
circumstance where CD occurs.” When no sheath gas was used,
the surrounding environment of electrospray was air consisting
of 78% nitrogen (N,) and 21% oxygen, and the signal intensities
of [M+H] and M"~ were comparative without use of sheath gas
(Fig. 4). However, when N, was used as sheath gas, the signal
intensity of [M + H]| raised accompanying the significant
decrease of the signal intensity of M"~. Similarly, sulfur hexa-
fluoride (SFe) facilitated the formation of [M + H]| ions
(Fig. S51). The dielectric strengths of O,, N,, and SF¢ are 0.92, 1,
and 2.6, respectively.” Gas with higher dielectric strength more
readily suppresses discharge, for which SFs is commonly used
as discharge-suppression gas.** Therefore, the results indicated
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Fig. 4 Effect of sheath gas (N») on DCBQ (2 pg mL™t in H,O with
5 mmol L™! NH4Ac) reduction during ESI process. Flow rate =
5 uL min~?, spray voltage = 3 kV. (—) and (+) denote no use and use of
sheath gas, and it is the same for other figures.
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that a more severe CD facilitated the formation of M"™ ions,
while a weak CD favoured the formation of [M + H]™ ions.

Spray voltage and spray emitter material can also affect CD
during ESL which was characterized via luminescent intensity
in our previous work.”® When DCBQ solution was electrosprayed
at spray voltages of 3 and 6 kV using fused silica capillary as
spray emitter, the mass spectra were dominated by [M + H]~
ions. However, when DCBQ solution was electrosprayed with
stainless-steel capillary as spray emitter (conducted with
a commercial ESI source), more M'~ jons were generated with
spray voltage of 6 kV (Fig. 5). Metal spray emitter discharges
more drastically than fused silica spray emitter under the same
conditions, because the metal emitter releases electrons more
easily than the Taylor cone of the electrospray solution.”” On the
other hand, higher spray voltage will result in more vigorous
CD, based on which Downard's group have done intensive
proteomics-related research.’*** Therefore, the results indi-
cated that a more sever CD through raising spray voltage or
using metal spray emitter facilitated the formation of M" ™~ ions.

Besides, we explored the effect of NH,Ac, solvent composi-
tion, and sheath gas on the reduction of DCBQ in a commercial
ESI source, and similar results as home-made ESI source were
obtained. Addition of NH,Ac, solvent of CH;OH and using N, as
sheath gas also facilitated the formation of [M + H] ions in
negative ESI MS (Fig. S67).

3.3. Reduction of other quinones in negative ESI MS

In addition, we studied the reduction behaviours of other
quinones during negative ESI MS. The effect of spray voltage,
solvent composition, and sheath gas on 1,2-NQ reduction is
shown in Fig. 6. When 1,2-NQ in CH;OH/H,O (v/v, 1: 1) was
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Fig. 5 Effect of spray voltage and spray emitter material on DCBQ
(2 ug mL™t in CH3OH with 5 mmol L™ NH4Ac) reduction during ESI
process. (@) Home-made ESI source with fused silica capillary,
(b) commercial ESI source (HESI) with stainless-steel capillary. Flow
rate = 2 uL min~*.

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances
@) o ©
10 25KV 2 7.97x10% TIC
. 158 =
3 &
£ 0 & 0
s 5 a4 - M-
Elm 30KV 54.77x10 158: M
< z
0 0
£ 100 £ 299109 . -
: L i B
&) G g 0 T T T T T T T
y } } 08 09 1.0, 1.1 1.2 13 14
(b)lss 157159 161 163 21D (m\in)_v_/
159 150
10 100
. CH,;0H N
H] H] 158
PPy E
210 158 CH,O0H/H,0 ER
= = A\
= (V/v, 1:1) =
< <
< <100
210 £
2 "0 2
& & 0 T T i T
0 ! ! ! " 155 157 159 161 163
155 157 159 161 163 o

Fig. 6 Effect of (a) spray voltage, (b) solvent composition and (c)
sheath gas (N,) on 1,2-NQ (5 pg mL™Y) reduction during negative ESI
MS. Flow rate = 2 uL min~%, spray voltage = 3 kV, solvent: CHsOH/H,O
(v/v, 1:1), and 5 mmol L™* NH4Ac was added in the solution of (c).
While one variable was investigated, the other parameters kept
constant.

electrosprayed, [M + H]|™ (m/z 159) and M"~ (m/z 158) ions
dominated the mass spectra at spray voltages of 2.5 and 4.5 kV,
respectively (Fig. 6a) (the ions of m/z 158 and 159 were identified
via the MS/MS analysis, Fig. S7t). With the solvent composition
changed from methanol to water, more M"~ ions were produced
during the ESI process (Fig. 6b). Besides, the signal intensity of
[M +H] increased with the decrease of that of M'~ when N, was
used as the sheath gas (Fig. 6¢). The effect of sheath gas (N,) on
1,2-NQ reduction in a commercial ESI source with Orbitrap
Exactive Plus mass spectrometer is shown in Fig. S8.7 All above
results showed that experimental factors facilitating CD,
including high spray voltage, using water as spray solvent, and
using N, as sheath gas, contributed to the formation of M"~
ions of 1,2-NQ.

When BQ, MBQ, 1,4-NQ, and AQ in CH;OH/H,O (v/v, 1: 1)
were separately electrosprayed in negative ion mode, all their
mass spectra were dominated by M~ ions, which was quite
different from the behaviours of 1,2-NQ and DCBQ. We sus-
pected that the different reduction behaviours of various
quinones might correlate to their reduction potentials, which
had been used to explain quinone reduction in FAB® and ESI
MS.** Quinone reduction involves with two steps of electron
transfer, and their reduction potentials are shown in Fig. 7.%° A
trend was observed that quinones with higher reduction
potential tended to form [M + H]™ ions.

DCBQ in CH30H/H,O (v/v, 1:1) can be transformed to
hydroxylated and methoxylated DCBQ (their structures were
identified by high resolution and MS” spectra in Fig. S9t).%¢
When DCBQ in CH;OH/H,O0 (v/v, 1 : 1) was electrosprayed from
fused silica capillary emitter, DCBQ and methoxylated DCBQ
were detected as the [M + H]~ form (m/z 177, 179; m/z 207, 209),
and hydroxylated DCBQ was detected as the M~ form (m/z 191,
193). However, when stainless-steel capillary was used as the
spray emitter, methoxylated DCBQ and partial DCBQ were

RSC Adv., 2017, 7, 43540-43545 | 43543
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Fig. 7 ESI mass spectra of (a) BQ, (b) MBQ, (c) 1,4-NQ, (d) 1,2-NQ, (e)
AQ, and (f) DCBQ with CH3zOH/H,O (v/v, 1: 1) as spray solvent. Flow
rate = 2 uL min~?, spray voltage = 3 kV. The letters of ‘a’ and ‘b’ denote
the first and second half-wave potential, respectively.

transformed to the M~ form (Fig. 8). Therefore, the hydroge-
nation reduction ability of the three compounds could be
ranked as: DCBQ > methoxylated DCBQ > hydroxylated DCBQ.
The results further illustrated that the reduction behaviours of
various quinones were related with their chemical structures.
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Fig. 8 ESI mass spectra of DCBQ (2 pg mL™ with 5 mmol L™t NH,Ac)
in CHsOH/H,O (v/v, 1 : 1) with (a) fused silica capillary and (b) stainless-
steel capillary as spray emitters. Flow rate = 2 plL min~, spray

voltage = 3 kV.
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Experimental parameters that relate to CD greatly affect the
signal intensities of [M + H]™ and M'~ ions of quinones.
Attentions should be paid to control the ions in one form as
much as possible for quantitative analysis of quinones.
For quinones with low reduction potentials, such as 1,4-NQ and
AQ, M'™ ions can be chosen as the quantitative ions because
M"" ions are generally produced under common experimental
conditions. For quinones with high reduction potentials, such
as DCBQ and 1,2-NQ, both [M + H]” and M"™ ions can be chosen
as the quantitative ions, depending on the experimental
parameters. While M"~ will be chosen as the quantitative ion
under strong discharge conditions, [M + H]|~ will be chosen as
the quantitative ion under weak discharge conditions.

4. Conclusions

Quinones can be reduced to [M + H]” and M'~ ions in negative
ESI MS, and the reduction behaviours are related with experi-
mental parameters. Those experimental parameters resulting in
a severe CD, such as high spray voltage, slow flow rate, using
water as spray solvent, no use of sheath gas, and metal spray
emitter, facilitate the formation of M~ ions, whereas weak CD
conditions favour the formation of [M + H]™ ions. Moreover, the
reduction behaviours of quinones are associated with the
chemical structures. Quinones with higher reduction potentials
tend to form [M + H] ™ ions.
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