
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

7:
04

:1
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Mass spectromet
aSchool of Environment, School of Marine S

Institute of Technology, Weihai, Shandong,

edu.cn
bState Key Laboratory of Urban Water Resou

Technology, Harbin, Heilongjiang, 150090,
cSchool of Chemistry and Chemical Engin

Harbin, Heilongjiang, 150001, China
dBeijing National Laboratory for Molecul

Molecular Engineering, Peking University,

pku.edu.cn

† Electronic supplementary informa
10.1039/d1sc01385h

‡ These authors contributed equally to th

Cite this: Chem. Sci., 2021, 12, 9494

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 9th March 2021
Accepted 9th June 2021

DOI: 10.1039/d1sc01385h

rsc.li/chemical-science

9494 | Chem. Sci., 2021, 12, 9494–94
ric detection of fleeting neutral
intermediates generated in electrochemical
reactions†

Jilin Liu,‡abc Kai Yu, ‡ab Hong Zhang,ab Jing He,abc Jie Jiang *abc and Hai Luo*d

Towards the goal of on-linemonitoring of transient neutral intermediates during electrochemical reactions,

an electrochemistry-neutral reionization-mass spectrometry (EC-NR-MS) technique was developed in this

work. The EC-NR setup consisted of a customized EC flow cell, a sonic spray ionization source, a heating

tube, an ion deflector and an electrospray ionization source, which were respectively used for the precise

control of the electrochemical reaction, solution nebulization, droplet desolvation, ion deflection and

neutral intermediate ionization. Based on the EC-NR-MS approach, some long-sought neutral radicals

including TPrAc, DBAEc and TEOAc, which belong to important reductive intermediates in

electrochemiluminescence (ECL) reactions, were successfully identified which helps to clarify the

previously unproven ECL reaction mechanism. These findings were also supported by spin-trapping

experiments and the tandem MS technique. Accordingly, the EC-NR-MS method provides a direct

solution for studying complicated electrochemical reactions, especially for detecting short-lived neutral

radicals as well as ionic intermediates.
Introduction

Neutral radicals play crucial roles in electrosynthesis,1–3 elec-
trochemiluminescence4,5 and biological redox reactions.6,7

Accurate identication of such intermediates is essential for
deriving the reaction mechanisms and further developing effi-
cient reaction systems or novel materials. The most commonly
used characterization techniques include density functional
theory (DFT) calculation,8,9 cyclic voltammetry (CV),10,11 electron
paramagnetic resonance spectroscopy (EPR)12–14 and spin trap-
ping;2 however, these methods are either off-line or unable to
directly detect neutral intermediates.

Recently, our group reported a neutral-reionization (NR)
strategy, which can isolate the neutral serine octamer from
other ions for mass spectrometric analysis.15 Herein, this setup
was modied to study electrogenerated neutral intermediates,
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such as those in electrochemiluminescence reactions involving
tertiary amine co-reactants. Considering that electrochemical
reactions are generally ultrafast and neutral radicals are short-
lived, an on-line and direct characterization method should
be recommended. Due to the signicant advantages of on-line
analysis, high sensitivity and selectivity, and the ability to
provide the molecular weight and structure information of the
analyte, electrochemistry-mass spectrometry (EC-MS) was
employed for this research.16,17 As illustrated in Fig. 1, the
established technique, named electrochemistry-neutral
reionization-mass spectrometry (EC-NR-MS), consists of
a custom designed EC ow cell, an easy ambient sonic-spray
ionization (EASI) source, a heating tube, an ion deector and
an electrospray ionization source (see ESI, Fig. S1† for more
details).15,18–20 During the measurement, the electrooxidation
can be precisely controlled in the EC ow cell, and the solution
containing electrochemical products was pumped out from the
EC cell and subsequently nebulized with the aid of a high-ow
gas stream (the EASI specialty). The droplet desolvation and ion
deection can be achieved when the mist traversed the heating
tube and the deector successively. Finally, the electrochemi-
cally generated neutral species were ionized by ESI for mass
spectrometric analysis.

Based on the EC-NR-MS platform, the electrooxidation
processes of tri-n-propylamine (TPrA), 2-(dibutylamino)ethanol
(DBAE) and triethanolamine (TEOA) were monitored in real
time. Although these tertiary amines have been widely used as
co-reactants in electrochemiluminescence21–23 and electron
donors in photocatalysis,24,25 their neutral radical intermediate
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of (a) the basic components of the EC-NR-
MS setup, and (b) the working principle of the deflector. When the
deflection voltage is on, ionic species are deflected; only neutral
species can pass through the deflector and are subsequently ionized
by the ESI plume and detected by MS.
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species cannot be directly detected with traditional
techniques.11,26
Experimental section
Chemicals

Methanol (MS grade), triethanolamine (98%), tri-n-propylamine
(98%), 2-(dibutylamino)ethanol (99%), tris(2,20-bipyridine)
ruthenium(II) dichloride hexahydrate and 5,5-dimethyl-1-
pyrroline N-oxide (98%) were purchased from Sigma Aldrich
(Darmstadt, Germany). PBS buffer solution (pH ¼ 7.5) was
purchased from Aladdin (Shanghai, China). The glassy carbon
(GC) disk electrode (diameter 0.3 mm), platinum (Pt) plate and
Ag/AgCl reference electrode were from Gaoss Union (Wuhan,
China). Ultrapure water was produced by using a Milli-Q water
purication system (Milford, MA). The solvent was bubbled
with pure nitrogen for one hour to deoxygenate and all sample
solutions were used immediately aer preparation.
Electrochemistry-neutral reionization-mass spectrometry

As shown in Fig. S1,† the electrochemistry-neutral reionization-
mass spectrometry (EC-NR-MS) setup consisted of an EC ow
cell, an easy ambient sonic-spray ionization (EASI) source,
a heating tube (i.d. 5.8 mm, o.d. 7.4 mm, and length 10 cm), an
ion deector and an electrospray ionization (ESI) source. The
EC ow cell was made of PEEK and the internal volume for
sample solution was 100 mL. A typical three-electrode unit
includes a GC working electrode, Pt plate counter electrode and
Ag/AgCl reference electrode connected to a CHI660E AutoLab
(CH Instruments, Shanghai, China) for achieving the
© 2021 The Author(s). Published by the Royal Society of Chemistry
electrochemical reaction. The WE and CE were placed in
parallel on the le and right sides of the EC ow cell while the
RE was xed on the top (see Fig. S2† for more details). The inlet
of the EASI capillary was in the EC ow cell and close to the WE,
and the capillary outlet was inserted into the heating tube to
maximize the collection of droplets. During the experiment, the
sample solution was pumped into the EC ow cell at a ow rate
of 25 mL min�1. The electrooxidation products in solution were
then sprayed out from the other side of the EC ow cell under
a gas pressure of 60 psi (the EASI specialty). The formed droplets
completely entered the heating tube (made of glass and its
temperature was kept at 100 �C) for desolvation. A pair of
parallel copper plates (10 � 10 mm2) integrated into a PEEK
scaffold were utilized as an ion deector. The distance between
the two plates was 10 mm. One of the plates was grounded while
the other plate was input a voltage of �5 kV, helping to trap the
ions emerging from the heating tube. The other side of the ion
deector was facing the MS inlet and their distance was 10 mm.
In order to ionize the remaining neutral products for mass
spectrometric analysis, the ESI source was placed in front of the
MS inlet at a distance of 4 mm. The angle between the tip of the
ESI sprayer and the MS inlet was ca. 60�, the spray voltage was
set to 5 kV, and methanol was used as the spray solvent.
Mass spectrometry

All MS data were acquired in positive-ion mode by using an LTQ
mass spectrometer (Thermo Fisher Scientic, Waltham, MA,
USA). The experimental parameters were capillary temperature
(275 �C), capillary voltage (35 V) and tube lens voltage (110 V).
The Xcalibur soware package (Version 2.0.7, Thermo Fisher
Scientic, USA) was used for data analysis.

The tandem mass spectrometry (MS2) data were obtained in
positive ion mode by using an LTQ mass spectrometer. The
collision induced dissociation (CID) voltage was set to 30 V or
35 V depending on the analytes and the maximum ion injection
time was 30 ms.
Results and discussion
Electrooxidation of tri-n-propylamine

To evaluate the usability of EC-NR-MS, tri-n-propylamine (TPrA),
a well-known co-reactant for electrochemiluminescence (ECL)
reactions, was chosen as the proof of concept.5,27–30 One famous
ECL system based on this reagent is tris(2,20-bipyridine)ruth-
enium(II) (Ru(bpy)3

2+)–TPrA. As proposed by Bard et al., TPrA
could be electrooxidized at 0.8 V, generating a radical cation
(TPrAc+) and a neutral radical (TPrAc). Using TPrAc as the
reducing agent for Ru(bpy)3

2+ would form Ru(bpy)3
+, which

then oxidized by TPrAc+ to produce the excited state of
Ru(bpy)3

2+ (see Scheme S1†).26,31–33 Although this ECL mecha-
nism has been widely accepted, the generation and evolution
details of TPrAc+ and TPrAc are still unknown. In 2016, Shao
et al. found two relatively stable TPrA electrooxidation products
([Pr2N]CHCH2CH3]

+ and NHPr2, see Scheme S1†) by employ-
ing an online EC-MS method.34 A more recent report from Xu
et al. presented another in situ EC-MS technique, which
Chem. Sci., 2021, 12, 9494–9499 | 9495
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Fig. 2 EC-NR-MS spectra of 100 ppm TPrA with 1 mM PBS (pH ¼ 7.5),
(a) without ESI and (b) with ESI.

Fig. 3 EC-NR-MS spectra of 100 ppm TPrA solution containing
0.1 mMDMPO and 1 mM PBS (pH¼ 7.5): (a) E¼ 0 V without ESI, (b) E¼
0 V with ESI, (c) E¼ 0.8 V without ESI, and (d) E¼ 0.8 V with ESI. E is the
applied electrooxidation potential for TPrA and the ionization voltage
of ESI is 5 kV.
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successfully captured the electrogenerated TPrAc+.35 Unfortu-
nately, these endeavours have not achieved the detection of
TPrAc and thus cannot conrm the TPrA electrooxidation
process completely.

Considering that the electrochemical reaction is generally
ultrafast, a shorter distance between the EC ow cell and MS
inlet may collect more information of the reaction products.
Therefore, we rst chose EC/EASI coupled with MS to study the
electrooxidation of TPrA (Fig. S3†). Due to the so ionization of
EASI (which does not require the application of heat, high
voltages, laser beams or UV light), the reaction products remain
intact during the ionization process.36–39 As shown in Fig. S4–
S6,† the eeting intermediates of TPrA, including TPrAc+ (its
half-life was estimated to 200 ms)26 and [Pr2N]CHCH2CH3]

+,
were detected and characterized. In addition, EC/EASI-MS was
applied to monitor the interaction between Ru(bpy)3

2+ and TPrA
(see Fig. S7†). The key intermediates including TPrAc+ and
Ru(bpy)3

+ can be observed simultaneously on the MS spectrum,
partially evidencing the mechanism of Scheme S1.†

Encouraged by the EC/EASI-MS results, we aimed at a more
challenging goal of TPrAc detection. Since the m/z value of
protonated TPrAc is equal to that of TPrAc+ in the MS spectrum,
it is impossible to distinguish between them by MS. To over-
come the drawback, the neutral reionization (NR) setup15,19 was
coupled with EC/EASI (see Fig. S1†) for extracting the electro-
chemically generated TPrAc. Prior to the electrooxidation
experiments, the performance of the EC/EASI-NR-MS setup was
tested by using TPrA solution (100 ppm TPrA, 1 mM PBS buffer,
and pH¼ 7.5). Under a gas pressure of 60 psi, the TPrA solution
was rapidly sprayed out from the tee with the molecules being
ionized via the EASI source, and these ionic species were further
transferred to the NR part. When there was no deection voltage
(V) applied, the resulting mass spectrum was dominated by the
peak at m/z 144 (Fig. S8a†). As expected, MS cannot provide any
sampling signal as the deection voltage was set to �5 kV,
(Fig. S8b†), indicating that the ionic species were completely
trapped by the deector. Meanwhile, if the ESI at the end of the
deector was applied with a voltage of 5 kV, the remaining
neutral molecules in the gas stream were “re-ionized” and thus
detected again by MS. The obtained mass spectrum is shown in
Fig. S8c† and is similar to the undeected result of Fig. S8a.†
Such results demonstrate that our EC-NR-MS method is quali-
ed for studying electrochemically generated neutral
molecules.

With the successful isolation and detection of neutral
molecules, EC-NR-MS was subsequently devoted to capturing
TPrAc. The oxidation potential (E) and deection voltage (V)
were set at 0.8 V and �5 kV, respectively. As shown in Fig. 2a,
none of the ionic oxidation products such as [Pr2N]CHCH2-
CH3]

+ (m/z 142) and TPrAc+ (m/z 143) can be observed in the
absence of ESI, illustrating that the intermediate ions along
with those initial EASI-generated molecular ions (e.g. m/z 144
and 102, see Fig. S8a†) have been removed by the deector. With
the ESI high voltage (5 kV) on, several peaks owing to the post-
deector ESI “reionization” of the remaining neutral species
appeared in Fig. 2b. Obviously, due to the occurrence of elec-
trooxidation here, the relative intensity of m/z 102 has
9496 | Chem. Sci., 2021, 12, 9494–9499
signicantly increased in comparison with that in Fig. S8c.†
Meanwhile, the peak at m/z 142 attributed to [Pr2N]CHCH2-
CH3]

+ is absent, suggesting that all the ionic electrooxidation
intermediates have been removed by the deector. It is worth
emphasizing that compared with Fig. S8c,† there is a new peak
atm/z 143 in Fig. 2b. Considering that the ionic electrooxidation
intermediates have been removed by the deector, this new MS
signal should originate from the electrogenerated neutral
species, which is most likely to be protonated TPrAc (m/z 143).
As far as we know, this is the rst mass spectrometric evidence
of TPrAc.

To further conrm the mass spectrometric detection of
TPrAc, a common radical trapping agent DMPO40–43 was used to
capture this neutral radical. The proposed reaction pathway
between TPrAc and DMPO to form a neutral spin adduct
(DMPO/TPrAc) is described in Scheme S2 (ESI†). The generation
of DMPO/TPrAc can be checked online by EC-NR-MS as well. To
this end, a solution containing 100 ppm TPrA, 1 mM PBS, and
0.1 mM DMPO was used in the experiments with the deector
voltage (V) set at �5 kV. Fig. 3a and c were obtained in the
absence of ESI, and no signal appeared on the spectra, consis-
tent with the fact that all the generated ionic species were
© 2021 The Author(s). Published by the Royal Society of Chemistry
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removed by the deector. Fig. 3b and d were acquired by
inputting 5 kV to the ESI. The mass peaks observed at m/z 144,
114 and 102 in Fig. 3b correspond to the protonated TPrA,
DMPO and NHPr2, respectively. When a potential (E) of 0.8 V
was applied to the working electrode of the EC ow cell, a new
peak (m/z 256) which should be assigned to the protonated spin
adduct [DMPO/TPrAc + H]+ is shown in Fig. 3d. Note that the
formation of DMPO/TPrAc signicantly decreased the amount
of free TPrAc, and thus the protonated TPrAc peak (m/z 143) is
too low in intensity to be seen in Fig. 3d (compared with that in
Fig. 2b). The protonated spin adduct [DMPO/TPrAc + H]+ was
further characterized by MS2 (see Fig. S10, ESI†). Evidently, the
formation of the protonated spin adduct [DMPO/TPrAc + H]+

corroborates the previous nding that the neutral radical
(TPrAc) was indeed generated during the electrooxidation of
TPrA under 0.8 V.

Additionally, we have veried the role of TPrAc in the ECL
process by adding DMPO to remove TPrAc from the Ru(bpy)3

2+/
TPrA reaction system (see the ESI†). Comparing the patterns of
Fig. S11 and S7,† one can realize that the neutral radical TPrAc is
indeed functioned as the reducing agent for Ru(bpy)3

2+ to
produce Ru(bpy)3

+.
Electrooxidation of 2-(dibutylamino)ethanol

The feasibility of EC-NR-MS was then investigated by capturing
the neutral intermediate generated in the electrooxidation of 2-
(dibutylamino)ethanol (DBAE). Different from TPrA, DBAE is
believed to be a more environmentally friendly ECL co-reactant
and is more efficient than TPrA on Pt and Au electrodes.
However, direct experimental observation on the electro-
generated active products of DBAE has not been achieved.44 The
same as the previous experiment, the EC/EASI device was
selected to monitor the electrooxidation process of DBAE. Two
reaction intermediates include an iminium ion (DBAE-I) and
radical cation DBAEc+ were detected and charactered by MS for
the rst time (see ESI Fig. S12†).
Fig. 4 EC-NR-MS spectra of 100 ppmDBAEwith 1 mM PBS (pH¼ 7.5),
(a) E¼ 0 Vwithout ESI, (b) E¼ 0 Vwith ESI, (c) E¼ 1.0 V without ESI, and
(d) E ¼ 1.0 V with ESI. E is the applied electrooxidation potential for
DBAE and the ionization voltage of ESI is 5 kV.

© 2021 The Author(s). Published by the Royal Society of Chemistry
Thereaer, EC-NR-MS was used to capture the electro-
generated neutral radical DBAEc. As shown in Fig. 4a, no MS
signal can be observed when the deection voltage was set to�5
kV, indicating the complete deection of the ions. When the ESI
voltage was set at 5 kV, the peak of protonated DBAE (m/z 174)
was observed (see Fig. 4b). Under an oxidation potential (E) of
1.0 V, two new peaks appeared atm/z 118 and 173 in Fig. 4d. It is
worth noting that the ion at m/z 173 is most likely the proton-
ated DBAEc. To verify this inference, DMPO was used to capture
DBAEc and the formation of a spin adduct [DMPO/DBAEc + H]+

can be seen in Fig. S14.† As far as we know, this is the rst MS
evidence of DBAEc. The proposed electrooxidation steps based
on above results are in Scheme S4.†

Electrooxidation of triethanolamine

EC-NR-MS was additionally applied to study the electrooxidation
of triethanolamine (TEOA). This chemical is commonly used as an
electron donor in photocatalysis24,45 or a co-reactant of ECL.4,21 As
proposed, TEOA can be electrooxidized to generate the radical
cation (TEOAc+) and then deprotonates to form TEOAc.24,46,47 With
EC/EASI, we successfully detected and charactered the electro-
oxidation intermediates of TEOA for the rst time, including the
iminium ion (TEOA-I) and radical cation TEOAc+.

Then the generation of TEOAc was conrmed by EC-NR-MS.
With the voltage of the deector and ESI set separately at �5 kV
and 5 kV, the dominate peak (at m/z 150) of the spectrum in
Fig. 5b corresponded to protonated TEOA. When 1.0 V was
applied to the WE, several peaks that should be related to the
oxidation products of TEOA appeared on the spectrum of Fig. 5d.
The ion at m/z 106 is associated with the oxidation intermediate
DEA, while that at m/z 149 is most likely the protonated neutral
radical TEOAc. The generation of TEOAc was further veried with
DMPO (check Fig. S18† for more details). This protonated spin
adduct [DMPO/TEOAc + H]+ was further characterized by MS2 (see
Fig. S19†). Thus, the electrooxidation mechanism of TEOA was
achieved and is presented in Scheme S6.†
Fig. 5 EC-NR-MS spectra of 100 ppm TEOAwith 1mM PBS (pH¼ 7.5),
(a) E¼ 0 Vwithout ESI, (b) E¼ 0 Vwith ESI, (c) E¼ 1.0 V without ESI, and
(d) E ¼ 1.0 V with ESI. E is the applied electrooxidation potential for
TEOA and the ionization voltage of ESI was 5 kV.

Chem. Sci., 2021, 12, 9494–9499 | 9497
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Conclusions

In summary, a novel EC-NR-MS platformwas established for on-
line monitoring of short-lived neutral intermediates generated
in electrochemical reactions. Based on the ion deector of EC-
NR setup, the electrogenerated neutral radicals can be
successfully separated from the ionic products, allowing the
transient neutral radicals TPrAc, DBAEc and TEOAc to be
detected by MS for the rst time. The formation of these neutral
radicals was further conrmed by using DMPO as the spin-trap
agent and the MS2 method. Other reaction products such as
iminium ions, NHPr2, 2-BAE and DEA were determined as well.
Based on the data acquired, we have conrmed the low-oxida-
tion potential ECL mechanism of the Ru(bpy)3

2+–TPrA system
and the electrooxidation processes of DBAE and TEOA. More-
over, this EC-NR-MS technique provides a direct solution for
elucidating complicated electrochemical reactions, especially
for identifying short-lived neutral radicals as well as ionic
intermediates.
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