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a b s t r a c t

We present an approach for the elucidation of C¼C bond position and cis/trans isomers, which is
achieved by the reaction of ambient water radical cations and double bonds, followed by the frag-
mentation of epoxide radical cations to generate diagnostic ions in tandem mass spectrometry. Hexenol
double bond positional isomers and cis/trans isomers which exhibit different properties and biological
functions are characterized as a proof of concept. The merits of the approach include the simplicity of
experimental setup, rapid derivatization (within seconds), the obviation of organic solvents, as well as
easy spectral interpretation.

© 2020 Elsevier B.V. All rights reserved.
onds; CID, collision-induced
on-neutral complex.
1. Introduction

Carbon-carbon double bonds (C¼Cs) exist widely in biological
molecules [1]. Different C¼C positions and geometries in molecules
result in positional isomers and cis/trans isomers, respectively. They
may have dramatically various biological consequences. Hexenols
(containing one C¼C bond) are important green leaf C6-volatiles,
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which play important roles in mediating the behaviors of herbi-
vores and their natural enemies, and in triggering the plant-plant
communication to prevent further attacks [2,3]. It was found that
hexenols are produced from phospholipids via their respective
hydroperoxides in green leaves [4]. Double bond positional isomers
and double bond stereoisomers of hexenols can potentially exert
different functions in an organism [5]. For example, trans -2-
hexenol is important pheromone component of insects like the
North America Megacyllene antennata [6]; cis-3-Hexenol can
induce defense genes and downstream metabolites in maize [3]. In
addition, it was found that the ratio between cis-3-hexenol and
trans-3-hexenol in wine can be indicative of wine origin [7].
Obviously, the elucidation of C¼C bond in hexenol isomers is
important in order to better understand their biological functions.

High-resolution mass spectrometry combined with tandem
mass spectrometry such as collision-induced dissociation (CID) has
emerged as an invaluable tool for structural elucidation of various
compounds. However, it is ineffective in elucidation C¼C bond
positions when using low-energy CID due to the high bond cleav-
age energy of C¼C bond. To tackle this problem, several MS-based
approaches have been developed, which mainly involve two gen-
eral strategies: 1) gas-phase fragmentation methods, e.g., radical
directed dissociation [8], ozone-induced dissociation (OzID) [9e11],
ultraviolet-photodissociation [12], electron impact excitation of
ions from organic [13]; 2) selective derivatization of C¼C, e.g.,
ozonolysis [14], methylthiolation [15], Patern�o-Büchi reaction
[16e20], plasma induced epoxidation [21], offline meta-
chloroperoxybenzoic acid epoxidation [22,23], electrochemical
epoxidation [24] as well as paper spray epoxidation [25]. While the
above approaches provide information regarding C¼C bond posi-
tions, many of these approaches require particular MS instruments,
hardwaremodifications toMS instruments and/or the utilization of
environmentally unfriendly derivatization reagents. Also, the
identification of cis/trans isomerism at double bonds remained
challenging in above approaches.

Water vapor plasma has been studied asworkingmedia for lasers,
light sources and efficient sources of UV radiation [26e29]. Typically,
the species generated in water vapor plasma are dominated by
protonated ions (H2O)nHþ, which are produced by ultrafast proton
transfer from (H2O)nþ� to form OH� radical [30]. (H2O)nþ� ions are
difficult to observe due to the instability of water radical cations. Up
to now, a few spectroscopic studies were reported about the obser-
vation of (H2O)nþ� by exposing water vapor to electron-impact ioni-
zation [31], vacumm-UV [32], femtosecond multiphoton ionization
[33], and X-ray radiation [34]. Although there are some spectroscopic
studies of water radical cation, (H2O)nþ� are seldom observed in
ambient MS, especially its chemical behaviors with other com-
pounds. Our research group recently discovered that the water
radical cations (H2O)2þ� were produced by using ambient corona
discharge mass spectrometry [35,36]. We envisioned that the high
reactivity and environmental friendly feature of (H2O)2þ� might
enable differentiation of double bond position and stereoisomers.

In this study, we present a novel approach for the elucidation of
C¼C bond position and cis/trans isomers of hexenol by mass spec-
trometry via epoxidation reaction with water radical cations followed
by CID of product ions. The advantages of our approach include: i) fast
and in situ epoxidation and characterization of C¼C bonds, ii) no need
of special instrumentation and organic solvents, iii) implementation
on a commercial mass spectrometer without any modifications.

2. Materials and methods

2.1. Materials and reagents

All chemical reagents were obtained from commercial suppliers
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with the highest purity available and then directly used without
further purification. Hexenol isomers (purity, 95e98%), including
cis-2-hexenol, cis-3-hexenol, trans-3-hexenol, cis-4-hexenol and 5-
hexenol, were purchased from Aladdin®. D2O and H2

18O were ob-
tained from Cambridge Isotope Laboratories, Inc. (Andover, MA,
USA). Deionized water used for the experiments was provided by
ECUT chemistry facility at Laboratory.

2.2. Experimental setup

Home-built corona discharge ionization source was used for the
generation of ambient water vapor plasma and reaction of the pro-
duced ions with hexenols in front of commercial ion trap mass
spectrometers (LTQ-XL, Orbitrap-XL, Thermo Scientific, San Jose, CA,
USA). Briefly, the ionization setup was composed of twomajor parts:
ionization channel A and sampling channel B (shown in Fig. 1).

In ionization channel A, a stainless-steel discharge needle (OD
150 mm) with a sharp tip (curvature radius 7.5 mm) and an insulator
on the back end, were inserted coaxially into a fused silica capillary
(ID 0.15 mm, OD 0.17 mm). The geometry was carefully arranged so
that the sharp tip of the needle protruded ~0.5 mm from the
capillary orifice. The distance from the tip of the needle to the end
of the outlet of the fused silica capillary was 1 mm. The distance
between the needle and the MS inlet was 8 mm. The fused silica
capillary and the sharp discharge needle were fixed coaxially with a
union tee and silica ferrule. The free end of the teewas connected to
a gas line (ID 0.75 mm) fed with carrier gas at a flow rate of
10e100 mL/min, bubbled through liquid water, resulting in a moist
carrier gas. The carrier gas continuously transferred water vapor
into the ionization region. High voltage (þ2.6 kV, discharge
current < 2 mA) was applied to the stainless-steel needle in order to
generate ambient corona discharge. Under the optimized condition,
the water radical cation signal (H2O)2þ� (m/z 18) and its solvated
counterparts, (H2O)nþ� (n ¼ 2, 3; m/z 36, 54) were detected in the
mass spectrum, with the dimer at m/z 36 being the base peak
(Fig. S1).

In sampling channel B, the headspace VOCs of hexenols in 5 mL
sample bottle were continuously transferred into ionization region
via PEEK tubing (ID 0.2 mm; OD 1.5 mm) assisted by Ar gas. The cap
of a blank sample bottle was detached from the rest of the tube, and
the inlet and the outlet gas lines were sealed onto the top of the cap.
The distance (a) between the PEEK tube and the MS inlet and the
distance (b) between two channels were 8 mm and 5 mm, respec-
tively. The angle (a) between each individual channel and the MS
inlet was around 150�. The angle (b) between the two channels was
around 60�. The generated primary water radical cations reacted
with hexenols to produce secondary ions detected by MS.

2.3. Mass spectrometry

Mass spectra in LTQ-XL-MS were recorded in the m/z range of
15e200. Mass spectra in Orbitrap-XL-MS were recorded in the m/z
range of 50e200. All the spectra were recorded in positive-ion
detection mode. The temperature of the ion-transport capillary
was 150 �C; the capillary voltage was 1 V; the tube lens voltage was
30 V. In tandem mass spectra experiments, the window width of
precursor ions was isolated with 1 Da. Normalized collision energy
was set to 24%. The collision time was 30 ms. Other LTQ-XL pa-
rameters were automatically optimized by the instrument.

3. Results and discussion

3.1. Primary water radical cations

In the absence of hexenol sample (empty sampling bottle),



Fig. 1. Our strategy for distinguishing hexenols having C¼C at different positions and different cis/trans geometries using water radical cations. (a) Schematic representation
of the experimental setup for the on-line reaction between hexenols and water vapor plasma. (b) Mass spectrum of water radical cations (H2O)2þ� generated by experimental setup
depicted in Fig. 1(a) when opens channel A. (c) Mass spectrum of reaction between water radical cations (H2O)2þ� and hexenols generated by experimental setup depicted in Fig. 1(a)
when opens channel A and channel B. (d) Tandem mass spectra of [M þ O]þ� generated from the epoxidation between (H2O)2þ� and hexenols with different C¼C positions and
different cis/trans structures.
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abundant signals were observed related to the species produced by
the corona discharge ionization of water vapor: m/z 36, m/z 37, m/z
54 and m/z 55 (Fig. S1a). When D2O or H2

18O were used instead of
water, the new peaks at m/z 38, m/z 40, m/z 56, m/z 58 and m/z 60
could be clearly observed with mass shifts of 2, 4 and 6 mass units
from the original water signals (Figs. S1b, S1c). Based on these data,
the signals at m/z 36 and m/z 54 were assigned to water radical
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cation clusters (H2O)2þ� and (H2O)3þ� and the signals at m/z 37 and
m/z 55 to protonated water clusters (H2O)2Hþ and (H2O)3Hþ.
3.2. Epoxidation reaction between cis-2-hexenol and water radical
cations

When cis-2-hexenol was introduced into Channel B, major
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product ions at m/z 118 and m/z 116 were observed (Fig. 2a).
Concomitantly, the intensity of m/z 36 signal was decreased
(Fig. S2). This suggests that the generation of product ions m/z 118
and m/z 116 was due to the reaction between (H2O)2þ� and cis-2-
hexenol (m.w. 100 Da). High-resolution MS data reveal that the
signal at m/z 118 corresponds to the complex between hexenol
molecule and water radical cation [M þ H2O]þ� and the signal atm/
z 116 corresponds to epoxide product of cis-2-hexenol (Fig. S3).
These results suggest that the ions at m/z 118 and m/z 116 are
formed due to the addition of H2Oþ� to the C¼C bond and the
Fig. 2. Structural analysis of cis-2-hexenol by low energy ambient corona discharge MS
formation by low energy ambient corona discharge MS. (b) Full MS spectrum of cis-2-hexen
by low energy ambient corona discharge MS. (c) Full MS spectrum of cis-2-hexenol and H2

1

energy ambient corona discharge MS. (d) Tandem MS spectrum of [M þ O]þ� (m/z 116/) ge
MS spectrum of [M þ H2O]þ� (m/z 118/) generated from the addition reaction between c
118/) generated from the epoxidation reaction between cis-2-hexenol and (H2

18O)2þ� or th
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epoxidation reaction to the C¼C bond, respectively.
At the optimal voltage of 2.6 kV (Fig. S4) and a distance of 8 mm

between the discharge needle and the MS inlet (Fig. S5), the signal
ofm/z 36 reaches its maximal intensity and is much higher than the
intensity ofm/z 37. Other instrument parameters, such as the angle
between the PEEK tube and the discharge needle (Fig. S6a), the flow
rate of argon (Fig. S6b), and the distance between the PEEK tube
and the MS inlet (Fig. S6c) were tuned to optimize epoxidation
reaction. Moreover, to evaluate the environmental humidity influ-
ence on the reaction of hexenol [37], we changed relative humility
. (a) Full MS spectrum of cis-2-hexenol and H2O showing [M þ O]þ� and [M þ H2O]þ�

ol and D2O showing [M þ O]þ�, [M þ H2O]þ�, [M þ HDO]þ� and [M þ D2O]þ� formation
8O showing [M þ O]þ�, [M þ 18O]þ�, [M þ H2O]þ� and [M þ H2

18O]þ� formation by low
nerated from the epoxidation reaction between cis-2-hexenol and (H2O)2þ�. (e) Tandem
is-2-hexenol and (H2O)2þ�. (f) Tandem MS spectrum of [M þ 18O]þ�/[M þ H2O]þ� (m/z
e addition reaction between cis-2-hexenol and (H2O)2þ�.



X. Zhang, X. Ren, K. Chingin et al. Analytica Chimica Acta 1139 (2020) 146e154
in the experimental lab. No obvious effect on either epoxidation or
water radical cation addition was observed (Fig. S6d). Under the
same experimental conditions, we repeated the above reaction by
replacing H2O with D2O and with H2

18O, respectively. Fig. 2b shows
that upon the use of D2O in addition to ions atm/z 118 new reaction
products occurred at m/z 119 and m/z 120, which we attribute to
[M þ HDO]þ� and [M þ D2O]þ�, respectively. No mass shift was
observed for the product ion at m/z 116, which further indicates
that the m/z 116 signal most likely corresponds to the epoxidation
product of cis-2-hexenol. Similarly, upon the use of H2

18O the re-
action product at m/z 120 is most likely corresponds to
[M þ H2

18O]þ� (Fig. 2c). The product ion at m/z 118 may correspond
to a mixture of [M þ H2O]þ� and [M þ 18O]þ�. Overall, these results
strongly suggest the occurrence of H2Oþ� addition to cis-2-hexenol
and Oþ� addition to cis-2-hexenol, respectively.
3.3. Mechanistic study on the source of oxygen that leads to the
production of epoxides

To investigate the source of oxygen that leads to the production
of epoxides, we carried out additional CID-MS experiments. CID-MS
spectrum of the epoxide for cis-2-hexenol (m/z 116) produces four
major fragments at m/z 98, m/z 88, m/z 74 and m/z 60 (Fig. 2d).
Product ions at m/z 60 and m/z 74 were generated via fragmenta-
tion of three-membered ring epoxide along two different paths
(Scheme 1a). In path-1, an aldehyde group-containing fragment ion
at m/z 60 was formed via ring opening with the positive charge
remaining on the oxygen atom. Generation of characteristic alde-
hydes allowed assignment of double bond positions. In path-2, the
three-membered ring epoxidem/z 116 firstly underwent successive
CeO cleavage and CeC cleavage induced by positive charge in ox-
ygen atom to form an ion-neutral complex (INC), which could
continue to undergo a proton transfer and further separation to
produce m/z 74 (Scheme 1a). INCs were often formed during the
CID process and various chemical reactions such as proton transfer,
hydride transfer et al., could occur if INC has suitable amount of
internal energy [38,39]. Therefore, the ions at m/z 60 and m/z 74
formed by the elimination of C4H8 and CH3CH¼CH2, respectively,
from precursor ion at m/z 116 can be diagnostic ions of the C¼C
location. Other product ions at m/z 88 and 98 were formed
following loss of CH2¼CH2 (28 Da) and H2O (18 Da) from precursor
ions. The scheme of the epoxidation reaction and subsequent
decomposition of the epoxide of cis-2-hexenol are shown in
Scheme 1a. The formed [M þ H2O]þ� (m/z 118) produced major
Scheme 1. The scheme of the formation and decomposition of m/z 116 and m/z 118. (a)
mechanism of its epoxide to release diagnostic ions. (b) A general mechanism for the additi
its addition product to release diagnostic ions.
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fragment ions at m/z 100, m/z 88 and m/z 72, corresponding to the
eliminations of H2O, HCHO, and C2H5OH, respectively (Fig. 2e). The
detailed scheme for the formation and decomposition of H2Oþ�

addition product of cis-2-hexenol is shown in Scheme 1b.
We further carried out the CID-MS experiments of epoxides by

using H2
18O. If the oxygen in (H2O)2þ� is responsible for epoxidation

reaction, then the CID-MS spectra of [M þ 18O]þ� at m/z 118 should
reveal similar pattern to that of [Mþ O]þ� atm/z 116. As can be seen
from Fig. 2f, the fragmentation of product ion m/z 118 produced
three fragment ions at m/z 62, m/z 76 and m/z 90, with 2 Da mass
shifted relative to the diagnostic fragment ions at m/z 60, m/z 74
and m/z 88, respectively, in the dissociation of m/z 116. This indi-
cated that the structures of fragment ions atm/z 60,m/z 74, andm/z
88 all contains one oxygen atom, respectively, which is in accor-
dancewith that in Scheme 1. The dimerwater radical cationsm/z 36
has two structures (Fig. S7): the one has a hydrogen atom bound
([H2OHeOH]þ, structure A), the other has an oxygen-oxygen bond
([H2O∴OH2]þ, structure B) [40]. The hydroxylated hydronium form
of the water radical cation dimer (structure A) shows proton
transfer chemistry and hydroxyl radical transfer chemistry to
appropriate substrates. While the hemibonded form of the water
radical cation dimer (structure B) may show radical reactions
chemistry. Also, the special OeO bond is similar to the structure of
hydrogen peroxide [41], dioxirane [42], meta-chloroperoxybenzoic
acid [22], which acts as a oxidant and is responsible for epoxidation
of C¼C bond. Thus, we speculate that similar processes may also be
existed in the dimer water radical cations m/z 36 with a special
OeO bond structure. And it can be concluded that the oxygen
adduct in epoxidation reaction of C¼C originates from (H2O)2þ�

generated by ambient corona discharge.
3.4. Identification of hexenol isomers

MS spectra of four hexenol isomers with different double bond
positions and different cis/trans structure obtained through the
reaction with ambient water vapor plasma are shown in Fig. S8.
Similar to cis-2-hexenol, epoxidation product atm/z 116 and H2Oþ�

addition product at m/z 118 for cis-3-hexenol, trans-3-hexenol, cis-
4-hexenol, 5-hexenol were detected by ambient corona discharge
MS (Fig. S8). The ion intensity of the H2Oþ� addition product (m/z
118) was higher than that of epoxidation product (m/z 116), while
the ratios of these two ions were different for hexenol isomers.
Specifically, cis-2-hexenol shows the ratio of 4:1 between m/z 118
andm/z 116 (Fig. 2a), while this ratio increases to 40:1 for the other
A general mechanism for the epoxidation of cis-2-hexenol and the corresponding CID
on of cis-2-hexenol with water radical cation and the corresponding CID mechanism of
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isomers (Fig. S8). These results suggest that (i) cis-2-hexenol un-
dergoes epoxidation much easier than the other isomers, and (ii)
although the formation of epoxidation products is less than water
radical cation addition, enough epoxidation radical cations are
formed for analytical applications. The yield of epoxidation was
calculated using the intensity ratio of epoxidation product ions to
the sum of epoxidation product ions and reagent ions [25]. The
reagent ion of cis-2-hexenol [M � H]þ was clearly observed at m/z
99. The epoxidation yield of cis-2-hexenol can reach ~20% (I116/
(I99 þ I116 þ I118)) under the optimal condition (See the optimal
condition discussed earlier).

Epoxidation reaction of C¼C by ambient corona discharge
combined with tandemMS allows differentiation between hexenol
isomers with different C¼C locations and different cis/trans iso-
mers. Fig. 3 shows the ambient corona discharge MS/MS spectra of
epoxidation products at m/z 116 of cis-3-hexenol, trans-3-hexenol,
cis-4-hexenol and 5-hexenol, which display patterns that are
consistent with the proposed mechanism in Scheme 1a. The
isomeric hexenols can be clearly distinguished by ambient corona
discharge MS/MS spectra of their epoxidation products. For
example, characteristic ions at m/z 74, m/z 88 were observed for
epoxidation products of cis-3-hexenol and trans-3-hexenol, which
were similar to the fragmentation patterns of cis-2-hexenol
epoxide. As shown in Fig. 3c, the fragment ions m/z 88 and m/z
70 were identified as 4-hydroxybutanal radical cation and 3-
Fig. 3. Tandem MS spectra of epoxidation products of hexenol isomers. (a) [M þ O]þ� (m
(b) [M þ O]þ� (m/z 116/) generated from the epoxidation reaction between trans-3-hexe
between cis-4-hexenol and (H2O)2þ�; (d) [M þ O]þ� (m/z 116/) generated from the epoxid
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butenal radical cation, due to the elimination of H2O and
(H2O þ CH2¼CH2) from m/z 116, respectively. Besides the obser-
vation of fragment ionsm/z 88 andm/z 70, the diagnostic ions atm/
z 58 and m/z 72 were generated via fragmentation of three-
membered ring epoxide and fragmentation of C3-C4 bond along
two different paths, corresponding to 2-propenol radical cation by
the loss of C3H6O and 3-butenol radical cation by the cleavage of
double bond. Thus, the diagnostic ions m/z 58 and m/z 72 can be
used to identify the C¼C position in cis-4-hexenol. The fragmen-
tation patterns of epoxidation product of 5-hexenol were similar to
those of cis-4-hexenol epoxide. Note that the cis- and trans-3-
hexenol isomers can also be clearly distinguished by our
approach based on the intensity differences of diagnositic ions m/z
74 andm/z 88 (Fig. 3a and b). A calibration curve of cis- and trans-3-
hexenol mixture was built for differentiation of cis- and trans-3-
hexenol isomers, which is discussed in real sample analysis.
Therefore, our results indicate successful differentiation among cis-
2-hexenol, cis-3-hexenol, trans-3-hexenol, cis-4-hexenol and 5-
hexenol. The proposed mechanism for decomposition of epoxida-
tion products of hexenol isomers is shown in Scheme 2.

3.5. Analytical performance

The limit of detection (LOD) for cis-2-hexenol was evaluated
around 0.91 mM. At this concentration the peak of the epoxide (m/z
/z 116/) generated from the epoxidation reaction between cis-3-hexenol and (H2O)2þ�;
nol and (H2O)2þ�; (c) [M þ O]þ� (m/z 116/) generated from the epoxidation reaction
ation reaction between 5-hexenol and (H2O)2þ�.



Scheme 2. Proposed mechanism for the epoxidation of hexenol isomers (cis-3-hexenol, trans-3-hexenol, cis-4-hexenol, 5-hexenol) and the corresponding CID mechanism of their
epoxides to generate diagnostic ions.
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116) can still be clearly observed, and MS/MS spectrum of m/z 116
clearly shows the peaks of diagnostic ions indicative of the C¼C
location (Fig. S9a). Calibration curve for cis-2-hexenol with
different concentrations versus intensity of epoxide was shown in
Fig. S9b.
3.6. Identification and quantitation of (cis/trans)-3-hexenols in
wine

Hexenols occur in wines, and the ratio between cis-3-hexenol
and trans-3-hexenol is known to be indicative of wine origin [7].
Here we demonstrate the use of the developed method for the
identification and quantification of (cis/trans)-3-hexenols in the
French wine. A series of mixed solutions of cis-3-hexenol and trans-
3-hexenol were prepared with molar ratios ranging from 1:4 to 4:1.
For relative quantitation, a calibration curve (y ¼ �0.145xþ1.082)
was prepared using a mixture of cis-3-hexenols and trans-3-
hexenols isomers mixed at different molar ratio, at a total con-
centration of 91 mM (Fig. 4a). The diagnostic ions (m/z 74 and m/z
88) intensity ratio (I74/I88) of the epoxide of cis-3-hexenol and
trans-3-hexenol (Rcis/Rtrans, y) was plotted against the concentration
ratio of cis-3-hexenol and trans-3-hexenol (Ccis/Ctrans, x). Rcis and
Rtrans represent the diagnostic ions (m/z 74 and m/z 88) intensity
ratio (I74/I88) from the fragmentation of the epoxide of cis-3-
hexenol and trans-3-hexenol, respectively. As illustrated in
Fig. 3a, the linear relationship of Rcis/Rtrans versus the Ccis/Ctrans with
molar ratio (cis/trans) ranging from 1:4 to 4:1 was obtained and
showed a good correlation coefficient R2 of 0.99. The mass spec-
trum of wine from French shows clear presence of bothm/z 116 and
m/z 118 ions (Fig. 4b). Tandem MS analysis was performed on the
epoxide of 3-hexenol to determine the cis/trans C¼C locations
(Fig. 4c). The results indicate that m/z 116 corresponds to a mixture
of two cis/trans-3-hexenol epoxide isomers (ca. 55% cis-3-hexenol
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and ca. 45% trans-3-hexenol isomers), as evidenced from the two
sets of diagnostic ions at m/z 74 and m/z 88. For absolute quantifi-
cation, a series of standard mixture solutions of cis-3-hexenol and
trans-3-hexenol (0.091 mM, 0.91 mM, 9.1 mM,18.2 mM, 91 mM) with a
molar ratio at 1.2:1 were prepared respectively to plot a calibration
curve for quantitation. After the online epoxidation, the sum of
diagnostic ions intensity (I74 þ I88, y) was plotted against the con-
centration of 3-hexenols (x) for preparing the curve. A good linear
relationship (Fig. 4d) was obtained for the mixture concentration
ranging from 0.091 to 91 mM. According to the linear equation in
Fig. 4d, the concentration of 3-hexenols in the French wine sample
was quantified to be 90 ± 2 mg/L (cis-3, ~49 mg/L; trans-3, ~41 mg/L).
The amount of cis-3-hexenol and trans-3-hexenol obtained by the
current method are similar to those reported in the literature [7]. In
addition, the results were validated by GC-MS analysis. The GC-MS
results were shown in Fig. S10. The concentrations of cis-3-hexenol
and trans-3-hexenol in the French wine sample were quantified to
be 50 mg/L and 41 mg/L, respectively, which are consistent with the
results of our method based on epoxidation initiated by water
radical cations. Note that the whole process of GC-MS analysis took
more than a half-day, while the water radical cation method took
~5 min to identify C¼C locations and cis/trans isomers.
4. Conclusion

In summary, we developed an approach for the structural
characterization of hexenol C¼C isomers by mass spectrometry via
ambient epoxidation reaction with water radical cations. The
epoxidation of C¼C can be readily implemented by ambient corona
discharge using only water vapor as a reagent (in fact, we found
that even water is not needed if the ambient air humidity is high,
>60%). The merits of our approach for the determination of C¼C
bond position include the simplicity of experimental setup, rapid



Fig. 4. Identification and quantitation of cis/trans-3-hexenol isomers from French wine. (a) The calibration curve for the relative quantitation of cis-3-hexenol and trans-3-
hexenol isomers. Rcis and Rtrans represent the diagnostic ions (m/z 74 and m/z 88) intensity ratio (I74/I88) from the fragmentation of the epoxide of cis-3-hexenol and trans-3-
hexenol, respectively. (b) In-situ epoxidation reaction of water radical cations with hexenols in French wine by ambient corona discharge MS. (c) Tandem MS spectrum of the
epoxide (m/z 116) of 3-hexenols. (d) Calibration curve for cis/trans-3-hexenol with different concentrations versus intensity of epoxide.
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reaction kinetics (within seconds), the obviation of organic deriv-
atization solvents, as well as easy spectral interpretation. The use of
water radical cations for the oxidation of C¼C bonds opens new
perspectives for method development and offers alternative pos-
sibilities for the efficient ionization of compounds with low proton
affinities.
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