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as an Analytical Tool

Jasmine Hertzog,1 Vincent Carré,1 Anthony Dufour,2 Frédéric Aubriet1

1LCP-A2MC, FR 2843 Institut Jean Barriol de Chimie et Physique Moléculaires et Biomoléculaires, FR 3624 Réseau National de
Spectrométrie de Masse FT-ICR à très haut champ, Université de Lorraine, ICPM, 1 boulevard Arago, 57078, Metz Cedex 03,
France
2LRGP, CNRS, Université de Lorraine, ENSIC, 1, Rue Grandville, 54000, Nancy, France

(+) ESI-FTICRMS

Complex mixture

R-NH2

carbonyl derived imines

Abstract. Ammonia is well suited to favor deprotonation process in electrospray
ionization mass spectrometry (ESI-MS) to increase the formation of [M – H]–. Never-
theless, NH3 may react with carbonyl compounds (aldehyde, ketone) and bias the
composition description of the investigated sample. This is of significant importance
in the study of complex mixture such as oil or bio-oil. To assess the ability of primary
amines to form imines with carbonyl compounds during the ESI-MS process, two
aldehydes (vanillin and cinnamaldehyde) and two ketones (butyrophenone and
trihydroxyacetophenone) have been infused in an ESI source with ammonia and
two different amines (aniline and 3-chloronaniline). The (+) ESI-MS analyses have
demonstrated the formation of imine whatever the considered carbonyl compound

and the used primary amine, the structure of which was extensively studied by tandemmass spectrometry. Thus,
it has been established that the addition of ammonia, in the solution infused in an ESI source, may alter the
composition description of a complex mixture and leads to misinterpretations due to the formation of imines.
Nevertheless, this experimental bias can be used to identify the carbonyl compounds in a pyrolysis bio-oil. As we
demonstrated, infusion of the bio-oil with 3-chloroaniline in ESI source leads to specifically derivatized carbonyl
compounds. Thanks to their chlorine isotopic pattern and the high mass measurement accuracy, (+) ESI Fourier
transform ion cyclotron resonance mass spectrometry (FT-ICR MS) unambiguously highlighted them from the
numerousCxHyOz bio-oil components. These results offer a new perspective into the detailedmolecular structure
of complex mixtures such as bio-oils.
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Introduction

Theanalysis of complexmixtures, composed of hundreds or
thousands of species, by mass spectrometry may be con-

ducted by targeted analysis using liquid or gas chromatography
methods [1–4]. This approach ensures obtaining quantitative
information on a restricted number of well-known compounds
but not achieving a global description of the mixture. An

alternative approach, the non-targeted one, is nowadays
employed. A global description of the mixture is obtained by
its direct analysis by mass spectrometry with or without prior
separation by gas or liquid chromatography techniques in full
scan mode [5–7]. In the field of petroleum or bio-oil investiga-
tion, this methodology corresponds to the so-called
petroleomic approach [8, 9], and does not use chromatography
methods.

As no separation method is performed prior to analysis,
the characterization and the distinction of the different oil
components by mass spectrometry require high mass accu-
racy measurement and high mass resolution capabilities.
This is achieved by Fourier transform ion cyclotron reso-
nance (FT-ICR MS) [10–12] or Orbitrap mass spectrome-
try [13, 14]. For instance, in the field of bio-oil
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characterization, the non-targeted analysis is mainly per-
formed by electrospray ionization (ESI) coupled to FT-ICR
MS [15]. To increase the ionization rate, dopants are often
employed [16]. As an example, NH4OH is added to the
investigated sample to facilitate the deprotonation of the
acidic bio-oil components and to increase the signal in (–)
ESI FT-ICR MS [17–19]. Unfortunately, the nature of
detected species and their relative distribution are not al-
ways in agreement with what is expected according to the
CHNOS analysis. Thus, an important disagreement be-
tween the elemental analysis and the obtained results by
ESI FT-ICR MS measurements, when NH4OH was used,
was clearly evidenced in a previous study of bio-oil from
pyrolysis of lignocellulosic biomass [20]. Indeed, the sig-
nal relative to nitrogen-containing species was about 27%
and 89% in negative and positive ion modes, respectively.
This can be explained by their high basicity, the formation
of [M+NH4]

+ adducts, or reactive processes as was
discussed in a previous work [20]. However, nitrogen
amounts only represent 0.2 wt.% of the raw material. A
significant part of the nitrogen amounts generates NOx and
inorganic nitrogen species during the pyrolysis process
[21, 22]. In (+) ESI, one simple explanation may be the
formation of ammonium adducts but this cannot account
for either the detection of polynitrogenated species or the
difference in behavior when ammonium hydroxide and
ammonium salts are used as dopant. Moreover, this expla-
nation does not make sense in negative ions. Other pro-
cesses have to be considered and explained to really know
if these nitrogen species are or are not relevant to the bio-
oil components.

Some studies have demonstrated that bio-oils are not
thermodynamically stable due to the large amounts of high-
ly oxygenated compounds [23, 24]. Part of these com-
pounds may be highly reactive and explain the bio-oil aging
(increase of the viscosity and water amount). Among the
different functional groups involving oxygen atom, the car-
bonyl function in aldehydes and ketones is of major concern
according to its significant reactivity, which ensures poly-
merization or condensation phenomenon [24]. The carbonyl
compounds, which are known to react with amine to form
imines, may be responsible of the biased composition de-
scription of ESI FT-ICR MS measurements when NH4OH
dopant is used. To evaluate this hypothesis, different car-
bonyl compounds were investigated in positive ESI-MS
with and without ammonium hydroxide to evidence the
formation of imine. To confirm these results, measurements
were also conducted on the same compounds with aniline
and 3-chloroaniline. Tandem mass spectrometry was used
to describe the structure of the different produced ions.
Finally, an oak bio-oil was investigated after addition of
3-chloroaniline. The purpose of this study is to demonstrate
how the drawback of imine formation, due to addition of
amine as dopant, may be used as a tool for semi-directed
analysis of complex mixtures such as bio-oils by non-
targeted approach.

Materials and Methods
Oak Pyrolysis Bio-Oil

The bio-oil was produced by pyrolysis of 2 g of oak powder
continuously added via a micro-feeder in a micro-fluidized bed
reactor heated at 500 °C (temperature of the sand) for 12 min.
The device was developed at CNRS Nancy and more details
about the process and the raw material composition are avail-
able in a previous work [25]. The bio-oil was recovered in
methanol (the Bbio-oil solution^) and stored at –20 °C prior to
the analysis.

Sample Preparation

LCMS grade methanol (VWR−Prolabo), ammonium hydrox-
ide (25%, Merck Millipore), aniline (99%, Sigma Aldrich), 3-
chloronaniline (99%, Alfa Aesar), as well as the used carbonyl
standards, vanillin (97%, Aldrich), trans-cinnamaldehyde
(98%, Aldrich), butyrophenone (99%, Aldrich), and 2,4,6-
trihydroxyacetophenone monohydrate (98%, Aldrich) were
used as supplied.

Standard carbonyl compounds, the structures of which are
reported in Table 1, were solubilized in methanol. In addition,
standard carbonyl samples were also prepared by dissolving
the studied compound in methanol/NH4OH (1% v/v),
methanol/aniline (1% v/v), and methanol/3-chloroaniline (1%
v/v). In all cases, the final concentration of the carbonyl com-
pound is 5*10–3 mol.L–1. The bio-oil solution was diluted by
10 in methanol/3-chloroaniline (0.1% v/v) solution.

HESI LTQ MS

The study of vanillin, trans-cinnamaldehyde, butyrophenone,
and 2,4,6-trihydroxyacetophenone with and without ammoni-
um hydroxide, aniline, and 3-chloroaniline was carried out with
a dual-pressure linear ion trap mass spectrometer (LTQ Velos
Pro – Thermo Scientific). Experiments were conducted in
positive ion detection mode. A heated electrospray ionization
(HESI) probe was used and the different solutions were infused
at a 3 μL.min–1 flow rate. The temperature of the ion source
was set at 40 °C, the sheath gas flow rate at 5 psi, the spray
voltage at 3 kV, and the ion transfer tube was maintained at 250
°C. Helium was used as collision gas. Collision induced disso-
ciation was used for MSn experiments with an activation ener-
gy at the center of the mass ECOM ranging from 0.5 to 0.9 eV.

ESI FT-ICR MS

The bio-oil solution was analyzed in positive ion detection
mode with an IonSpec HiRes FT-ICR MS (IonSpec, Lake
Forest, CA, USA) fitted with a 9.4 T shielded superconducting
magnet and a Micromass Z-spray electrospray source. The
probe was set at + 3500 V and its temperature was kept at 85
°C while the source was set at 70 °C. An infusion flow rate of 3
μL.min–1 was used. The sample and extraction cone voltages
were kept constant to 40 and 10 V, respectively. Ions were
accumulated during 2 s in a rf-only hexapole before being
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transferred to the FT-ICR-MS cell. The ions were trapped with
a + 0.7 V potential and then excited by an arbitrary excitation
wave function applied on the excitation plates. The signal was
detected, amplified, digitized, apotized (Blackman), and Fou-
rier transformed to yield the mass spectrum. The signal was
sampled during 2.1 s with 4096 K data points. The mass
resolution was close to ~350,000 at m/z 315 and the mass
measurement accuracy was generally better than 1 ppm. To
increase the signal-to-noise ratio, 40 individual mass spectra
were summed to obtain a final mass spectrum ranging fromm/z
150 to 600. Detailed information regarding the treatment of the
FT-ICR MS features is available in Supporting Information.

Results and Discussion
Study of Standard Carbonyl Compounds by ESI LIT
MS

Four standard carbonyl compounds were chosen for this study
with respect to the involved chemical function (aldehyde or
ketone) attributable to their proven presence in bio-oil or be-
cause of their structure close to some bio-oil components [26–
30]. They were analyzed by positive electrospray ionization
coupled with a linear ion trap mass spectrometer (ESI LIT-MS)
for different experimental conditions. They were analyzed in
methanol without dopant and with different dopants: (i) am-
monium hydroxide, which is typically used for the non-
targeted analysis in the field of petroleomic, (ii) aniline, and
(iii) 3-chloroaniline. The two aryl amines were used to confirm
the ability of aldehyde or ketone to react with the amine. The 3-

chloroaniline was preferred to the other chloroaniline isomers
to avoid activation phenomenon relative to ortho- and para-
chloroaniline effects. It is well known that carbonyl com-
pounds may react with amines according to the ensuing reac-
tion scheme to form imine (Scheme 1) .

R1 NH2

R2 R3

O

R2 R3

N
R1

H2O++

Thus, the resulting imine is obtained by condensation of an
aldehyde or a ketone on an amine and the elimination of water.
When R1 is an aryl or alkyl group, the yielded imine is a so-
called Schiff base. The imine compounds easily form iminium
ion by protonation that may be observed by (+) ESI LIT MS.

For all used experimental conditions (with or without am-
monium hydroxide or amine), MSn experiments were conduct-
ed on the protonated molecules. Deep interpretations of mass
spectra including the fragmentation pathways are described to
confirm the structure of the investigated carbonyl compounds
and of their imine derivatives.

Vanillin

The (+) ESI LIT mass spectra of the vanillin obtained without
dopant, with NH4OH, aniline, and 3-chloroaniline are reported
in Supplementary Figure S1. Without dopant, an intense signal
is observed at m/z 153, which corresponds to the [M+H]+

protonated vanillin (Supplementary Figure S1.a). With 1%
(v/v) of ammonium hydroxide, a signal is observed at m/z

Table 1. Structure and molecular weight (MW) of the four selected standard carbonyl compounds

Name Formula Structure MW (g.mol–1)
Vanillin C8H8O3 152.15

Trans-Cinnamaldehyde C9H8O 132.16

Butyrophenone C10H12O 148.20

Trihydroxyacetophenone C8H8O4 168.15

O

OH

O H

H

O

O

OOH

HO OH
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152 corresponding to the iminium cation obtained by reaction
of the vanillin with ammonium hydroxide (Supplementary
Figure S1.b). The ability of vanillin to form imine with a
primary amine, in solution or during the ESI process, is con-
firmed in Supplementary Figure S1.c and S1.d. Indeed, the
protonated N-vanillylidene aniline and N-vanillylidene 3-
chloroaniline Schiff bases are detected at m/z 228 and 262/
264 (isotopic distribution of chlorine), respectively. When the
experiment is conducted with a methanol/3-chloroaniline (1%
v/v) vanillin solution, both [M+H]+ ions of vanillin and 3-
chloroaniline are observed at m/z 153 and 128/130, respective-
ly, which indicates that the reaction is not complete.

To confirm the structure of vanillin and its corresponding
imine derivatives, tandem mass spectrometry experiments were
carried out. The nature of the daughter ions and the mechanisms
of fragmentation are reported in the Table 2 and Figures 1, 2, 3,
and 4, respectively. The fragmentation processes are detailed in
the following subsections.

Tandem Mass Spectrometry of Protonated Vanillin Two
fragments are observed after activation of [M+H]+. The former
at m/z 125 is the most intense and corresponds to the

elimination of CO and the second one at m/z 93 (Figure 1).
The protonation is expected to occur on the oxygen of the
methoxy group. A rH15 exchange ensures the tautomerization
and the displacement of the equilibrium to the quinone form,
which is favorable to the elimination of one CO molecule. The
dissociation of the m/z 125 daughter ion confirms that a con-
secutive fragmentation process allowing the elimination of a
methanol molecule produces the m/z 93 ion. Thus, an inductive
fragmentation process allows the migration of the charge on the
cyclopentadiene ring and the elimination of CH3OH. The activa-
tion of the resulting ion after a rH14 transfer ensures the loss of a
second CO molecule to produce the cyclopentadienyl ion at m/z
65. One competitive process of the methanol elimination corre-
sponds to the homolytic cleavage of the O–CH3 bond, which
yields the C6H6O2

+• radical cation. A rH13 process, followed by a
homolytic cleavage, leads to the opening of the cycle and finally
the loss of a carbon monoxide to yield the at m/z 82 cation.

An alternative fragmentation process beginning with the
elimination of CO from the aldehyde is reported in Supple-
mentary Figure S2. In that case, the ensuing fragmentation
processes involve a six-membered ring and the second loss of
CO correspond to the formation the cyclopendiene cation.

Table 2. Tandem mass spectrometry analysis of protonated [M+H]+ ion of vanillin and its corresponding imine compounds

MS1 [M+H]+ MS2 MS3 MS4

ECOM (eV) m/z (abundance) – loss ECOM (eV) m/z (abundance) – loss ECOM (eV) m/z (abundance) – loss

Vanillin C8H9O3
+

m/z 153

0.51 125 (100)-CO 0.62 110 (4) – CH3
•

93 (100) – CH3OH

0.84 82 (100) – CO

93 (5) – CO – CH3OH 0.82 65 (100) – CO

Vanillin – NH4OH imine C8H10NO2
+

m/z 152

0.67 137 (3) – CH3
•

125 (100) – CNH

0.62 110 (100) – CH3
•

107 (29) – H2O

93 (74) – CH3OH

110 (9) – CNH – CH3
• 0.88 93 (8) – •OH

82 (100) – CO

107 (3) – CNH – H2O 0.72 79 (100) – CO

93 (4) – CNH – CH3OH 0.74 65 (100) – CO

Vanillin – Aniline

Schiff base

C14H14NO2
+

m/z 228

0.57 213 (7) – CH3
• 0.37 212 (100) – H•

196 (55) – OH•

212 (4) – CH4

196 (3) – CH3OH

0.60 168 (100) – CO

93 (1) – C6H5NC

125 (2) – C6H5NC 0.62 110 (8) – CH3
•

107 (3) – H2O

104 (100) – C7H8O2

77 (6) – C7H8O2 – HCN

0.85 93 (100) – CH3OH

77 (100) – HCN

0.66 65 (100) – CO

Vanillin – 3-chloroaniline

Schiff base

C14H13N
35ClO2

+

m/z 262

0.53 247 (3) – CH3
•

230 (2) – CH3OH

138 (100) – C7H8O2

125 (5) – C7H4N
35Cl

111 (5) – C7H8O2 –CNH

93 (1) – CH3OH –C6H4
35ClN•CH

0.62 219 (100) – CO

211 (35) – H35Cl

C14H13N
37ClO2

+

m/z 264

0.51 249 (3) – CH3
•

248 (2) – CH4

232 (2) – CH3OH

140 (100) – C7H8O2

125 (5) – C7H4N
35Cl

113 (4) – C7H8O2 –CNH

93 (1) – CH3OH –C6H4
37ClN•CH

0.61 221 (100) – CO

211 (34) – H37Cl
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Tandem Mass Spectrometry of the Protonated Vanillin-imine
The protonation of the vanillin imine is expected to
occur on the phenyl ring. Indeed, the MS/MS of the
parent ion does not lead to either the elimination of
water (expected in the case of the hydroxyl protonation)
or the elimination of methanol (expected in the case of
the protonation of the methoxy group) (Figure 2). More-
over, the protonation of the imine is thought to be
inefficient. Indeed, after a hydrogen transfer process, this
protomer permits the NH3 elimination, which is not
observed. Five daughter ions are observed at m/z 137,
125, 110, 107, and 93. Only two are expected to result
from fragmentation of the parent ion. The other fragment
ions, the intensity of which is low, are also observed on
MS3. The less preferred fragmentation pathway (forma-
tion of the C7H7NO2

+• radical cation m/z 137) is the
elimination of the methyl radical from the homolytic
cleavage of the O–CH3 bond, which requires, earlier, a
poor efficient rH14 transfer. After activation, the main
fragmentation mechanism necessitates the rH13 transfer
of the hydrogen, in α–position of the imine on the C6
ring, followed by an inductive dissociation, which leads
to the elimination of CNH and the formation of the m/z
125 ion. The MS3 behavior, dissimilar to what was
observed in the previous section, clearly confirms a
different structure to what was proposed for the daughter
ion of the protonated vanillin at m/z 125. The MS3

spectrum demonstrates the elimination of a methanol

molecule or a methyl radical after rH13 transfer to yield
m/z 93 and 110 ions, respectively. The implied mecha-
nisms are similar to what it was proposed in the previous
section. After activation, the tautomerization equilibrium
of the phenol like ion at m/z 93 ensures the easy elim-
ination of CO. The benzenediol radical cation resulting
from the elimination of a methyl radical at m/z 110, after
activation and tautomerization, leads to the formation of
the hydroxylpentadienyl radical cation at m/z 82 by the
CO elimination. A third fragmentation pathway of the
C7H9O2

+ ion at m/z 125 is the elimination of a water
molecule to yield the m/z 107 ion. This fragmentation
pathway (also observed for N-vanillylidene aniline see
next section) is not observed in the MS3 study of the
C7H9O2

+ ion produced by MS2 of the protonated vanil-
lin, even though the same ECOM is used. This supports
that different structures of m/z 125 are produced by MS2;
the five-membered ring structure for protonated vanillin,
which does not permit the elimination of water, and the
five-membered ring (vanillin-imine and N-vanillylidene
aniline), which undergoes water elimination. This process
requires that activation induces the transfer of a hydro-
gen atom from the cycle to the oxygen atom of the
phenol. The activation of the m/z 107 ion leads to the
elimination of a CO molecule. According to the structure
proposed in Figure 2, the mechanism is not trivial. It was
investigated a few years ago by Russell et al. [31]. The activa-
tion of m/z 107 ion leads to the transfer of one hydrogen from

O

O
H

O

O
H

O

O

O

OH

O

C8H9O3
+

m/z 153

C7H9O2
+

m/z 125-CO

C6H5O+

m/z 93

-CH3OHa

a b

b

C6H6O2
•+

m/z 110

-CH3

rH13

O

-CO

C5H6O•+

m/z 82
-CO

C5H5
+

m/z 65

OH

O
H

O

rH15

rH14

O

rH13

O

O

O

O

.

+

+

.

.

. .

.

Figure 1. Proposed mechanisms of [M+H]+ vanillin MSn fragmentation
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the methyl to the C6 ring to form the methylaryloxy C6H5–O–
CH2

+ ion. These authors suggested that a facile rearrangement
due to ‘ortho’ effect may happen, which leads to an equilibrium
between the methylaryloxy and the 2-hydroxybenzyl ions. The
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b
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Figure 2. Proposed mechanisms of [M+H]+ vanillin+NH4OH MSn fragmentation
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latter conforms to an equilibrium with the hydroxytropylium,
which leads to the keto-form by tautomerization and finally the
loss of CO and the formation of the m/z 79 ion.

Tandem Mass Spectrometry of Protonated Schiff bases of
Vanillin The protonated N-vanillylidene aniline and N-
vanillylidene 3-chloroaniline Schiff bases are detected at m/z
228 and 262/264, respectively. Some MS/MS measurements
have been undertaken on these ions (Figures 3 and 4). For the
3-chloroaniline Schiff bases, tandem mass spectrometry exper-
iments are conducted on both 35Cl and 37Cl parent ion contri-
butions to confirm assignment and mechanism. Whatever the
nature of the parent ion, the same fragmentation patterns are
observed. Part of the dissociation mechanisms have been ob-
served with the vanillin imine. Thus, the formation of the m/z
213 (with aniline) and 247/249 (with 3-chloroaniline) daughter
ions corresponds to the loss of methyl radical. The m/z 125
daughter ion is associated with the elimination of the imine
moiety (not shown in Figure 3). The MS3 behavior of the
C7H9O2

+ ion is similar to what was observed for vanillin imine.
The main fragment ion is observed at m/z 104 (138/140 for

3-chloroaniline Schiff base). It is relative to an inductive pro-
cess, the result of which is the elimination of the 3-methoxy 4-
hydroxyphenyl. The consecutive elimination of HCN, which is
confirmed by MS3, leads to the formation of the phenyl (m/z
77) or chlorophenyl (m/z 111/113) cation. Alternatively, these
ions may be directly formed by MS2 through the inductive
dissociation of the carbon–nitrogen bond of the aniline or
chloroaniline. The hydrogen transfer, from the aromatic ring
to the methoxy oxygen atom, is the driving force that ensures
understanding the formation of the last three daughter ions at
m/z 213 (247/249), 212 (246/248), and 196 (230/232). As
previously mentioned, the a process leads to the elimination
of methyl radical by homolytic bond cleavage and the forma-
tion of the C13H11NO2

+• dihydroxyl radical ion. The b process,
still observed in the MS3 of vanillin imine, corresponds to the

loss of a methanol molecule by inductive cleavage. Alterna-
tively, this C13H10NO

+ specie may be formed by the hydroxyl
elimination from the C13H11NO2

+• ion (process a’) in the
specific case of the aniline Schiff base. Finally, the loss of
CH4, by a recombination process (c mechanism), yields the
1,2 benzoquinone like ion detected at m/z 212 (246/248). For
the aniline Schiff base, the MS3 experiment demonstrates the
ability of C13H11NO2

+• ion (process b’) to lose a hydrogen
radical to form the m/z 212 ion. Interestingly, the
C13H10ClNO2

+• does not lead to the a’ and b’ MS3 processes.
The MS3 daughter ions correspond in that case to the elim-
ination of CO (m/z 219/221) or HCl (m/z 211) (Figure 4).
The important interaction (hydrogen bond) between the chlo-
rine atom and one hydroxyl group of the second aryl group
may explain this difference of MS3 behavior. Such interaction
promotes the pyridine formation by cyclization and the loss
of HCl, which ensures the formation of a highly condensed
four-fused ring radical cation. Alternatively, the
tautomerization of the keto-form permits the easy loss of
CO and the formation of the m/z 219/221 ions. Finally, the
MS3 experiment performed on the C13H10NO

+ cation leads,
after the tautomerization to the keto-form, to the elimination
of carbon monoxide (ion at m/z 168) and the formation of the
ketonic C6H5O

+ cation.
In conclusion, the tandem mass measurements clearly dem-

onstrate the formation of imine and Schiff base by reaction of
primary amine (ammonium hydroxide, aniline, and 3-
chloroaniline) with the vanillin, in solution or during the ESI
process. Complementary measurements were performed by
13C NMR (Supplementary Figures S3, S4, and S5), on the
solutions infused in the ESI source, which also evidenced the
formation of imine and Schiff bases. Nevertheless, the obser-
vation of signal relative to the imine and Schiff bases by
13NMR required the heating of the solution for 1 h at 70 °C.
This clearly indicates that such process is not spontaneous and
is only inefficient in solution. Consequently, the formation of
imine and Schiff bases are thought to mainly take place during



the ESI process and consequently constitute an experimental
bias for the analysis of complex mixtures containing carbonyl
compounds. The behavior of the vanillin will be compared to
what it observed with the three other standard carbonyl
compounds.

Cinnamaldehyde

The cinnamaldehyde was analyzed in the same experimental
conditions. Without amine, the cinnamaldehyde is detected as
[M+H]+ ion at m/z 133 (Supplementary Figure S6). The addi-
tion of ammonia leads to the observation of an intense signal at
m/z 132 (Supplementary Figure S6). When aniline and 3-
chloroaniline are used, ions are evidenced at m/z 208 and
242/244, respectively (Supplementary Figure S6). The tandem
mass spectrometry measurements performed on the different
parent ions are reported in Table 3.

Tandem Mass Spectrometry of Protonated Cinnamaldehyde
Three daughter ions are observed after the collisional acti-
vation of protonated cinnamaldehyde at m/z 115, 105, and
91, which corresponds to the loss of a water, a carbon
monoxide , and a ce tene molecu le , respec t ive ly
(Supplementary Figure S7). The MS3 of these ions does
not lead to an additional fragmentation, even at high colli-
sion energy, except for m/z 105 ion that leads to the forma-
tion of the phenyl ion (m/z 77). Consequently, the m/z 115
and 91 ions are particularly stable and charge delocalization
on their structure is expected. The attachment of the proton
is expected to take place on the side-chain. The activation of
the [M+H]+ ensures the rH13 hydrogen transfer on the
oxygen atom. A rearrangement, engaging both the resulting
hydroxyl and a hydrogen atom, leads to the elimination of
water and the formation of the very stable indene cation

Table 3. Tandem mass spectrometry analysis of protonated [M+H]+ ion of cinnamaldehyde and its corresponding imine compounds

MS1

[M+H]+
MS2 MS3

ECOM
(eV)

m/z (abundance) – loss ECOM
(eV)

m/z (abundance) – loss

Cinnamaldehyde C9H9O
+

m/z 133
0.70 115 (100) – H2O

105 (18) – CO
91 (11) – CO – CH2CO

0.91
0.84

No fragment
77 (100) – C2H4

Cinnamaldehydeimine C9H10N
+

m/z 132
0.71 115 (100) – NH3

105 (1) – CNH
0.91 No fragment

Cinnamaldehyde – Aniline Schiff Base C15H14N
+

m/z 208
0.55 130 (100) – C6H6

115 (75) – C6H5NH2

91 (60) – C6H5NHCCH

0.87 103 (100) – HCN

Cinnamaldehyde – 3-chloroaniline Schiff Base C15H13N
35Cl+

m/z 242
0.49 207 (34) – 35Cl•

206 (16) – H35Cl
164 (100) – C6H6

115 (95) – C6H4
35ClNH2

91 (52) – C6H4
35Cl NHCCH

C15H13N
37Cl+

m/z 244
0.49 207 (34) – 37Cl•

206 (15) – H37Cl
166 (100) – C6H6

115 (94) – C6H4
37ClNH2

91 (50) – C6H4
37Cl NHCCH
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observed at m/z 115. Another rH13 transfer involving the
labile hydrogen of the aldehyde ensures the formation of a
pendant CO group, which is eliminated (process a) to yield
the C8H9

+ ion at m/z 105. The elimination of an ethene
molecule by inductive fragment allows the charge to migrate
on the phenyl ring and the observation of the C6H5

+ cation. An
alternative fragmentation pathway of this process is the elimi-
nation of the ketene by β-elimination and the production of the
very stable tropylium ion at m/z 91 (process b).

Tandem Mass Spectrometry of Protonated Cinnamaldehyde-
imine The fragmentation of the C9H10N

+ ion is quite similar
to what was observed with the protonated cinnamaldehyde
(Supplementary Figure S8). The transfer of one hydrogen on
the nitrogen atom ensures the easy elimination of NH3 and
results in the formation of the indene cation. The rH13 hydrogen
transfer from the iminium carbon to the ternary carbon of the
side chain is expected to yield the m/z 105 by elimination of
CNH. This process is more favorable than the elimination of an
acetonitrile molecule, which yields the tropylium ion.

Tandem Mass Spectrometry of the Protonated Schiff Bases of
Cinnamaldehyde Parts of the mechanisms observed for the
imine derivative of the cinnamaldehyde are also evidence for
the different Schiff bases (Supplementary Figure S9). Indeed,
the systematic formation ofm/z 115 ion conforms to the mech-
anism previously described and implies the loss of the aniline
or the chloroaniline. The rH13 transfer of the hydrogen of the
iminium carbon ensures the migration of the charge and finally
the formation of the tropylium ion by the elimination of R–
NH–C≡CH (R = C6H5 or C6H4Cl).

A rearrangement similar to what is observed for the elimina-
tion of aniline and chloroanaline may explain the loss of a
benzene molecule. First, the mesomeric form of the parent ion,



Butyrophenone

The analysis of butyrophenone by ESI-MS leads to the
observation of the [M+H]+ ion at m/z 149 (Supplementary
Figure S10). The m/z 148 ion, which is expected to be
relative to the butyrophenone imine, is detected when
NH4OH is added to the solution infused in the ESI source
(Supplementary Figure S10). The use of aniline or
chloroaniline as dopant leads to the detection of m/z 224

or 258/260 ions (Supplementary Figure S10), respectively.
These species are associated with the expected Schiff bases.
The tandem mass spectrometry investigations ensure
confirming the formation of the butyrophenone imine and
Schiff bases. The results are listed in Table 4.

Tandem Mass Spectrometry of the Protonated Butyrophenone
The protonation of the butyrophenone is expected to occur by
fixation of the proton on the aromatic ring or on the carbonyl
function (Supplementary Figure S11). A rH13 hydrogen transfer
allows switching from one protomer to another one. The proton-
ation of the phenyl ensures easily explaining the formation of the
m/z 71 by inductive cleavage of the carbon–carbon bond between
the carbonyl and the C6H6 ring, which results in the loss of a
benzene molecule. A rH15 hydrogen transfer for this same
protomer, followed by the cleavage of the bond of the other side
of the molecule, leads to the elimination of propene and the
formation of the C6H7CO

+ ion at m/z 107. A MS3 experiment
performed on the latter highlights the loss of CO and the formation
of C6H7

+ ion, which confirms the structure proposed for the
C7H7O

+ cation. The second protomer is the starting point of the
other fragmentation processes. The recombination phenomenon
allows the loss of a propanemolecule and the formation of the Ph–
CO+ ion at m/z 105. The rH13 transfer has also to be linked to the
tautomerization equilibrium displacement to the protonated enol.
This latter easily loses a water molecule to form the C10H11

+ ion.
The activation of this ion leads to a rH13 hydrogen transfer on the
side chain of the phenyl and to two fragmentation pathways. The

Table 4. Tandem mass spectrometry analysis of protonated [M+H]+ ion of butyrophenone and its corresponding imine compounds

MS1

[M+H]+
MS2 MS3

ECOM (eV) m/z (abundance) – loss ECOM (eV) m/z (abundance) – loss

Butyrophenone C10H13O
+

m/z 149
0.58 131 (14) – H2O 0.80 116 (10) – CH3

•

115 (5) – CH4

107 (37) – C3H6

105 (8) – C3H8

91 (11) – H2O – C3H4

71 (100) – C6H6

0.72 91 (100) – C3H4

79 (100) – CO

Butyrophenone imine C10H14N
+

m/z 148
0.74 131 (72) – NH3

106 (100) – C3H6

91 (15) – NH3 – C3H4

71 (12) – C6H5
•

0.71
0.87

91 (100) – C3H4

79 (100) – CNH

Butyrophenone – Aniline Schiff Base C16H18N
+

m/z 224
0.63 195 (44) – C2H5

•

182 (95) – C3H6

146(83) – C6H6

131 (100) – C6H5NH2

94 (22) – C6H5CCC2H5

0.77 91 (100) – C3H4

Butyrophenone – 3- chloroaniline Schiff Base C16H17N
35Cl+

m/z 258
0.59 229 (29) – C2H5

•

216 (98) – C3H6

180 (100) – C6H6

131 (79) – C6H4
35ClNH2

91 (16) – C6H4
35ClNH2 – C3H4

C16H17N
37Cl+

m/z 260
0.59 231 (29) – C2H5

•

218 (98) – C3H6

182 (100) – C6H6

131 (78) – C6H4
37ClNH2

91 (17) – C6H4
37ClNH2 – C3H4
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engaging the nitrogen lone pair, gives a highly conjugated struc-
ture. The pyridine cyclization allows the rearrangement to occur.
The hydrogen on the ortho-position is transferred to the phenyl
ring and ensures the simultaneous elimination of benzene and the
formation of the protonated quinoline atm/z 130 or its chlorinated
analogs at m/z 164/166. The substitution of the aniline by a
chlorine ensures observing two other specific dissociation path-
ways. The starting point is the highly conjugated structure of the
parent ion. A rH13 transfer from the nitrogen to the aromatic ring
may lead to the elimination of chlorine by two processes. The
former one is the homolytic cleavage of the carbon–chlorine
bond (process a’), which leads to the C13H11NO2

+• radical cation
at m/z 207. The second one is associated with the concerted
elimination of the chlorine and a hydrogen atom bonded to an
adjacent carbon to ensure the loss of HCl and the formation of the
m/z 206 ion (process b’). For each of these ions (m/z 206 and
207), cyclization may occur to stabilize the obtained structure by
resonance effects as phenyl quinoline structure.
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first one implies the loss of a propyne molecule (process a) by a
heterolytic bond cleavage and the formation of the tropylium ion
at m/z 91. The second one (process b) produces the protonated
indene by the elimination of methane through a concerted mech-
anism. The MS3 of the C10H11

+ ion also yields a third daughter
ion by the release of a methyl radical. The process begins with the
rH13 hydrogen transfer from the phenyl to its side chain to form a
substituted phenyl cation. A concerted mechanism allows the
homolytic elimination of •CH3 and the cyclization of a C5 ring
to occur. This process leads to the formation of the indene radical
ion.

Tandem Mass Spectrometry of Protonated Butyrophenone-im-
ine The mechanisms involved in the formation of the
daughter ions of butyrophenone imine ion are very similar
to what was described in the previous section (Figure S12).
The protomer, which corresponds to the protonation of the
phenyl, undertakes a β inductive cleavage and the loss of
propene, after a rH15 hydrogen transfer. The resulting ion
detected at m/z 106 exclusively loses CNH to form the
C6H7

+ protonated benzene ion by MS3. The tautomer equi-
librium between the second protomer (protonation on the
nitrogen atom) ensures the easy elimination of ammonia and
the observation of the m/z 131 ion, the MS3 behavior of
which is close to what was reported in the previous section.
The poor signal of the C10H11

+ and the lower ECOM do not
allow observing either the loss of methane or the elimina-
tion of the methyl radical. At the difference of the proton-
ated butyrophenone, the elimination of benzene by induc-
tive cleavage is not observed. The imine leads to the homo-
lytic dissociation of the bond between the phenyl and the
imine function, which is evidenced by the detection of the
C4H9N

+• radical cation. A lower electronegativity of the
nitrogen atom compared with the oxygen one may be a
reasonable explanation of this behavior.

Tandem Mass Spectrometry of the Protonated Schiff bases of
Butyrophenone The MS2 behavior of the two protonated
Schiff bases, obtained by reaction of butyrophenone with
aniline or 3-chloroaniline, is very close to what was
described for the protonated butyrophenone and/or its
imine derivative (Supplementary Figure S13). The m/z
131 daughter ion results from the loss of aniline (or 3-
chloroaniline). The involved process is identical to those
involved in the elimination of water for protonated bu-
tyrophenone or the elimination of ammonia from the
butyrophenone imine. The MS3 of this first daughter
ion leads also to the specific formation of the tropylium
cation. It is interesting to note that in spite of a low
ECOM used to activate the 3-chloroaniline Schiff base,
this consecutive process is evidenced on the MS2 spec-
trum. This is the reason why the C10H11

+ ion is not the
base peak in that case. Both the elimination of benzene
and propene molecule, as was described in the two
previous sections, are observed for both Schiff bases.

The last fragmentation pathway is specific to the butyro-
phenone Schiff bases; it corresponds to the elimination
of an ethyl radical and the formation of the C14H13N

+•

and C14H12ClN
+• daughter ions at m/z 195 and 229/231,

respectively. The β-homolytic elimination of the side
hydrocarbon chain seems to be favored by the attractive
properties of the aniline or 3-chloroaniline substituent.

Trihydroxyacetophenone

The protonated trihydroxyacetophenone is observed at m/z
169, whereas the [M+H]+ of the trihydroxyacetophenone imine
and the Schiff bases obtained with aniline and 3-chloroaniline
are detected at m/z 168, 244, and 278/280, respectively
(Supplementary Figure S14). The structural analysis by tandem
mass spectrometry, which confirms the different assignments,
is shown in Table 5.

T a n d e m M a s s S p e c t r o m e t r y o f P r o t o n a t e d
Trihydroxyacetophenone Two fragments are observed by
MS2 of the pro tona ted t r ihydroxyace tophenone
(Supplementary Figure S15). The main one is relative to the
loss of water and the second one corresponds to the elimination
of CH2CO. At the low activation energy used, it is expected
that no significant structural modification occurs before the
fragmentation process. It is consequently reasonable to consid-
er that the ionization of this molecule by ESI is mainly associ-
ated with the attachment of a proton on a hydroxyl substituent,
which permits the easy dehydration of the parent ion and the
formation of the C8H7O3

+ cation detected at m/z 151. Finally,
fragmentation of the C8H7O3

+ cation induces two consecutive
CO losses after displacement of tautomeric equilibrium to keto
form. These processes lead to the successive formation of m/z
123 and 95 ions, which is confirmed by the MS4 experiment
performed on the C7H7O2

+ ion.
For the second fragmentation pathway from the proton-

ated trihydroxyacetophenone, a rH13 hydrogen transfer first
is considered to shift the charge on the aromatic ring. The
acetyl moiety is subjected to a tautomer equilibrium, which
may be displaced to the enol form by collisional activation.
A concerted rearrangement mechanism allows achieving the
elimination of CH2CO and displacing the enolic hydrogen
to one hydroxyl substituent of the aromatic ring to yield the
m/ z 127 i on co r r e s pond i ng t o t h e p r o t on a t ed
trihydroxybenzene. The additional activation of this ion
ensures the elimination of water and the formation of the
C6H5O2

+ at m/z 109. It is followed by the CO loss after the
displacement of the tautomeric equilibrium to the ketone
form. The resulting ion at m/z 81 corresponds to the pro-
tonated form of the hydroxycyclopentadiene. The activation
of the protonated trihydroxybenzene leads to the rH13 hy-
drogen transfer from one hydroxyl to the aromatic ring and
the displacement of the tautomeric equilibrium to the ketone
form, which allows two fragmentation pathways to be
opened. The first one is the loss of carbon monoxide (pro-
cess b), which ensures the formation of the protonated



Table 5. Tandem mass spectrometry analysis of protonated [M+H]+ ion of trihydroxyacetophenone and its corresponding imine compounds

MS1

[M+H]+
MS2 MS3 MS4

ECOM
(eV)

m/z (abundance) – loss ECOM
(eV)

m/z (abundance) –
loss

ECOM
(eV)

m/z (abundance) –
loss

Trihydroxyacetophenone C8H9O4
+

m/z 169
0.55 151 (100) – H2O 0.57 123 (100) – CO

95 (1) – CO – CO
109 (100) – H2O

0.79 95 (100) – CO

127 (56) – CH2CO 0.76 99 (39) – CO
85 (96) – CH2CO
81 (12) – H2O – CO

0.71 81 (100) – CO

Trihydroxyacetophenone
imine

C8H10NO3
+

m/z 168
0.53 151 (100) – •OH

127 (5) – C2H3N
126 (4) – •C2H4N
84 (2) – C4H4O2

0.54 123 (100) – CO
95 (2) – CO – CO

0.69 95 (100) – CO

Trihydroxyacetophenone
– Aniline Schiff Base

C14H14NO3
+

m/z 244
227 (10) – •OH 0.54 212 (10) – CH3

•

209 (5) – H2O
199 (100) – CO

0.48 185 (45) – CH2CO
159 (7) – C4H4O

160 (4) – C4H4O2

151(4) – C6H5NH2

118 (100) – C6H6O3

77 (2) –C6H6O3 –CH3CN

0.82 77 (100) – CH3CN

Trihydroxyacetophenone –
3- chloroaniline
Schiff Base

C14H13N
35ClO3

+

m/z 278
0.43 261 (2) – •OH

260 (7) – H2O
194 (3) – C4H4O2

152 (100) – C6H6O3

C14H13N
37ClO3

+

m/z 280
0.42 263 (2) – •OH

262 (5) – H2O
196 (3) – C4H4O2

154 (100) – C6H6O3
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dihydroxycyclopentadiene at m/z 99 and the second one
(process a) induces the opening of the ring and the loss of
the CH2CO (ketene) to yield the C4H5O2

+ cation at m/z 85.

Tandem Mass Spec t rome t r y o f the Pro tona t ed
Trihydroxyacetophenone-imine Two protomers may be con-
sidered for the m/z 168 of the protonated imine derivative of the
trihydroxyacetophenone (Supplementary Figure S16). The first
one is obtained by protonation of the nitrogen and the second one
by attachment of a proton to the aromatic ring. The rH13 hydrogen
transfer allows both protomers to be interconnected. Nevertheless,
the four different dissociation pathways systematically involve the
second protomer. Both homolytic and heterolytic bond cleavages
occur. The displacement of the imine–amine tautomeric equilib-
rium to the amine form ensures three fragmentation pathways to
be achieved. The first one (process a) engages the migration of
one hydrogen of the amine to an adjacent hydroxyl and the
elimination of the pendant C2H3N, to form the protonated
trihydroxybenzene at m/z 127. Alternatively, the elimination of
the trihydroxyphenyl side chain may involve a homolytic bond
cleavage (process b), which leads to the formation of the radical
trihydroxybenzene daughter ion at m/z 126. The last fragmenta-
tion corresponds to a retro-Diels-Alder (RDA) mechanism, after
the displacement of tautomerization equilibrium to the keto form
by a rH15 hydrogen migration. It ultimately leads to the formation
of the C4H6NO

+ ion. The fourth fragmentation phenomenon is the
elimination of the one hydroxyl radical to form the

dihydroxyacetophenone radical ion at m/z 151. The successive
displacement of the two tautomeric equilibria to the keto-form
ensures the loss of two carbon oxide molecules and the formation
of m/z 123 and 95 ions as described in the previous section.

Tandem Mass Spectrometry of Protonated Schiff bases of
Trihydroxyacetophenone Part of the fragmentation processes
observed in the study of the protonated trihydroxyacetophenone
imine are also evidenced after the activation of the protonated
Schiff bases of trihydroxyacetophenone, whatever primary amine
used (Supplementary Figure S17). Thus, the elimination of one
hydroxyl radical leads to the detection of them/z 227 and 261/263
ions for the aniline and 3-chloroaniline Schiff bases, respectively.
For Schiff bases, the RDAmechanism, which has been described
in the previous section, also ensures the elimination of C4H4O2

and the formation of the m/z 160 and 194/196 daughter ions with
respect to the nature of the used primary amine. Alternatively, the
inductive dissociation of the bond between the trihydroxyphenyl
and the iminium carbon ensures the migration of the charge on
this carbon atom and the elimination of the trihydroxybenzene. It
leads to the formation of the C8H8N

+ (C8H7ClN
+) daughter ion at

m/z 118 (152/154). The consecutive elimination of an acetonitrile
molecule, which is confirmed by MS3, produces the phenyl
cation. For the protonated N-phenyl imine derivate of the
trihydroxyacetophenone, a specific dissociation is observed and
corresponds to the elimination of the aniline by inductive cleavage
involving the ammonium protomer. The non-observation of this
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Figure 5. (+) ESI FT-ICR mass spectrum of oak pyrolysis bio-oil doped with 0.1 % of 3-chloroaniline
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dissociation pathway for the 3-chloroaniline seems to indicate that
the induction effect associated with the chlorine substituent disfa-
vors the ammonium protomer. In contrast, this effect increases the
lability of the hydrogen of the imine, which may be transferred to
an adjacent hydroxyl group and leads to the loss of a water
molecule to yield the m/z 260/262 ions (Insert, Supplementary
Figure S17). The MS3 experiments conducted on the radical
dihydroxyacetophenone Schiff base atm/z 227 leads, as described
for the imine, to the elimination of CO (process a) and the
formation of the m/z 199 ion. This process is in competition with
the ketene elimination and the production of the C12H11NO

+•

radical cation at m/z 185 (process b).
The tautomerization equilibrium yields a structure close to what

was previously proposed, which attests that a pseudo RDA mech-
anism is favored. The final daughter ion is observed at m/z 159.

The two last fragmentation pathways of the C12H11NO
+•

radical cation ensure to rationalizing the loss of water and
methyl radical. The first mechanism implies the abstraction of
an ortho hydrogen atom of the aniline or 3-chloroaniline ring
and the elimination of a water molecule with the concomitant
formation of a C6 N-containing ring. The resulting
hydroxymethylphenanthridine radical cation is stabilized by
an important mesomeric effect. The elimination of the methyl
radical corresponds to a homolytic dissociation of the C–C and

the formation of a carbon–carbon double bond by the combi-
nation of the two single electrons.

Conclusion
It is clearly demonstrated that the infusion of standard carbonyl
compounds with primary amine (ammonia, aniline or 3-
chloroaniline) in an ESI source leads to the formation of imine
derivatives. This may be a significant drawback for complex
mixture analysis conducted in negative ion detection mode.
Indeed, part of the detected nitrogen compounds observed in
MS may be formed by reaction with the ammonia when it is
used to favor deprotonation. This behavior explains the results
obtained in one of our previously published works, which
evidences a significant number of nitrogen species when a
bio-oil doped with NH4OH was investigated by (–) ESI [20].
Nevertheless, this experimental bias may be used to specifical-
ly verify bio-oil compounds, which easily form imine or Schiff
bases. To unambiguously verify such species, the primary
amine has to be carefully chosen. Indeed, a nitrogen amount,
in the 0 to 2% weight range, implies that some bio-oil compo-
nents still contain nitrogen. The use of 3-chloroaniline appears



to be well adapted. In that case, the simultaneous presence of
chlorine and nitrogen atoms in the elemental formula of one ion
will specifically reveal the formation of a Schiff base. As a
consequence, (+) ESI FT-ICR MS experiments have been
conducted with an Oak pyrolysis bio-oil doped with 0.1% of
3-chloroaniline. The results are described in the following
section.

(+) ESI-FT-ICR-MS Analysis of Bio-Oil Doped
with 3-Chloroaniline

The (+) ESI FT-ICRmass spectrum obtained by infusion of the
Oak bio-oil solution doped with 0.1% of 3-chloroaniline is
reported in Figure 5. Close to 860 peaks are assigned and their
accurate examination leads to clearly assign chlorine-
containing compounds (some are indicated by green dots on
the mass spectrum). On a general point of view, the total ion
current is relative to five classes of ions: CxHyOzNCl (205
assigned formula, 43% of the TIC), CxHyNOz (322 assigned
formula, 31% of the TIC), CxHyOz (177 assigned formula, 13%
of the TIC), CxHyOzN2Cl2 (62 assigned formula, 7% of the
TIC), and CxHyOzNa (41 assigned formula, 3% of the TIC).
The chlorine series are unambiguously associated with carbon-
yl compounds of the bio-oil after the derivatization by the 3-
chloroaniline. It is interesting to note that CxHyOzN2Cl2 species
originally correspond to oxygenated compounds, which en-
ables the formation of two imines. For CxHyOzNCl com-
pounds, the putative elemental formula of the original CxHyOz

compound (noted CxHyOz
*) is obtained by the subtraction of

C6H4ClNH2 and addition of H2O. For CxHyOzN2Cl2,
C6H4ClNH2 and H2O are, respectively, deduced and added
twice to obtain the CxHyOz

** putative formula. A similar
procedure is used to define the nature of the CxHyOz com-
pounds that are detected as proton or sodium adduct. This data
treatment allows obtaining the van Krevelen diagram (i.e., the
representation of the H/C ratio in respect to the O/C ratio) and
the relative distribution of the CxHyOz in respect to the oxygen
atom count. Both graphical representations are displayed in the
Figure 6. As it was previously observed by (+) ESI FT-ICR
analysis without 3-chloroaniline, the CxHyOz species range
from O3 to O12 [32]. The CxHyO3-7 species are mainly ob-
served as protonated and are relative to lignin derivatives (0.5 <
H/C < 1.5 and 0.1 < O/C < 0.6), whereas the CxHyO7-12 sugaric
compounds (1.5 < H/C < 2 and O/C < 0.5) specifically form
sodium adducts. Both CxHyO3-7

* lignin derived species and
CxHyO7-8

* sugaric compounds are observed after derivation by
one 3-chloroaniline molecule. The CxHyO2-5

** twice-
derivatized compounds are only associated with the pyrolysis
products of the lignin. For these latter compounds, the repre-
sentation of their DBE in respect with their nominal mass,
reported in Figure 7, demonstrates that they are mainly low
mass species. Without their twice-imine derivatization, they
should not be detected by our FT ICR-MS instrument because
of its low mass cut-off atm/z 150. This is also partially the case
for the CxHyO

* compounds. The capability of this approach to
highlight carbonyl compounds in an extended mass range is an

additional advantage. The Venn diagram displayed in Supple-
mentary Figure S18 shows that close to 45% of the chemical
formulae are relative to carbonyl compounds of the bio-oil.
Among them, about one-quarter have also non-carbonyl iso-
mers in the bio-oil such as phenolic compounds (species which
are not derivatized by the 3-chloroaniline). This demonstrates

Figure 6. (Top) Relative distribution in respect with the oxygen
atom count, and (Bottom) van Krevelen diagrams of the CxHyOz

(blue), CxHyOz
* (green), and CxHyOz

** (red) compound classes
assigned in the analysis oak pyrolysis bio-oil by (+) ESI FT-ICR
MS

Figure 7. DBE versus Nominal mass of the CxHyOz (blue),
CxHyOz

* (green), and CxHyOz
** (red) compound classes
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the ability of this approach to increase the discrimination of the
bio-oil components depending on their chemical structure. To
deepen knowledge of these carbonyl compounds, some tenta-
tive assignments are gathered in Table 6 and are supported by
previously published works. The focus is placed on the low
mass CxHyO2-5

** compounds, which have been twice
derivatized by 3-chloroaniline and more particularly on the
nine bio-oil components, which have been specifically detected
in this way. The main part of these compounds involved two
carbonyl functions, which may be ketone or aldehyde
(succinaldehyde, methylglyoxal, sinapaldehyde, …). Never-
theless, part of them are carboxylic acid such as formic acid.
In that case, a specific process is involved as reported in
Supplementary Figure S19. As a first step, the amine reacts
with the carbonyl of the carboxylic acid function to yield an
imine. The tautomerization of the achieved compound leads to
the amide form. This ensures a second addition of an amine to
occur on the carbonyl group of the amide, which leads to the
formation of an imine. The direct formation of the amide by
reaction of the carboxylic acid with the amine is thought to be
not favorable due to the acidic medium of the bio-oil.

Final Comments

The ammonium hydroxide dopant, which is commonly used to
favor the deprotonation phenomenon and to increase the sen-
sitivity, may spontaneously react with highly reactive carbonyl
compounds in the ESI source during the infusion. Indeed,
imine compounds may be formed, which consequently bias
the sample composition description. Such phenomenon has to
be carefully checked when a non-targeted analytical approach
is used, and a significant number of still published results have
to be re-examined to be sure that no misinterpretation has been
made. Nevertheless, this drawback may be used to try to
deepen the classic non-targeted approach and more particularly
the petroleomic analysis. The capability to attach a chemical
moiety involving an atom with a specific isotopic pattern, as
chlorine or bromine, may be helpful to perform semi-directed
non-targeted analysis. In the particular case described in this

work, carbonyl compounds (aldehydes, ketones, and carbox-
ylic acids) have been pointed out.
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Table 6. Putative CxHyOz formulae and proposed assignments for some CxHyN2Cl2Oz compounds evidenced in the oak bio-oil analysis by (+) ESI FT- ICR MS

m/z Assigned formula Putative formula Proposed assignment References

265.029381 C13H10N2Cl2 CH2O2 Formic acid [26, 28, 30, 33, 34]
291.045031 C15H12N2Cl2 C3H4O2 Methylglyoxal [35, 36]
305.060681 C16H14N2Cl2 C4H6O2 Succinaldehyde [30, 35–38]
307.039946 C15H12N2O1Cl2 C3H4O3 Pyruvic acid

Hydroxymalonaldehyde
[39, 40]
[41]

319.076331 C17H16N2Cl2 C5H8O2 Glutaral [37, 42]
333.055596 C17H14N2O1Cl2 C5H6O3 2,5-Hexanedione [30]
335.071246 C17H16N2O1Cl2 C5H8O3 Levulinic acid

Acetoxyacetone
[29]
[28–30, 33, 36, 42, 43]

339.045031 C19H12N2Cl2 C7H4O2 ? –
343.039946 C18H12N2O1Cl2 C6H4O3 2,5-Furandicarbaldehyde [44]
349.050510 C17H14N2O2Cl2 C5H6O4 1-(Acetyloxy)-2-butanone [26, 29, 42]
353.060681 C20H14N2Cl2 C8H6O2 Phenylglyoxal [45]
365.081810 C18H18N2O2Cl2 C6H10O4 Adipic acid [46, 47]
417.076725 C21H18N2O3Cl2 C9H10O5 Syringic acid [26]
427.097460 C23H20N2O2Cl2 C11H12O4 Sinapaldehyde [28, 43, 48]
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