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ty and Ins
A B S T R A C T

Traditionalmatrix does not allowmatrix-assisted laser desorption/ionizationmass spectrometry (MALDI
MS) to analyze volatile compounds, because volatile analytes may vaporize during the sample
preparation process or in the high vacuum circumstance of ion source. Herein, we reported a Co and N
doped porous carbonmaterial (Co-NC) which were synthesized by pyrolysis of a Schiff base coordination
compound. Co-NC could simultaneously act as adsorbent of volatile compounds and as matrix of MALDI
MS, to provide the capability of MALDI MS to analyze volatile compounds. As adsorbent, Co-NC could
strongly adsorb and enrich the volatile compounds in perfume and herbs, and hold them even in the high
vacuum circumstance. On the other hand, Co-NC could absorb the energy of the laser, and then transfer
the energy to the analyte for desorption and ionization of analyte in both negative and positive ionization
modes. Additionally, the background interferenceswere avoided in the low-mass region (< 500 Da)when
using Co-NC as matrix, overcoming the challenges of MALDI MS analysis of small molecule compounds.
In summary, Co-NC as matrix tremendously extended the application of MALDI MS.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Matrix-assisted laser desorption/ionization mass spectrome-
try (MALDI MS) is an effective tool for analysis of nonvolatile
compounds, such as proteins [1], peptides [2], carbohydrates [3],
and synthetic polymers [4–7]. MALDI MS has its extraordinary
advantages including high throughput, no cross contamination,
low fragmentation and high sensitivity [8–11]. In MALDI MS
analysis, analyte is usually mixed with matrix, and then dropped
on the sample target. After the mixture is dried, the sample target
is loaded into the high vacuum ion source of the instrument for
MALDI MS analysis. In general, it only takes several minutes to
analyze the sample, which is very convenient. However, for
analysis of volatile compounds, the analyte can evaporate easily
during the drying process and in the high vacuum circumstance
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of the ion source, which leads to the absence of analyte on the
sample target, consequently resulting in a failure of the
characterization of the volatile compounds by MALDI MS.
Traditionally, volatile compounds are enriched by solid phase
microextraction device and then analyzed by gas chromatogra-
phy-electron ionization-mass spectrometry (GC-EI-MS), which
is a time-consuming procedure [12,13]. As a result, the approach
of MALDI MS in analysis of volatile compounds is worth
exploring.

Matrix is vital for the characterization of samples by MALDI MS
[14]. Therefore, for a long time the development of newmatrix has
been a research hotspot in MALDI MS. Some organic compounds,
like α-[16_TD$DIFF]cyano-4-hydroxycinnamic acid (CHCA) [15], sinapic acid
(SA) [16], 2,5-dihydroxybenzoic acid (DHB) [17], and various
materials with different composition as new matrices, such as
porous silicon [18–20], metal nanoparticles [21,22], metal oxides
[23,24] and carbon-basedmaterials [25–29], have been developed,
which is highly successful to expend the applications of MALDI
MS [5,30–33]. Nevertheless, matrix used to analyze volatile
compounds has not been reported so far.
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig.1. (a) TEM image, (b) HR-TEM image, and (c) elementalmapping of C, N, and Co of the Co-NCmaterial, showing graphitic carbon structures and homogeneous distribution
of Co and N in the carbon layers.
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Fig. 2. GC-EI-MS spectra of volatile compounds in perfume with (a) or without (b)
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In this work, we designed a coordination compound derived Co
and N doped porous carbon (Co-NC) material, which has relatively
large specific surface area, strong interaction force with volatile
compounds, and stable physical and chemical property [34]. This
material can strongly adsorb and enrich the volatile compounds in
air, and can hold them firmly even in the high vacuum
circumstance. More importantly, this material can be used as
matrix of MALDI MS for desorption and ionization of volatile
compounds. This Co-NC material as new matrix provides the
ability of MALDI MS to analyze volatile compounds, and
tremendously extends the application of MALDI MS.

The aldimine condensation usually have high reaction rate, and
the product of the reaction, Schiff base, is very stable [35]. In this
work, 2-aminobenzimidazole and 2-pyridinecarboxaldehyde were
mixed and quickly reacted under the catalysis of CoCl2�6H2O. Color
transformation of the solution from dark blue to black during the
reaction indicated the generation of new compound, and elemen-
tal analysis (C 48.97, H 3.97, N 17.25) illuminated the high
concentration of N in the compound.

After calcination, the morphology and elemental composition
were characterized. Transmission electron microscopy (TEM)
image (Fig. 1a) exhibited that Co-NC was the folded and lamellar
mixed structure with many pores. High resolution (HR)-TEM (HR-
TEM) image of Co-NC (Fig. 1b) showed the abundant graphitic
carbon structure with interplane spacing of (002) crystal lattice
(3.4 Å), which could be attributed to the catalytic graphitization
behavior of Co nanoparticles (NPs) in the structure [36–38].
Elemental mapping (Fig. 1c) showed that Co-NC was mainly
composed of C, N, and Co, among which N and Co were dispersed
uniformly throughout the carbon matrix.

The chemical state of C, N and Co in Co-NCmaterialwas analyzed
by X-ray photoelectron spectroscopy (XPS). The XPS demonstrated
that the binding energy for carbon elementwas 284.22 eV (Figs. S1a
andb inSupporting information), suggestingmost carbonatomsuse
sp2 hybrid orbit to bindwith other atoms in the structure. The result
demonstrated that Co-NC was a highly graphitized material, which
was consistent with the TEM data. The XPS spectra for N 1s
in Co-NC present four types of nitrogen species (Figs. S1a and c
in Supporting information): dominant graphitic-N (401.1 eV) and
Co-N (399.2 eV), pyridinic-N (398.4 eV) as well as pyrrolic-N (400.2
eV) [35,38]. These kinds of nitrogen atoms could be used as Lewis
base, which had the ability to combine protons when interacted
with analytes. Co was also well doped in the graphic layers and
had interactionwith C and N atoms in the structure (Figs. S1a and d
in Supporting information). The role of Co, we suspected, might
increase the density and stability of the Co-NC material so that
Co-NC did not contaminate the ion source.

N2 adsorption–desorption experiments were performed to
obtain the Brunauer-Emmett-Teller (BET) specific surface area of
synthesized Co-NC material, which was corresponding to 355m2/g
(Fig. S2a [17_TD$DIFF]in Supporting information) with manymesoporous (38 Å).
To be used as a matrix in MALDI analysis, the light absorption
property is also important. As shown in the UV–vis-near IR
absorption spectrum (Fig. S2b in Supporting information), this
material presented broad absorption from 240 nm to 700 nm. As a
result, when exposed to 355 nm laser in the ion source ofMS, Co-NC
could absorb the energy of the laser, and then transfer the energy to
the analyte for desorption and ionization of analyte.

The adsorption capacity of Co-NC was investigated. The Co-NC
material (5mg)was incubatedwith the perfume (DKNY) (10mL) in
a 160 �C airtight environment (40mL) for 30min. The volatile
compounds in perfume adsorbed in the Co-NC were eluted by
100mL of ethanol, and then 0.2mL were loaded into a GC-EI mass
spectrometer for analysis. The results were shown in Fig. 2a and
the Co-NC material as absorbent.
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Fig. 3. Mass spectra of volatile compounds. (a) Phenylethyl alcohol, CHCA used as
matrix. (b) Phenylethyl alcohol, Co-NC used as matrix. (c) Capsaicin, Co-NC used as
matrix. (d) 3-Quinuclidinyl benzilate (BZ), Co-NC used as matrix. (e) The
concentration from Syzygium aromaticum, Co-NC used as matrix. (a-e) were
obtained by MALDI MS. (f) The concentrates from Syzygium aromaticum, obtained
by GC-EI-MS.
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Table S1 (Supporting information). Totally, 26 compounds,
including D-limonene, linalool, etc., were absorbed by Co-NC
and detected by GC-EI-MS. Direct analysis of the perfume (10mL
perfume diluted in 100mL of ethanol, then 0.2mL was injected to
make the analysis) by GC-EI-MS showed 31 compounds were
detected (Fig. 2b). Although 5 compounds, mainly aliphatic
alcohols, could not be adsorbed by Co-NC under this condition,
the Co-NC showed the strong adsorption capacity for many kinds
of volatile compounds such as alkene, higher alcohols and esters.
The failure of adsorption for those aliphatic alcohols might
attributed to their high polarity. The adsorption performance of
Co-NC was further compared with the classical adsorbent,
activated carbon. The results demonstrated that Co-NC had similar
adsorption capacity to that of the activated carbon (Fig. S3 in
Supporting information). The strong adsorption capacity of Co-NC
to volatile compounds may be originated from the graphitized
carbon and porous structure in the material.

The performance of Co-NC as matrix of MALDI MS was
investigated. Cytidine and taurine, as examples, were analyzed
by using Co-NC as matrix of MALDI MS. Traditional organic
matrices, CHCA and 9-acridinamine (9-AA), were also chosen for
comparison, and the results were shown in Fig. S4 (Supporting
information). Firstly, for these 2 compounds, no mass spectra
signals can be obtained without matrix (Figs. S4a and d). By using
Co-NC as matrix, the sodium and potassium adduct signals of
cytidine withm/z at 266.1 and 282.0 respectively were obtained in
positive ionization mode without background ions interference
(Fig. S4b). Likewise, deprotonated taurine signal with m/z at 124.0
was clearly obtained in negative ionization mode (Fig. S4e). On the
contrary, when using CHCA and 9-AA as matrix in the positive and
negative mode respectively, strong background interferences were
generated (Figs. S4c and f), and blurred the signal of the analyte.
Taken together, Co-NC is a successful matrix of MALDIMS, which is
available for both positive and negative ionization modes without
background interferences in the low-mass region (< 500 Da).

Further, the performance of Co-NC, simultaneously acting as
adsorbent of volatile compounds and matrix of MALDI MS, was
investigated. Two volatile compounds, benzyl alcohol (bp: 205.7 �C,
vp:0.13kpa(58 �C)) andphenethyl alcohol (bp:219.5 �C,vp: 0.13kpa
(58 �C)),with lowboilingpoint (bp) and relative high vapor pressure
(vp), were chosen as examples. Obviously, no signal of volatile
compounds could be observedwhen using CHCA asmatrix (Fig. 3a).
On the contrary, the signal of benzyl alcohol (Fig. S5 in Supporting
information) andphenethyl alcohol (Fig. 3b) is easily capturedusing
Co-NC as matrix, indicating Co-NC had a strong interaction with
analyte even in the high vacuumenvironment, and could be used as
adsorbent andmatrix forMALDIMS analysis of volatile compounds.
A comparison with classical absorbent (activated carbon) was also
performed.However, no signalwas obtained. Thismay be attributed
to the low ionization efficiency of analyte using activated carbon as
matrix.

One riot-control agent, capsaicin, and one incapacitating agent,
3-quinuclidinyl benzilate (BZ), were also used as examples to test
the capability of Co-NC as adsorbent and matrix. The vapourable
capsaicin and BZ were adsorbed and analyzed. The results were
shown in [18_TD$DIFF]Figs. 3c and d, inwhich the sodium adduct and potassium
adduct signals for both of the compounds were presented in the
spectra. This phenomenon showed that Co-NC can absorb
capsaicin and BZ, even though the two incapacitating agents
presented solid state under normal condition. In addition, the
Co-NC can be used as matrix for MALDI MS analysis of capsaicin
and BZ.

Volatile compounds from herbs have long-time been regarded
as fingerprint of their parent botanies, which could be also used as
a criterion for evaluating the quality of the herb. As an application
example, the Co-NC was used as adsorbent and matrix to analyze
them. In a typical process, Co-NC was dropped on the stainless-
steel target plate followed by incubation with 1 g [9_TD$DIFF]Syzygium
aromaticum herb for 3 h, and then MALDI-FTICR-MS was
performed to identify the elemental composition of the compo-
nents captured by Co-NC. As demonstrated in the spectrum
(Fig. 3e), peak withm/z at 164.08323 (C10H12O2, M+) was observed,
which is in accordedwith themain volatile oil component eugenol.
To further confirm the component captured by Co-NC, 5mg Co-NC
was eluted by 100mL of ethanol, and the solution was analyzed by
GC-EI-MS in succession. The EImass spectrum (Fig. 3f) for themain
component showed [19_TD$DIFF]95% similarity with the standard spectrum
of eugenol, indicating that Co-NC had the capacity to adsorb the
main volatile components from syzygium aromaticum, and
more importantly, could be further used as matrix to identify
the compounds using MALDI-MS.

Using Co-NC as adsorbent and matrix, the volatile compounds
in [9_TD$DIFF]Syzygium aromaticum, [20_TD$DIFF]Agastache rugosa, Cinnamomum cassia
Presl, and [12_TD$DIFF]Kaempferia galanga L. were analyzed by MALDI MS. The
main components in these four herbs were identified using
accuratemolecularmass obtained byMALDI-FTICR-MS (Table S2 in
Suppporting information) (Fig. 4). The principal component
analysis (PCA) showed that the volatile compounds from different
herbs were significantly different, and can be used for distinguish-
ing herbs. As expected, it shows completed and clear classification
of all the four herbs, from the PCA result in Fig. S6 (Supporting
information).

The adsorption rate of Co-NC for volatile compounds was
then investigated. Coumarin ([M+H+]: 147.04406, [M +Na+]:
169.02603), a substance with strong odor and easy sublimation,
was selected. Co-NC was firstly dropped onto to the stainless-steel
target plate, and then 100mg solid coumarin and the target were
placed into a sealed beaker for 1�12 h respectively. And the target
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Fig. 4. MALDI FTICR MS spectra of four herbs. (a) [9_TD$DIFF]Syzygium aromaticum, (b) [10_TD$DIFF]

Agastache rugosa, (c) [11_TD$DIFF]Cinnamomum cassia Presl, and (d) [12_TD$DIFF]Kaempferia galanga L.
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was loaded into the ion source to be analyzed. The results (Fig. S7 in
Supporting information) revealed that the amount of adsorption
was linearly increased in the first three hours, and then saturated
basically in 5 h. The findings may also be a reference for the
quantitative analysis of volatile compounds in the environment.

In summary, focusing on the analysis of volatile compounds by
MALDI MS, we designed a new Co and N doped porous (38 Å)
carbon matrix, Co-NC. The experimental results demonstrate that
the Co-NC has relatively large specific surface area (355 m2/g) and
strong interaction force with volatile compounds, which can
strongly adsorb and enrich the volatile compounds in perfume and
herbs, and can hold them even in the high vacuum circumstance.
The Co-NC has ultraviolet (355 nm) absorption, and can be used as
matrix of MALDIMS for desorption and ionization of lots of volatile
compounds, like higher alcohols and esters, aromatic alcohol, etc.
Co-NC is available for both positive and negative ion detection
modes without background interferences in the low-mass region
(< 500 Da), overcoming the challenges of MALDI MS analysis of
small molecule compounds. In a word, this Co-NC material as
new matrix provides the ability of MALDI MS to analyze volatile
compounds in a very convenient and time-saving way, tremen-
dously extends the application of MALDI MS.
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