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a b s t r a c t

Nitrogen rich compounds are found in numerous planetary environments such as planetary atmospheres,
meteorites and comets. To better understand the structure and composition of this natural organic mate-
rial, laboratory analogs have been studied. Though HCN polymers have been studied since the beginning
of the 19th century, their structure and composition are still poorly understood. In this work we report
the first extended high resolution mass spectrometry study of HCN polymers. The mass spectra of the
eywords:
CN polymers
omposition
tructure
ass spectrometry

polymer contain hundreds of peaks to which we try to assign an elemental composition. Elemental anal-
ysis has been used to constrain the molecular formulae and isotopic signatures have also been used to
confirm them. The large quantity of amine functions observed with both infrared (IR) spectroscopy and
mass spectrometry indicates that amine groups are present in most chains found in HCN polymer. Col-
lision induced dissociation (CID) tandem (MSn) measurements were also performed on eight molecular

ave b
S/MS ions and aromatic rings h

. Introduction

HCN polymers are complex polymeric materials, composed of
arbon, nitrogen and hydrogen. They have been scrutinized for
long time because such materials are suspected to be present

n a wide variety of solar system objects and beyond [1–4]. HCN
olymers and other complex nitrogenated organics are believed to
otentially form in the cometary environment [5], on the surface
f icy satellites in the outer solar system [6–8], and in planetary
tmospheres [9,10]. For example it has been suggested that they
re present in Titan aerosol analogs, so-called Titan tholins (com-
lex CHN containing material produced by RF discharges in N2/CH4
as mixture) [11] although it has been shown that they only repre-

ent a minor fraction of tholins [12]. It has also been proposed that
CN polymers make up part of the refractory organic fraction of
omets and they probably constitute a solid reservoir that releases
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gaseous CN producing a CN distributed source in cometary atmo-
spheres [13–15]. However their presence has not been confirmed
yet by laboratory analyses of cometary grains, even though nitrile
signatures have been observed by IR and XANES (X-ray absorption
near edge structure) spectroscopy of Stardust particles [16].

Both HCN and NH3 have been detected in cometary environment
[17,18] and in the laboratory, pure HCN polymers result from the
direct polymerization of HCN molecules, which can be hastened by
addition of a base such as ammonia (NH3). HCN polymers exhibit a
large variety of properties, solubilities and compositions. They are
thus a family of solids rather than a pure and reproducible polymer
[19]. The study of HCN polymer is complicated by difficulties in
controlling the experimental conditions, which is the major source
of heterogeneity between samples. HCN polymers are reactive and
they hydrolyze to form prebiotic molecules such as amino acids
and even polypeptides [20–26]. Although such compounds (HCN
polymers) are of great interest in various planetary issues and were
first observed more than 200 years ago (by Proust 1806 and by Gay-

Lussac in 1815), they have never been analyzed by high resolution
mass spectrometry (HRMS). IR and NMR spectroscopies provide a
glimpse into the polymeric structure and show that HCN polymers
are relatively simple in terms of chemical diversity [12,27–30]. A
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Table 1
Elemental analysis of HCN polymer in weight percentages and derived N/C and H/C ratios. As the oxygen is only a trace element, oxygen has not been included when assigning
the molecular formulae. Relative errors are typically of 1%.

C (wt%) N (wt%) H (wt%) O (wt%) H/C (atomic) N/C (atomic) O/C (atomic)
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First analysis 43.2 ± 1 52.5 ± 1 4.3 ± 1
Second analysis 43.1 ± 1 52.6 ± 1 4.3 ± 1

ecent and detailed study by He et al. [31] used multidimensional
MR spectroscopy to investigate the structure of HCN polymers.
iscrete structural units for small molecular components have been

dentified (with abundant presence of primary amines, bound to
p2 carbon). A polyimine chain-like structure is proposed for the
olymer, resulting from nucleophilic addition to form C C bonds.

We report here the first extended HRMS study of HCN poly-
er seeking to explore their chemical structure and composition

n order to identify some of the molecular structures. This work fol-
ows the comparison of HCN polymers and Titan tholins by HRMS
resented in Vuitton et al. [12] and the first HRMS work on tholins
erformed by Somogyi and co-workers [32]. In this paper, we will
lso draw the attention to the intrinsic complexity observed within
given sample of HCN polymer. The HCN polymer used in this study
as synthesized at the Laboratoire Interuniversitaire des Systèmes
tmosphériques (LISA, Créteil, France).

Detlef Schroeder, who was a good friend of some authors of the
resent paper, has produced, throughout his prolific career, very

nnovative results related to the extra-terrestrial chemistry. Let us
ite his works related to the potential chemistry in Titan ionosphere
33–36] which are perfect illustrations of the scientific anthems
hat he developed: innovation and quality.

. Materials and methods

.1. Samples

Numerous methods have been proposed to synthesize HCN
olymer (see [12] and references within). In our case, it was pro-
uced by the direct polymerization of HCN molecules mixed with
0% ammonia as previously described by Matthews and Moser in
967 [24]. Due to its toxicity, HCN is not a commercial product.
herefore pure HCN must be synthesized before producing a poly-
er.
In our case, HCN is produced by the reaction between NaCN

Aldrich 98%) and stearic acid (CH3(CH2)16COOH, Merck, 97%). The
wo powders are introduced in equimolar proportions in a vac-
um manifold maintained at low pressure (<10−5 mbar) for a few
ours in order to remove all the adsorbed water and trapped air.
he mixture is heated to 350 K under dynamic vacuum to melt the
tearic acid and drive the acid/base reaction between stearic acid
nd CN−, resulting in the production of sodium stearate, HCN gas
nd traces of CO2 and formic acid (HCOOH). The resulting gases
re then collected and condensed in a trap cooled to the tempera-
ure of liquid nitrogen (77 K). The ice is then slowly heated to 140 K
o sublimate trace impurities in the ice except HCN, which remains
rozen at those temperature and pressure conditions (<10−5 mbar).
he sample purity is checked using IR spectroscopy and the main
ontaminant is found to be formic acid (HCOOH) in a minor abun-
ance.

Polymerization is performed as follows: HCN and NH3 (Air Liq-
ide 99.995%) are mixed at room temperature in a sealed flask

n proportions of HCN:NH3 = 10:1 at room temperature. Since the
olymerization reaction is exothermic, the flask is kept at room

emperature in a water bath, to prevent a temperature increase. In
he flask, NH3 is mostly gaseous and HCN is mostly liquid. At the
quilibrium, the reactive liquid is composed of HCN, NH3, NH4

+ and
N−. As the reaction occurs, a solid appears slowly in the flask. Its
t or traces
1.19 ± 0.20 1.04 ± 0.002 0t or traces

color evolves from yellow to orange, to brown and finally to black.
We let the reaction progress for 51 days and collect the resulting
black powder after pumping all the volatiles still present in the
flask.

2.2. Analytical techniques

2.2.1. Elemental analysis
Elemental analyses of HCN polymers used in this study were

obtained by combustion for C, N and H simultaneously and by
pyrolysis for O. The very limited oxygen content was checked by
pyrolysis as oxygen can be involved in the polymerization reaction
due to residue of formic acid (HCOOH) in the pure HCN. The mea-
sured C, N, H and O mass percentages are shown in Table 1, along
with the N/C, H/C and O/C elemental ratios.

2.2.2. Infrared spectroscopy
Infrared spectra were acquired using a Fourier transform Hype-

rion 3000 infrared microscope (Bruker), operating in the range
700–3800 cm−1 with a spectral resolution of 4 cm−1. The samples
were crushed onto a diamond window. The spectra were acquired
under high vacuum (<10−5 mbar) to minimize the contribution of
adsorbed water. Each spectrum is the average of 200 individual
scans.

2.2.3. Mass spectrometry
The HCN polymers used in this study were dissolved in methanol

with an initial concentration of 1 mg mL−1, followed by 30 min son-
ication. The solid is almost completely soluble in pure methanol.
Nevertheless the samples were centrifugated at 9000 × g for 3 min
in order to clearly separate the liquid from the small fraction of
remaining solid. The supernatant was then introduced into an
LTQ-Orbitrap XL mass spectrometer (Thermo Fischer Scientific)
equipped with the Ion Max ElectroSpray Ionization (ESI) source
which was used with a spray voltage of 3.5 kV in positive ioniza-
tion mode and 3.7 kV in negative ionization mode. The tube lens
voltage was maintained at 50 V (−50 V in the negative mode) and
the transfer tube was heated to 275 ◦C. The sample was infused
into the ionization system by flow infusion at a rate of 3 �L min−1.
External calibration of the Orbitrap was performed daily using
the manufacturer’s Calmix calibration solution in the mass range
m/z = 200–2000.

Full scan mode mass spectra were acquired using a mass range
from m/z = 50–1000 divided into two subranges of m/z = 50–300
and m/z = 150–1000. The lowest mass accessible in high resolution
with the Orbitrap is 50 Da. Full mass spectra correspond to the aver-
age of roughly 300 spectra collected in 10 min. The Orbitrap has a
resolving power (m/�m) better than 105 up to m/z = 400. With this
resolving power we are able to measure the exact mass of each
ionizable molecule of the solution with accuracy better than 5 ppm
(on average 2 ppm). This high resolution and accuracy allows for
the use of the exact mass to attribute the molecular formulae. The
mass defect is a powerful tool to constrain the molecular formu-
lae as only one combination of C, N and H can reproduce the mass

defect within 5 ppm in the whole mass range considered in this
study. Tandem mass spectrometry (MS/HRMS) was also performed
on HCN polymers using a strict and repetitive protocol in the LTQ
ion trap, using helium as the activation gas and final mass analysis
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Fig. 1. Infrared spectra of HCN polymers and, for comparison, tholins produced
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rom 90:10 N2:CH4 mixture. The HCN polymers spectrum exhibits strong amine
nd nitrile signatures, a more complex feature below 1650 cm−1 composed of C N
nd possible ring contributions and no clear methyl mode.

eing performed in the Orbitrap. The normalized collision energy
as set to 30% (the absolute collisional energy is not known) with

n activation time of 30 ms and an isolation window of 1.2 Da. In
his technique, ions (parent ions) within the isolation window are
elected in the LTQ ion trap, and their internal energy is increased
y collision with He, until the weaker bonds are broken, produc-

ng specific ions (daughter ions). In our case, this technique allows
easuring the exact masses of the neutral fragment, as the final

roducts are measured in the Orbitrap (high resolution mass ana-
yzer). Using the LTQ, specific daughter ions can be selected and
urther fragmented iteratively. This repetitive fragmentation has
een applied five times consecutively starting from the parent ion
t m/z = 244 (C9H10N9

+). This iterative process is ultimately limited
y the availability of signal. MS/MS spectra correspond to the aver-
ge of 5 min of acquisition.

Data acquisition was performed using the LTQ Tune Plus
oftware (Thermo Fischer Scientific) and data processing was
erformed using custom software developed at the Lunar and Plan-
tary Laboratory (University of Arizona) and at the Institut de
lanétologie et d’Astrophysique de Grenoble (France). Molecular
ormulae were calculated assuming that no oxygen is present in
he sample.

. Results and discussion

.1. Elemental analysis

The elemental analysis, in weight percentages, of HCN polymer
llows us to derive the C/H, C/N and C/O ratios as summarized in
able 1. The verified low abundance of oxygen allows us to calculate
olecular formulae containing only C, N and H atoms and demon-

trates the high level of purity of the HCN polymer with very little
ontamination or remaining pollution coming from the synthesis
rotocol. From the C/H and C/N ratios we can derive an atomic
xcess of 19% for hydrogen and 4% for nitrogen both with respect
o carbon in a pure HCN polymer in which the C/N and C/H can be
hought to be equal to 1. This excess represents less than 3 wt% of
he whole polymer.

.2. Infrared spectroscopy

A typical infrared spectrum of HCN polymers is shown in Fig. 1.
s a comparison a spectrum of tholins, a solid composed of H, C and

, initially designed to study Titan’s atmosphere aerosols, recorded
n the same instrument is also displayed. Tholins are produced by
ampre experiment [37]. Though not all the spectral bands are fully
nderstood, the HCN polymer spectrum shows prominent amine
Spectrometry 354–355 (2013) 193–203 195

and nitrile features. The amine band is composed of numerous con-
tributions with some of them potentially attributable to hydrogen
bound amines (around 3190 cm−1) and other to free amines (no
hydrogen bond) around 3350 cm−1. No clear methyl (CH2, CH3)
features are visible. The nitrile band around 2200 cm−1 is com-
posed of two clear contributions that were described in Carrasco
and co-workers [38]. The most intense feature in this region can
be assigned to (or at least are consistent with) nitriles linked to
aromatic ring at 2215 cm−1 and the second feature at 2180 cm−1

can be assigned to nitriles linked to unsaturated chains. A complex
feature is visible at 1650 cm−1 and below. This feature is composed
of the signatures of different chemical functional groups, mainly
C N and amine bending modes, with the possible contribution
of ring structures. These spectra clearly demonstrate the relative
simplicity of HCN polymers in terms of chemical diversity as their
infrared features are relatively sharp compared to the broad bands
of tholins.

3.3. High resolution mass spectrometry (HRMS)

HRMS has been demonstrated to be a suitable technique for the
analysis of complex organics such as tholins and HCN polymers
[12,39]. ESI-HRMS enables an analysis of complex organics with-
out previous separation or derivatization, and therefore provides
a snapshot of all the molecules that are readily soluble and ion-
izable in the initial material. ESI is a soft ionization method that
does not fragment molecules and reveals them as protonated pos-
itive ions or deprotonated negative ions. The resolving power and
dynamic detection range of the Orbitrap, allow us to access the iso-
topic signature (13C and 15N) of intense ions in addition to their
mono-isotopic peaks in the spectra. For the sake of clarity, isotopic
signatures are treated in a dedicated part of the results section, and
all the other representations contain only mono-isotopic (i.e. cor-
responding to the most abundant natural isotope of 12C, 14N, 1H)
signatures. Let us mention that ESI is known to produce sometimes
sodium adducts instead of protonated ions. The precision of mea-
surements in the low mass region and the positive assignment of
ions without any sodium inclusion led us to rule out this kind of
adduct in ESI ions from HCN polymers. In this section, the general
description of the spectrum will be the first step to the analysis of
the molecular content of our HCN polymer. The assigned molecu-
lar formulae and their relationship will be used as a cornerstone to
identify major compounds in the polymer, and their fragmentation
behavior will be analyzed to identify some molecular structures.

3.3.1. General description of the mass spectrum and molecular
formulae assignment

Fig. 2 represents the global mass spectrum of HCN polymers
(normalized intensities versus mass to charge ratio) between
m/z = 50 and 1000 in positive ion mode (panel A) and in negative
ion mode (panel B). The ionization method does not fragment
molecules and therefore each spectral peak corresponds to a
unique molecular formula but could correspond to multiple
isomers. Evaluation of the mass distribution of molecules in the
polymers shows that the signal is dominated by 20 intense peaks
while the majority of the peaks have much lower intensities
in both positive and negative modes. HCN polymer ions were
successfully detected from the mass 55.0286 (C2H3N2

+) to the
mass 996.3792 (C37H34N37

+) with maximum intensities below
m/z = 400 representing a cumulative intensity of 82% of the whole
signal and the assigned peaks have intensities between 0.01 and
2.5 × 106 counts (between 1 × 10−6 and 1 in normalize intensi-

ties) for the positive spectrum. For the negative spectrum HCN
polymer ions were detected from 53.0150 (C2H1N2

−) to 601.2905
(C22H29N22

−) also with maximum intensities below m/z = 400,
representing a cumulative intensity of 92% of the whole signal and
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Fig. 2. Mass spectrum of HCN polymer in positive ion mode (panel A) and in negative
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Fig. 3. Mass defects (i.e. the decimal fraction of the exact mass) of all the identified
peaks in the positive ion mass spectrum (panel A). Trend 1 corresponds to HCN
polymers, trend 2 to doubly charged ions and trend 3 to contamination. The mass
defects of the assigned molecular formulae (light blue triangles) and simulated mass
defects of CH2 polymer (red circles), HCN polymer (blue circles) and HCNO polymer
(red triangles) are also shown. Mass defects of all the identified peaks in the negative
ion mass spectrum (panel B). The smaller extent of the identified HCN molecules is
clearly visible (light blue triangles). Trend 1 corresponds to HCN polymers and trend
2 to contamination. The mass defects of the assigned molecular formulae (light blue
triangles) and simulated mass defects of CH2 polymer (red circles), HCN polymer
(blue circles) and HCNO polymer (red triangles) are also shown. (For interpretation
on mode (panel B). These spectra show that ions were present from m/z = 50–1000
nd the general molecular mass distribution throughout the mass range. The signal
s dominated by 20 intense peaks, but the majority of the peaks have low intensities.

he assigned peaks have intensities between 8.77 and 1.3 × 107

ounts (between 6 × 10−7 and 1 in normalized intensities). This
epresents a dynamic range for ion detection better than 106.
ig. 3A shows the evolution of the mass defects, i.e. the decimal
ractions of the exact mass (shown as black squares) for all the

easurements (raw spectrum, before molecular formula calcu-
ation) in positive mode. Three clear groups of mass defects are
bserved, the first corresponds to HCN polymers, the second cor-
esponds to doubly charged ions (of HCN polymers) and the third
orresponds to contamination (or molecular noise, i.e. species that
re present in the environment of the mass spectrometer and arise
n the spectrum, though they are not present in the solution). This
ontamination is also present in the blank spectra. Fig. 3A and B
how also the mass defects of the peaks that have been assigned to
molecular formula (light blue triangles, representing 4.5% of the

otal number of peaks in positive mode and 23% in negative mode
nd about 90% of the cumulative intensity in both modes) and three
imulated mass defect evolutions of pure polymeric CH2 polymer
(CH2)x: red circles), pure HCN polymer ((HCN)x: blue dots) and
CNO polymer ((HCNO)x: red triangles). The CH2 and HCNO pat-

erns were chosen because of their extreme mass defect tendencies
high and low mass defects respectively), compared to the HCN
olymer. The molecular assignment (i.e. passage from the ion mass
o the molecular formula) is based on the exact mass measurement

nd the mass defect. As the exact masses of the ions are measured
ith a very high resolution (≥105 up to m/z = 400) and a very good

ccuracy (within 2 ppm), the mass defect is a direct function of
he mass defects of the atoms building the ion. Then by combining
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

atomic mass defects of carbon, nitrogen and hydrogen we are able
to calculate theoretical mass defects and to compare them with the
measured ones. As a good agreement is found between theoretical
and measured mass defects (<2 ppm) the assignment is taken into
account. The spectra are, prior to assignment, internally calibrated
using exact masses of molecules that are unambiguously present in
the polymer see [39] for more details about formulae assignment.
The identified molecular formulae resemble the evolution of HCN
polymer-like mass defects, plus a few molecules that we attribute
to molecular noise. The same representation is also displayed
in Fig. 3B for the negatively charged ions. The same distribution
of mass defects is observed with two major differences: (i) no
multiply charged ions can be observed and (ii) smaller extent (in
mass, no assignments above m/z = 600) of the negatively ionized
HCN polymer molecules. The distribution of the molecular mass
defects, around the simulated pure HCN polymer mass defect
evolution, is due to the diversity of molecules present in the

real sample. This shows that our method of molecular formula
calculation is efficient enough to separate the real HCN polymer
molecules from the noise (electronic and contamination) and
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Fig. 4. Isotopic validation of the assigned molecular formulas. This example shows
the simulated position and intensity of the C9H6N6

+ ion (left part of the graph) and
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Fig. 5. Modified Van Krevelen diagram showing the H/C ratio versus the N/C ratio
of all the mono-isotopic peaks identified in the positive ion spectrum. This diagram
clearly shows that as the molecular mass increases, the H/C and N/C ratios tend
toward a value of 1. The linear trends toward the coordinates (1;1) observed on this
plot represent families of molecules. The size of the circles represents the intensity
of the peak in the spectrum. The red circle close to the center of the graph represents
the averaged N/C and H/C ratios with an intensity weighting and the pink square
represents the average without weighting. The blue triangle represents the N/C and

intensity weighting, of all the points in the diagram. The averaged
(taking into account both negative and positive modes) ratios are
H/C = 1.1 and N/C = 1.029 and are in relatively good agreement with
the elemental analysis of the polymer considering the small amount

Fig. 6. Modified Van Krevelen diagram showing the H/C ratio versus the N/C ratio
of all the mono-isotopic peaks identified in the negative ion spectrum. This diagram
clearly shows that as the molecular mass increases, the H/C and N/C ratios tend
toward a value of 1. The linear trends toward the coordinates (1;1) observed on this
plot represent families of molecules. The size of the circles represents the intensity
of the peak in the spectrum. The red circle close to the center of the graph represents
ts isotopic signature (right part of the graph). The agreement between simulated
osition and relative intensities and the spectrum (dotted line), clearly demonstrates
he validity of the molecular formula assignments.

hat HCN polymer is more complex than a simple repetition of
CN elements. The ions present in positive and negative modes
ave mostly different molecular formula, and the use of the two
omplementary polarities gives us a more precise overview of the
hole polymer. This comes from the ionization method that adds

r removes a proton to the molecule and is controlled by the ability
f the molecule to gain or lose a proton (i.e. the chemical functions
hat are present in the molecule and that can be protonated or
eprotonated respectively in positive and negative mode).

Though simpler than tholins [12], the HCN polymer is com-
osed of at least 1723 different molecular ions among which 1337
re mono-isotopic from the positive spectrum and 325 different
olecules with 262 mono-isotopic from the negative spectrum.

.3.2. Isotopic signatures a tool for assignment validation
A further proof of the validity of the molecular formula assign-

ents is given by the isotopic signature of the most intense peaks
n the spectrum. Fig. 4 shows the simulated position of the C6H9N6

+

olecular ion (left part of Fig. 4) and its simulated isotopic signa-
ures (right part of Fig. 4). Our simulation includes the carbon and
itrogen isotopes. As both mono-isotopic and isotopic signatures
atch with the spectra (solid line) both in exact mass and in rela-

ive intensities (though there is a symmetric under measurement
f small peaks) of the isotopic peaks, it confirms that the assigned
olecular formula is correct. The agreement of isotopic patterns

as been positively checked in the same way for the 10 most intense
eaks of the positive spectrum as a high signal to noise ratio is
andatory to see the isotopic peaks.

.3.3. Interpretation of the molecular formulae
Once molecular formulae have been assigned to the peaks, a

odified Van Krevelen diagram (used in petroleomics, [40]), shown
n Fig. 5 for the molecular formulae derived for the positive ions and
ig. 6 for the negative ions, can be used to visualize all of the mono-
sotopic peaks. A modified Van Krevelen diagram plots the H/C ratio
ersus the N/C ratio. The red circle close to the center of the graph
epresents the averaged H/C = 1.28 and N/C = 1.05 ratios, with an
ntensity weighting, of all the points in the diagram. The blue trian-

le represents the expected H/C and N/C ratios from elemental anal-
sis and the pink square corresponds to the averaged H/C and N/C
atios with no weighting. Fig. 6 displays the same representation of
he data set for the negative mode. The distribution in mass and the
H/C ratios expected from the elemental analysis with the error bars (for N/C within
the marker size). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

organization of the molecules around the point (1;1) is the same as
for the positive mode. The red circle close to the center of the graph
represents the averaged H/C = 0.920 and N/C = 1.008 ratios, with an
the averaged N/C and H/C ratios with an intensity weighting and the pink square
shows the average without weighting. The blue triangle represents the N/C and H/C
ratios from the elemental analysis with the error bars (for N/C within the marker
size). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 7 shows the evolution of intensity of the 14 most intense
families (among 243) that have been identified in positive mode
and are summarized in Table 2. The family detections are validated
by the distribution of the intensities as a function of the mass; for

Table 2
The 14 most intense identified families in positive mode are shown here with the
respective number of members and the identity of the most intense member.

Family Identified members Most intense member

Formula Measured
mass (m/z)

x in family

(HCN)x 35 C9H10N9
+ 244.1055 9

(HCN)xCH2 13 C7H9N6
+ 177.0885 6

(HCN)xCN2 28 C11H11N12
+ 311.1226 10

(HCN)xC2N2 31 C14H13N14
+ 377.1441 12

(HCN)xC 31 C11H11N10
+ 283.1166 10

(HCN)xC3N2 29 C13H10N12
+ 335.1405 10

(HCN)xC4N4 28 C15H12N15
+ 402.1390 11

(HCN)xC5N4 24 C15H11N14
+ 387.1283 10

(HCN)xH2 30 C6H7N6
+ 165.0883 6

(HCN) NH 30 C H N + 178.0836 6
ig. 7. Intensity versus mass of the 14 most intense identified families. The impor
etection (i.e. they are not an assignment artifact). The shape of the intensity di
istribution shown in Fig. 2.

f negatively charged ions identified. The pink square at the cen-
er of the graphs represents the averaged N/C and H/C ratios with
o weighting. Those two different ways to calculate the averaged
alues (with or without weighting) demonstrates the relevance of
he information contained in the intensity. The fact that we reach
value close to the one given by the elemental analysis means that

ntensity of the peaks mostly comes from the abundance of the
olecules in the sample. Considering the fact that the number of
olecules is huge in positive ionization mode compare to the nega-

ive ion mode and that the elemental analysis was performed on the
hole polymer, we calculate the averaged H/C and N/C ratios of the
hole polymer (negative and positive) weighted by the number of
olecules. The weighting is done by weighting the average ratios

n positive and negative mode (weighted by the intensities of the
eaks) by the number of molecules detected in both modes. This
alculation results in H/C = 1.22 (H/C = 1.19 from elemental analy-
is) and N/C = 1.04 (N/C = 1.04 from elemental analysis).

It is clear that as the molecular mass increases, both ratios tend
oward a value of 1 as it can be expected for HCN polymer resulting
rom HCN addition. In those Van Krevelen diagrams the H/C and N/C
atterns can be fitted linearly toward the point (1;1). The observed

inear patterns (all converging toward the point (1;1) on this dia-
ram) are not coincidental; they represent families of molecules,

he members of which are separated by the exact mass of HCN
27.0108 Da). The molecular formulae can be rewritten based on
hose families. For example the molecule C6H9N7 can therefore be
ewritten as (HCN)6 NH3 and will therefore belong to the (HCN)x
bservation is that their presence throughout the entire mass range validates their
ion versus the mass of all the molecules within each family follows the general

NH3 family (with an x value that varies between 2 and 37 in our
spectra). As the repetitive pattern of a family is identified, we can
look for this family through the entire mass range.
x 6 8 7

(HCN)xNH3 24 C8H12N9
+ 234.1211 8

(HCN)xNH5 5 C6H12N7
+ 182.1149 6

(HCN)xN2H2 15 C3H6N5
+ 113.0615 3

(HCN)xN2H4 16 C1H6N3
+ 60.0551 1
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Fig. 8. Panel A represents the evolution of the HCN Kendrick mass defect for the
identified molecular formulae in the positive ion mode data. Panel B represents the
evolution of the HCN Kendrick mass defect for the identified molecular formulae in
the negative ion mode data. This representation of the data set allows us to identify
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the fragmentation spectrum. Fig. 9 presents the results of MS/HRMS
experiments for the eight ions investigated here (summarized in

T
L
f

CN as the basic molecular building block as extended horizontal lines are drawn.

ll the families it follows the general distribution shown in Fig. 2
essentially depending on instrumental transmission and ioniza-
ion efficiency). The identification of those families is the same for
he negative mode even if fewer molecules have been identified.
ince the molecules in a given family are separated by the exact
ass of HCN, HCN monomer seems to be the repetitive pattern

nvolved as a molecular building block.
This observation is corroborated by the (HCN) Kendrick mass

efect diagram shown in Fig. 8A for the positive ions and Fig. 8B
or the negative ions. This diagram shows the evolution of the
endrick mass defect versus the exact Kendrick mass that corre-

ponds to the normalization of the exact measured mass to fit with
repetitive pattern of normalized mass. For instance, it is possible

able 3
ist of the ions studied by MS/HRMS with their respective molecular formula, relative dif
ragment.

Parent ion exact mass Formula � (ppm) F

m/z = 109.0506 C4H5N4
+ −2.6 (

m/z = 217.0944 C8H9N8
+ −2.7 (

m/z = 244.1055 C9H10N9
+ +0.35 (

m/z = 165.0882 C6H9N6
+ −0.58 (

m/z = 178.0833 C6H8N7
+ −1.2 (

m/z = 192.0989 C7H10N7
+ −1.4 (

m/z = 195.1096 C6H11N8
+ −2.7 (

m/z = 261.1320 C9H13N10
+ +1.3 (
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to use a HCN mass of 27 instead of 27.0108, using Eqs. (1) and (2)
from [41].

Exact Kendrick mass = Exact measured mass ∗
(

27
27.0108

)
(1)

Kendrick mass defect = (nominal mass − exact Kendrick mass)

(2)

The nominal mass is the entire fraction of the exact mass. Several
patterns have been tested CH2, NH3, CH2NH (not shown) and HCN.
The repetitive pattern is found to be HCN as it is the one that draws
the most extended horizontal lines.

The huge matrix built up by all the family roots can be simplified;
all the roots can be constructed by a combination of 4 components
that are NH, C, N2 and H2. Nevertheless, even if 243 different fami-
lies have been identified in the spectrum, some families are absent.
Hence, the number of H or N atoms in the root is never odd when
associated to whatever carbon number. When both H and N appear
in the root, it is the sum of their number of atoms that is never odd.
This correlates to the so-called “nitrogen rule” and explicitly shows
that the ions detected, though very complex and encompassing a
great variety, are never radical ions.

All the families are sharing a repetitive pattern of HCN addition;
they are globally in agreement with the polyimine structure iden-
tified by He et al. [31]. Formally, the (HCN)x family, which is the
most intense, is in perfect agreement with the main structure they
proposed. Other families correspond to combinations of saturation,
unsaturation or insertions of small molecular structures (either C
or NH) in the molecular chain, which can occur in the course of
the polymerization process. It is important here to note that the
deviation from the canonical (HCN)x pattern is hence very limited.

3.3.4. Structural analysis and tandem mass spectrometry
(MS/HRMS)

While the patterns observed in the molecular formulae can
provide insight into the general organization of the polymer, the
understanding of the molecular structures which are present in the
sample provides additional constraints on its chemical diversity. To
do that, tandem mass spectrometry (MS/MS) with the Orbitrap as
a final analyzer (High resolution: MS/HRMS) was used. This kind
of study was previously described by Neish et al. [26] to identify
structures in hydrolyzed tholins.

Tandem mass spectrometry or MS/HRMS was used to investi-
gate the structure of eight molecules contained in the HCN polymer.
Those ions where selected because their intensity is high enough
to see the fragment peaks in the spectrum, except for C6H11N8

+

(m/z = 195) which was chosen because the mass of the most intense
ion in its family (guanidine CH6N3 at m/z = 60) was too low to record
Table 3). The major fragment for C6H9N6
+ (m/z = 165), C6H8N7

+

(m/z = 178), C7H10N7
+ (m/z = 192), C6H11N8

+ (m/z = 195), C8H9N8
+

ference compared to theoretical exact mass, assigned family and most intense lost

amily Value of x in family Major fragment lost

HCN)x 4 HCN
HCN)x 8 NH3 and HCN
HCN)x 9 NH3

HCN)xH2 6 NH3

HCN)xNH 6 NH3

HCN)xH2 7 NH3

HCN)xN2H4 6 NH3

HCN)xNH3 9 NH3
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ig. 9. MS/HRMS results for the eight studied ions. The color corresponds to molec
elative intensity of the peak in the spectrum. (For interpretation of the references

m/z = 217), C9H10N9
+ (m/z = 244) and C9H13N10

+ (m/z = 261) is NH3
hile for C4H4N4

+ (m/z = 109) the main loss observed is that of HCN.
This clearly demonstrates that amines are present as a signif-

cant fraction in HCN polymer, once again in agreement with the
escription of small molecular structure identified by He et al. [31].
ut ions at m/z= 109, 217 and 244 (that all belong to the same
HCN)x family, with x = 4, 8 and 9, respectively) do not exhibit
dentical fragmentation patterns. This indicates a more complex
volution within a given family of molecules; a simple linear
olymerization scheme is not valid. Rather reorganization of the
tructure seems to happen during the polymerization process. This
s consistent with the TMAH (tetramethylammonium hydroxide)
hermochemolysis/GCMS study of Minard et al. [19] that demon-
trates the presence of N bearing heterocycles in HCN polymer,
hich are not formed by simple monomer addition. It is also con-

istent with the work of Matthews and Minard [22] who proposed a
athway for building ring structures during the polymerization. In
ddition the fragmentation pattern of C4H5N4

+ (m/z = 109), which
as a low fragmentation efficiency, shows that the structure is resis-
ant to the collision induced dissociation, which may indicate the
resence of an aromatic ring in the structure.

Further interpretation of the fragmentation pattern requires the

se of standard molecules. Accordingly we have acquired fragmen-
ation spectra of pure standards and compared them with spectra
f HCN polymer. The ion C4H5N4

+ at m/z = 109 corresponding to
he C4H5N4

+ formula is of great interest as previous studies have
agments as shown in the figure. The length of the colored zone corresponds to the
r in this figure legend, the reader is referred to the web version of this article.)

suggested that the tetramer of HCN is an important intermediate
in the polymerization process [31,42,43]. Fig. 10 shows the frag-
mentation pattern of m/z = 109 in the HCN polymers (panel A) and
three standard molecules at the same mass (panel B and C) with
the same molecular formula, but of known structure, diamino-
maleonitrile (DAMN), 4(5)-Amino-1H-imidazole-5(4)-carbonitrile,
and 3-Amino-4-cyanopyrazole respectively. This figure shows that
those three isomers are not present in HCN polymer, in signifi-
cant amount, because their fragmentation patterns do not match
the spectrum of the HCN polymer. This is consistent with the
observation of [44] that DAMN is a crystalline product during the
polymerization and that it is not soluble in liquid HCN. The low
fragmentation efficiency of the HCN polymer ion is consistent with
an aromatic ring structure linked to a short chain. Let us note that
this technique of dissociation to elucidate structure of unknown
ions is limited by the fact that the HCN polymer may not be iso-
merically pure, which implies that several isomers can be present
at a given exact mass. Thus the fragmentation spectrum of HCN
polymers could be the combination of the fragmentation patterns
of multiple isomers. As a consequence we can just conclude that
DAMN is not the major ion at m/z =109.

Nevertheless, iterative MS/MS spectra can reveal the structure

of a given molecule through successive removal of chemi-
cal functional groups that constitute the molecular backbone.
With this aim, the iterative MS/MS spectra of the m/z = 244
molecule (C9H10N9

+ from the (HCN)x family), is of great interest.
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Fig. 10. Comparison between the fragmentation patterns of m/z = 109 in the HCN polymer (panel A) and three standard molecules: diaminomaleonitrile (DAMN) (panel B),
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he 4(5)-amino-1H-imidazole-5(4)-carbonitrile and the 3-amino-4-cyanopyrazole r
orrect isomer. However the polymer may not be pure isomeric material and the f
ignatures. The color code is the same as for Fig. 9. (For interpretation of the referen

he succession of fragmentations is shown in Fig. 11. The first
arent ion selected is C9H10N9

+, the most intense peak in the
pectrum (i.e. m/z = 244). The high fragmentation efficiency is
onsistent with an elongated structure; the main fragment is NH3
hich is consistent with a chain containing amine groups.

This is also consistent with the strong signatures of amine

n the infrared spectrum of the HCN polymer. Then the lighter
on, C9H7N8 at m/z = 227 (C9H8N8

+: m/z = 244 − NH3) is selected,
ecoming the new parent ion, and broken. This ion has lower
ragmentation efficiency and the main fragment is HCN. For the

ig. 11. Successive MS/MS from the initial parent ion at m/z = 244 and its lighter
aughter ions at m/z = 227, 200 and 173). This iterative measurement demonstrates
hat HCN polymer molecules contain chains built up by HCN monomers (HCN loss)
nd containing amine groups (initial intense loss of NH3 from m/z = 244). The mea-
urements ended when the signal to noise ratio became too low while trying to
ragment the ion at m/z = 146. The color code is the same as for Figs. 9 and 10. (For
nterpretation of the references to color in this figure legend, the reader is referred
o the web version of this article.)
tively (panel C). This clearly demonstrates that none of these three standards is the
ntation pattern of its m/z = 109 ion(s) is may be a combination of multiple isomer
color in this figure legend, the reader is referred to the web version of this article.)

two next ions, m/z = 200 (C8H6N7
+: m/z = 227 − HCN) and m/z = 173

(C7H5N6
+: m/z = 200 − HCN), the only fragment is HCN. The molec-

ular backbone then seems to be constructed of HCN monomers.
The MS/HRMS experiment ended because the signal to noise ratio
was too low when trying to break the ion C6H4N5

+ (m/z = 146).
Finally, the conclusion of this iterative MS/MS measurement is
that HCN polymer molecules seem to have a backbone consti-
tuted by HCN monomer. Then reorganization can occur to form
aromatic rings even at low mass (C4H5N4

+: m/z = 109). Addi-
tionally, the aromatic rings can be linked to chains of various
lengths that have amine groups. Aromatics are also supported
by the distribution of the heavy atoms as a function of the mass
((C + N)/mass). Almost all the molecules lie between 0.5 and 1 and
that means that the polymer molecules are highly unsaturated.
The unsaturation carrier is conjugated chains like imines and also
aromatics.

4. Conclusion

In conclusion, high resolution mass spectrometry is a very sen-
sitive and suitable technique to study complex organic molecules
[32] and thus HCN polymers. This technique gives results in good
agreement with previous studies: NMR [27] and TMAH/GCMS

[22]. This technique is also of great interest for trying to interpret
and understand the structures of molecules present in HCN poly-
mers. The use of tandem mass spectrometry allows for deeper
characterization of the molecules present in HCN polymer than is
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sed as a tool to confirm or invalidate structures. It has been shown
hat molecules are constituted by HCN monomers and that chains
ave amine groups. It has also been shown that aromatic rings are
robably present in HCN polymers. In this study, comparison of the
ragmentation pattern of HCN polymers and standard molecules is
key step in understanding fragmentation processes by providing

nsight into the behavior of different chemical functional groups
uring MS/HRMS.

This is the first extended study to use very high resolution mass
pectrometry to analyze HCN polymer and additional analytical
fforts should provide further insight into the composition of HCN
olymers. In this way the use of liquid chromatography coupled
ith high resolution mass spectrometry could be of great inter-

st for deeper discrimination between different isomers. Study of
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