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Abstract. Polyolefins such as polyethylene (PE) and polypropylene (PP) are often
characterized from their pyrolysis products by Py-MS. Nowadays the development of
plasma-based direct probe atmospheric pressure sources allow the direct analysis of
these polymers. These sources operate at atmospheric pressure, which implies a
limited control of the ionization conditions. It was shown that side reactions could
occur with species present in air, such as O2, which may lead to the formation of
oxidized compounds. In this work, ion mobility-mass spectrometry (IM-MS) and
Fourier transform ion cyclotron resonance mass spectrometry (FTICR) were used
for the exhaustive characterization of the PP and PE pyrolysis ions produced using
plasma-based atmospheric pressure ion sources. Both PP and PE yielded distribu-

tions of pyrolysis products presenting different amounts of unsaturation but also different numbers of oxygen
atoms. In addition, the ions produced from PP presented a lower collision cross-section (CCS) than those
produced from PE. In the same way, both PP and PE present repeated patterns separated by 14m/z in the
bidimensional drift time versus m/z plots. Within these plots, several trend lines can be evidenced, which are
specific of each polymer investigated. Differences were observed between isotactic and atactic samples
concerning the pyrolysis profile relative abundance and collision cross-section.
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Introduction

Polyolefins are an important class of polymer used in com-
mon plastic materials. Their characterization is required for

many purposes such as quality control or to derive and predict
physical properties from their chemical constituents. The most

common polyolefins, polyethylene (PE) and polypropylene
(PP), are produced in more than 100 million tons/y owing to
their very good quality/price ratio. These polymers are difficult
to analyze by mass spectrometry using soft ionization methods
such as matrix-assisted laser desorption ionization (MALDI) or
electrospray ionization (ESI) as they are large nonvolatile
alkane molecules and do not contain any organic functionality
for cation attachment. One publication of Zsuga and co-
workers showed that atmospheric pressure photoionization
(APPI) with chloride ion attachment produces [M + Cl]− ions
[1, 2]. However, this approach is difficult to apply in large scale
owing to the toxicity of CCl4 that is required in the method. In
practice, PE and PP are often characterized by pyrolysis gas
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chromatography mass spectrometry (Py-GC/MS) [3]. The
mechanisms involved during the pyrolysis of polyolefins are
the subject of numerous works [3–6].

According to Lattimer, PP and PE pyrolysis ion distribu-
tions have been classified in three classes depending on the
amount of unsaturation (Table 1) [7]. The double bond equiv-
alent (DBE) is based on the valence rules and is calculated
using the Equation 1, where Vi is the valence of the element and
Ni is the number of atoms [8, 9]. For both PP and PE, species
presenting amounts of 0, 1, and 2 DBE are obtained.

DBE ¼ 1þ 0:5�
X imax

i
N i V i−2ð Þ ð1Þ

Nowadays the development of direct probe plasma-based
atmospheric pressure sources allows the direct analysis of these
polymers [10–12]. This concept was originally proposed by
McEwen et al. as the atmospheric solid analysis probe (ASAP)
[12]. The solid polymer deposited on a glass tip is desorbed
with a hot nitrogen flux and ionized by nitrogen plasma initi-
ated by a corona discharge. Although these sources are very
efficient and flexible, they operate at atmospheric pressure,
which implies a limited control of the ionization conditions. It
was shown that side reactions can occur with species present in
air such as O2 or water that may lead to the formation of
protonated or oxidized compounds. Such reactivity has already
been evidenced with small alkanes with atmospheric pressure
plasma based ion sources [13–16].

The analysis of complex molecular systems implies the use
of high-resolution instruments. Fourier transform ion cyclotron
resonance (FT-ICR) mass spectrometer currently provides the
highest resolving power and the best mass accuracy, allowing
isobaric species to be separated and to each signal a unique
elemental composition to be attributed. Several works have
demonstrated the interest of this approach for the characteriza-
tion of polymers [17, 18]. On the other hand, ion mobility-mass
spectrometry is a bidimensional separation approach in which
the drift time dimension allows ions to be separated based on
size and shape [19]. The interest of IM-MS for the analysis of
polymers has been demonstrated in numerous papers [20–25].
In particular, it allows the separation of isomeric species that
cannot be differentiated directly by mass spectrometry.

In this work, we used ion-mobility mass spectrometry and
Fourier transform mass spectrometry for the exhaustive

characterization of the pyrolysis ions of PP and PE produced
using plasma-based atmospheric pressure ion sources. Both PP
and PE yielded distributions of pyrolysis products presenting
different amounts of unsaturation as shown by Lattimer but
also different numbers of oxygen atoms. The distribution of
oxygen atoms was very different between both polymers. PP
yielded mostly species presenting one or two oxygen atoms,
whereas PE yielded species presenting one to seven oxygen
atoms. From the FTMS data is was possible to obtain the
elemental composition of each ion, which allowed the exten-
sive examination of the different ion distributions.

Experimental
Three polyolefins samples were used in this work. Isotactic PP
(Mn 5000, Mw 12000, density 0.9 g cm−3) and atactic PP (Mn
5000, Mw 20,000, density 0.9 g cm−3) were purchased from
Sigma Aldrich, Saint Louis, USA. The PE (Mn 22671, Mw
127847, density 0.960 g cm−3) sample was produced by Total.

The polyolefin pellets were heated to their melting point in a
glass bottle. A glass capillary tube was dipped in the melted
polymer before cooling at room temperature. This capillary
was directly inserted into a direct introduction probe.

The IM-MS experiments were performed using a SYNAPT
G2 HDMS fitted with an ASAP source (Waters Corp., Man-
chester, UK). This instrument is a hybrid quadrupole/time-of-
flight mass spectrometer, which incorporates a traveling wave
(T-Wave)-based mobility separation device. The instrument
and the T-Wave device have been described in detail elsewhere
[26, 27]. For all experiments, ASAP mass spectra were ac-
quired in positive ion mode for 10 min over the m/z 50–2000
range using the W reflectron mode. Note that a blank was
recorded for 1 min before sample introduction. A nitrogen flow
of 1200 L h−1 heated at 650 n°C was used for thermal desorp-
tion. The corona discharge voltage was 4 kV and sampling
cone voltage was 20 V. Trap collision gas flow was set at
0.4 mL min−1 (0.02 mbar for Ar cell pressure). Helium cell
gas flow was set at 180 mL min−1 and IMS gas flow (N2) was
set at 70 mL min−1 (3.0 mbar for IMS cell pressure). TWIMS
traveling wave height and velocity were set, respectively, at
40 V and 1000 m s−1. Argon was used as target gas for MS/MS
experiments.

FT-ICR MS experiments were carried out with a Bruker
Solarix XR (Bruker Daltonik GmbH, Bremen, Germany)

Table 1. Main Species Produced by the Pyrolysis of PE and PP

PP PE

Class Name Mw DBE Class Name Mw DBE

1 A 42.047n 1 1 A 14.016n 1
1 B 42.047n+ 14.016 1 2 B 14.016n+2 0
1 C 42.047n+ 28.031 1 3 C 14.016n–2 2
2 D 42.047n+30.047 0
3 E 42.047n+12.000 2
3 F 42.047n+40.031 2
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instrument equipped with a 12 T actively shielded
superconducting magnet and a dynamically harmonized ICR
cell. Spectra were acquired with 8 M data points with a tran-
sient time of 3.35 s resulting in a resolution of 1,000,000 atm/z
400 in the magnitude mode. The masses between m/z 147 and
3000 were recorded. The bias of the cell was set to 0.7 V with
front and trapping potentials of 1.0 V. The skimmer 1 voltage
was set to 45 V to reduce the formation of noncovalent com-
plexes. The APCI source was fitted with the direct ionization
probe (DIP) that allows the direct analysis of polyolefin with-
out sample preparation by using single-use glass tubes. The
ionization principle is the same that the one of ASAP. Spectra
were internally calibrated in the Data Analysis software ver. 4.2
(Bruker Daltonics, Bremen, Germany) with confidentially
assigned signals yielding mass error below 200 ppb for the
detected signals. For a better signal-to-noise ratio, at least 100
scans were accumulated. APCI settings were as follows: va-
porizer temperature: 400 °C, drying gas temperature: 220 °C,
drying gas flow: 4 L min−1, nebulizer pressure: 1.0 bar, capil-
lary voltage: –2000 V, end plate voltage: –1500 V, and corona
needle current: 3000 nA.

Both ASAP and DIP-APCI ionizations present the same
ionization processes and we used direct probe atmospheric
pressure chemical ionization (DP-APCI) during this study to
describe the general principle of these sources.

Results and Discussion
The investigated PP and PE polymers were first analyzed with
the FT-ICR instrument (Figure 1). The distribution of detected
ions were from m/z 200 to 500 for PE and m/z 200 to 800 for
PP. Initial analysis of the signal showed ion series separated by
14.015 Da for PE, and 42.044 Da for atactic PP (aPP) and
isotactic PP (iPP), which are consistent with CH2 and C3H6

repeating units, respectively. Both aPP and iPP yielded very
similar mass spectra. The major ion distributions present odd
m/z values, indicating that mainly even electron ions were
produced. However, more detailed observation of the ion dis-
tribution showed that detected ion distributions were complex
for both samples (Figure 2). The ultra-high resolution and the
high mass accuracy of the FTICR technique allowed a unique
elemental composition to be attributed to each ion. This ap-
proach evidenced that the different species correspond to small
pyrolysis products presenting different double bonds equiva-
lent (DBE) values (Figure 3a) and also different numbers of
oxygen atoms (Figure 3b). The distribution of species with
different DBE values is consistent with the original work of
Lattimer, which showed that species presenting different num-
bers of double bonds are produced during the pyrolysis pro-
cess. The detected ions for PE and PP present between 0.5 and
6.5 unsaturations. Only non-integer DBE values were obtained
for the detected ions, which is consistent with even electron
species. It should be pointed out that these ions could have in
principle several origins. For instance, the ions with no oxygen
atoms and 0.5 DBE can be either [M − H]+ ions obtained by

hydride abstraction of alkanes or [M +H]+ ions obtained by the
protonation of alkenes.

The DBE distribution was significantly different between
PE and PP. The relative abundance of species with 0.5
unsaturation was almost 18% for PE, whereas the relative
abundances were almost 6% and 9% for iPP and aPP, respec-
tively. In addition, species with DBE values above 4.5 were
produced in significant amounts for PE compared with PP.
This result is in contrast to those previously obtained by
Lattimer with pyrolysis-field ionization under inert atmosphere
conditions in which PE yielded mainly alkenes with small
amounts of alkanes and dialkenes [3]. This indicates that a
more complex pyrolysis process takes place at atmospheric
pressure in the nitrogen plasma using DP-APCI.

Both PP and PE polymers also yielded species presenting
different numbers of oxygen atoms. Figure 3b presents the
relative intensity of the detected ions as a function of the
number of oxygens. For both PP and PE, species with one
and two oxygen atoms were produced with the highest inten-
sity and up to five oxygen atoms were attached to pyrolysis
products. For both PE and PP, species with no oxygen atoms
were produced with less than 15% relative intensity. Interest-
ingly, on average, the number of oxygens was significantly
lower for PE compared with PP. When the mass spectra were
analyzed in detail, this behavior was reinforced. For instance, in
Figure 2b and c at the nominalm/z 437 an ion with two oxygen
atoms was mainly obtained, whereas at the nominalm/z 435 an
ion with only one oxygen was mainly detected. This behavior
is most likely due to the tertiary carbons present in PP that can
yield stable radicals, which are expected to be involved in the
oxygen atoms attachment. Indeed, in the case of PE, the distri-
bution of oxygen atoms displays a continuous distribution of
oxygens at each nominal m/z value.

It should be pointed out that modest but significant differ-
ences were obtained between the tactic and atactic polypropyl-
enes. This is most likely related to differences in reactivity of
the polypropylene pyrolysis products with oxygen atoms de-
pending on their stereochemistry. The regular structure of
isotactic PP will likely favor one reaction while the random
structure of the atactic PP allows every possible reaction and
provide different pyrolysis products with oxygen. Such small
differentiation of the tactic and atactic polypropylene by pyrol-
ysis is consistent with results described in the literature [28].

The reactivity of alkyl, vinyl, and allyl radicals with O2 has
been extensively investigated and, as such, the presence of
various oxygenated species can therefore be expected [29,
30]. In the same way, the addition of a second O2 to the peroxy
radicals after an intramolecular hydrogen-transfer isomeriza-
tion is possible [31]. The addition of oxygen atoms to alkanes
during plasma-based ionization techniques taking place at at-
mospheric pressure has already been observed by several
groups [13, 32, 33]. It has been suggested that the formation
within the plasma of reactive species such as NO+ and O2

+• can
be at the origin of different side reactions, including hydride
abstraction and oxygen addition. In particular, NO+ is known to
yield an efficient hydride abstraction process particularly with
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branched alkanes [34]. These species were detected by Cody
using atmospheric pressure Penning ionization and a good
correlation was observed between the presence of O2

+• in the

mass spectra and the formation of oxidative products from
alkanes [32]. Unfortunately, we were not able to detect such
low m/z ions using our instruments, most likely because of the

Figure 1. DIP-APCI-FTICR spectra of (a) polyethylene showing ion series separated by 14.015 Da (CH2), (b) atactic, and (c)
isotactic polypropylene showing ion series separated by 42.047 Da (C3H6)

Figure 2. Distribution of even electron ions betweenm/z 431.25 andm/z 437.55 obtained from DP-APCI-FTICR analysis of (a) PE,
(b) aPP, and (c) iPP
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low transmission efficiency of our instruments in this mass
range. It should be noted that the formation of [M − H]+ ions
from alkanes can be produced by hydrogen abstraction from
other low m/z species such as C2H5

+ that can react efficiently
with alkanes [34].

Concerning the structure of the oxidized species, it was
proposed by Cooks et al. that alcohols and ketones are mainly
produced [35]. The formation of ketones may explain the
formation of species with significantly more unsaturations
compared with what is generally obtained with pyrolysis of
polyolefins.

In order to evidence the amount of unsaturation indepen-
dently to oxidation reactions, additional plots were drawn
taking into account only species containing carbon and hydro-
gen atoms (Figure 4). In the case of PP almost no ions were
detected with 0.5 and 1.5 DBE values. The pyrolysis products
of PP are expected to mainly yield alkene and dialkene mole-
cules. This result may indicate, therefore, that [M − H]+ ions
were mainly produced here. In the case of PE, the low DBE
value species are important and the ions presenting 0.5 and 2.5
DBE values would correspond to alkane and dialkene mole-
cules. In principle, dialkenes are expected to dominate from the
pyrolysis of PE [3, 36]. Despite all the difference observed
between PE and PP, it is difficult to differentiate atactic PP
from the tactic PP in the histogram.

This first set of experiments (FTICR MS) allowed us to
obtain a global view from the different species produced by
atmospheric pressure pyrolysis of PP and PE. However, only
molecular mass information was obtained, which implies that
no distinction of isomeric species was possible.

In a second set of experiments, the same samples were
analyzed with a traveling wave ion mobility-mass spectrome-
ter. The obtained mass spectra were very similar to those
obtained with the FT-ICR MS, indicating that both ion sources
are operating under similar conditions (Supplementary Fig-
ure S1). The drift time versus m/z plots are presented in Fig-
ure 5. The threshold for peak detection was the same for both
analyses. It could be observed that PP yielded ions of relatively
larger mass with ions detected up to m/z 1200 (Figure 5a).
From the enlargement of them/z 300–400 range, interesting ion
trends can be observed (Figure 5b). First, both PP and PE
yielded two ion distributions detected at higher and lower drift
time. This indicates the existence of two global ion conforma-
tions. As a putative explanation for the existence of these two
ion series, it is possible that ions with more compact confor-
mation are related to species more degraded on the pyrolysis
cascade.

Second, on average, ions obtained from PP are more com-
pact than those obtained from PE, which is in good agreement
with the ramified structure of PP [24]. Finally, both PP and PE
present repeated motifs separated by 14 m/z in the
bidimensional drift time versusm/z plots. One of these patterns
is presented in Figure 5c. Several trend lines are evidenced for
the analyzed polymers presenting different numbers of oxygen
atoms. The drift time values and the number of oxygen atoms
appeared to be strongly correlated as shown in Figure 5d. This
is most likely due to the increase of polarity, which will yield
better gas-phase folding of the ions by intramolecular charge
solvation [25, 37]. It is interesting to note that isobaric species
unresolved by this instrument are evidenced by ion mobility.
For instance for PE, two different ion series, CxHyO1 and
CxHyO2, were present. The drift time difference was relatively
large, indicating a significant change in collision cross-section.
Following one of these lines from left to right, two consecutive
signals correspond to the addition of two hydrogen atoms and
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Figure 3. Relative ion intensity of different species depending
on (a) the DBE value, and (b) the number of oxygens for PP and
PE detected by DP-APCI FT-ICR. Ion detection threshold was
set to 2%
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Figure 4. Relative ion intensity depending on the DBE value for
the nonoxygenated species obtained for PP and PE analyzed
by DP-APCI FT-ICR. Ion detection threshold was set to 2%
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the decrease of the DBE value by 1. As expected,
nonoxygenated saturated species were only detected in the
longest drift time area [37].

The same approach was used to compare the isotactic and
atactic PP, but the bidimensional map overlay did not yield any
reliable results. In order to have a better picture of the

Figure 5. Drift time versus m/z plots obtained from the PP and PE sample. (a) m/z 200–1200 range, (b) m/z 300–400
range, (c) m/z 313–327 range, and (d) m/z 323.2–323.4 range. The peak detection threshold was set to 100 for (a), (b),
and (c); it was set to 50 for (d)

Figure 6. Ion mobility spectra extracted from the IM-MS data obtained from (a) and (b) isotactic PP; (c) and (d) atactic PP. The
black lines are experimental spectra extracted with a m/z width of 0.01 Da. The red and blue signals were obtained from the
deconvolution of the experimental profile with a Gaussian function
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differences, ion mobility spectra were extracted for several
ions. Figure 6 presents some representative ion mobility spec-
tra. Interestingly, in most cases the ion mobility profile obtain-
ed for the isotactic polymer yielded a single Gaussian signal,
whereas the atactic polymer yielded signals centered at the
same drift time values but presenting a shoulder on its right,
indicating the presence of an isomeric species with a higher
collision cross-section. Although ion mobility profiles are not
fully resolved, they still clearly allow polymers to be differen-
tiated. The higher CCS distribution is highlighted through
deconvolution of the ion mobility peak using Gaussian func-
tions. It can be noted that the experimental signal presents a low
number of points per peak, which explains why the peak
picking algorithm failed to evidence clearly the existence of
the two isomeric forms. In fact, the sampling rate of the ion
mobility spectra is directly related to the acquisition speed of
the time of flight analyzer. The longer drift time signal obtained
for aPP was consistent with trans isomers that were expected to
present higher CCS than cis isomers [38].

Conclusion
This work constitutes the first detailed investigation of iPP,
aPP, and PE by ambient conditions pyrolysis with ultrahigh-
resolution mass spectrometry and ion mobility. In general,
species with identical m/z values were detected in the three
polymers but with different relative intensities. In particular,
significant differences were evidenced by FTICR mass spec-
trometry concerning the number of oxygen atoms and DBE.

In addition, ion mobility-mass spectrometry brought an
additional separation dimension that appeared to be particularly
useful for the differentiation of these polymers. With IM, very
interesting ion distributions were evidenced by the detection of
several isomeric forms. In particular, PP ions were significantly
more compact than those of PE, which is consistent with its
branched structure. Small but significant differences in oxygen
number distribution were observed between the iPP and aPP
samples. Using ion mobility, most signals obtained with the
aPP polymers present shoulders, which is evidence for the
existence of isomeric species with higher collision cross-sec-
tion. This information can be of specific use in the future to
compare the microstructure of these polymers [39, 40].
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