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We report on the reactions of neutral radical species [OH, Cl, O(3P), H], generated in a typical
atmospheric pressure ionization (API) source upon irradiation of the sample gases with either
193 nm laser radiation or 124 nm VUV light, the latter commonly used in atmospheric pressure
photoionization (APPI). The present investigations focus on the polycyclic aromatic hydrocar-
bon pyrene as representative of the aromatic compound class. Experimental results are
supported by computational methods: simple kinetic models are used to estimate the temporal
evolution of the concentrations of reactants, intermediates, and final products, whereas density
functional theory (DFT) energy calculations are carried out to further elucidate the proposed
reaction pathways. The neutral radicals are generated upon photolysis of background water
and oxygen always present in appreciable mixing ratios in typical API sources. Substantial
amounts of oxygenated analyte product ions are observed using both techniques. In contrast,
upon atmospheric pressure laser ionization (APLI) with 248 nm radiation, oxygenated
products are virtually absent. In addition, kinetic data evaluation yielded a bimolecular rate
constant of k � (1.9 � 0.9) � 10�9 cm3 molecule�1 s�1 for the reaction of the pyrene radical
cation with OH radicals. (J Am Soc Mass Spectrom 2009, 20, 1868–1880) © 2009 Published by
Elsevier Inc. on behalf of American Society for Mass Spectrometry

Among the variety of atmospheric pressure ion-
ization (API) methods, atmospheric pressure
laser ionization (APLI) has proven to be an

extremely sensitive method for the detection of nonpo-
lar aromatic compounds for applications in LC-MS and
GC-MS [1–3]. Along with atmospheric pressure photo-
ionization (APPI), both methods close the “analyte
polarity gap” previously left open by electrospray ion-
ization (ESI) and atmospheric pressure chemical ioniza-
tion (APCI). With respect to sensitivity, APLI outper-
forms all other API methods by orders of magnitudes.
Accordingly, APLI has become a powerful alternative
to all other API methods for the ultra-trace detection of
PAHs [4]. Recently, derivatization of functionalized
nonaromatic compounds (e.g., alcohols, amines, and
organic acids) with suitable REMPI labels propelled the
APLI technique into numerous new analytical applica-
tion fields [5]. The commonly used laser systems for the
analytical application of APLI are UV KrF* excimer
lasers, radiating at a wavelength of 248 nm. Alterna-
tively, near-VUV 193 nm ArF* excimer lasers may be
used for selected high-energy applications. However, it
was shown within the framework of the present exper-

iments that with 193 nm excitation, the linear response
of solvent flow containing a fixed concentration of
analyte versus analyte signal is severely affected. This is
hardly observed with 248 nm excitation. Here, all
matrix compounds (solvents, N2, O2, H2O, etc.) are
virtually transparent, whereas strong absorption starts
around 200 nm. At 124 nm, frequently used for APPI,
most solvents in addition to O2 and H2O exhibit absorp-
tion cross sections in the 10�17 cm2 molecule�1 regime
[6–13]. Thus, in typical LC-APPI measurements, the
penetration depth of VUV light is less than 5 mm.
Absorption spectra in this region are mostly structure-
less, indicating excited-state lifetimes far below the
collision rate of about 109 s�1. In other words, most of
the available VUV energy applied in APPI is coupled
into the matrix, resulting in electronic excitations
and/or extensive photolysis of matrix compounds and,
hence, in formation of primary neutral radicals. This
has been speculated before [14] but to the best of our
knowledge has not been demonstrated experimentally.
Le Page et al. [15] investigated the reactions of radical
cations of selected polyaromatic compounds with neu-
tral radicals at reduced pressure. They reported bimo-
lecular reaction rate constants about 10�10 up to 10�9

cm3 · molecules�1 · s�1. Partly due to polarization ef-
fects [16], selected rate constants lead to reaction rates
even faster than the calculated gas kinetic collision rate
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assuming collision cross sections of the corresponding
neutral precursors. In addition to the above excitation
pathways, Penning ionization may become an impor-
tant route in the complex ionization mechanisms pre-
vailing when VUV radiation is used as excitation
source. We thus speculate that there must exist a rich
neutral radical ion chemistry in an API source upon
photoionization below wavelengths of 200 nm.

Experimental

Chemicals

Methanol (MeOH), acetonitrile (ACN), and tetrachlo-
romethane (CCl4) were obtained from Fisher Scientific,
Waltham, MA, USA. Pyrene was purchased from
Merck KGaA, Darmstadt, Germany. Oxygen and nitro-
gen gas were from Gase.de, Sulzbach, Germany, with a
stated purity of 99.9995% vol., respectively. All solvents
were of analytical or chromatographic purity, all other
chemicals of highest purity available, and were used
without further purification.

Instrumentation/Methods

All mass spectrometric measurements were performed
with an esquire6000 quadrupole ion trap (Bruker Dal-
tonik GmbH, Bremen, Germany) equipped with a com-
mercially available APCI/APPI source as shown in
Figure 1, top, or, for the mechanistic studies, a home-
built ionization setup as shown in Figure 1, bottom.
Pulsed laser radiation was obtained from an ArF* or a
KrF* excimer laser (OPTex, Lambda Physik, Göttingen,
Germany), radiating at wavelengths of 193 and 248 nm,
respectively. Pulse energies within the ion source were in
the range of 1 to 1.7 mJ per pulse, with a pulse duration of
10 ns and a rectangular beam profile of 1 cm2 accounting
for a power density of about 105 W cm�2.
For routine APLI measurements, the Bruker Apollo

APPI source (Figure 1, top) was used in the original
configuration with the exception that one glass window
is replaced by a quartz window. The unfocused laser
beam is positioned 5 to 10 mm in front of the spray
shield. It is noted that the Apollo source is not a tightly
sealed compartment. The source is connected to a vent,
which is held at a slightly reduced pressure and the
windows as well as the nebulizer stage are mounted to
the source body without vacuum seals.
The home-built ion source (Figure 1, bottom) is

designed for operation with gaseous compounds only.
It consists of a 25 cm long quartz tube, with an i.d. of 8
mm, directly attached and sealed to the transfer capil-
lary of the mass spectrometer. A 4 mm i.d. Pyrex tube,
entirely opaque for VUV and UV light, is coaxially
placed in the center of the quartz tube and ends 6 cm
upstream of the MS transfer capillary. The 193 nm
(VUV) laser beam is directed 5 mm upstream of the
glass tube and the 248 nm (UV) laser beam 5 mm
downstream of the glass tube exit. In this way the

analyte, delivered through the inner glass tube, is not
exposed to the VUV radiation, but ionized with UV
radiation. However, the VUV laser is able to produce
significant amounts of neutral atoms and radicals upon
photolysis of precursors such as O2, H2O, CHnCl4–n
(n � 0–2), which are delivered in a controlled fashion
within the bulk gas flow surrounding the inner glass
tube. Hence, this setup spatially separates the 2-photon
UV laser ionization region of the analyte from the
production zone of neutral radicals by 1-photon VUV
laser photolysis. The total gas flow is held constant at
1400 cm3 min�1. This closely matches the experimen-
tally determined gas flow through the transfer capillary
with the atmospheric pressure ionization region held at
970 mbar and the first MS pumping stage at 4 mbar. The
averaged coaxial flow through the quartz reactor tube is
calculated to be 46 cm s�1, resulting in a Reynolds
number of Re � 210. Hence, the transport through this
setup is essentially laminar, allowing for rather accurate
calculations of the residence times and, thus, the reac-
tion times. Additionally, this setup can be pumped
down to roughly 1 mbar in a few seconds simply by
shutting off the supply gases.
Nitrogen as the main carrier gas is supplied either by

a nitrogen generator (UHP LCMS 18, Domnick Hunter,
Gateshead, UK) for operation of the standard APPI/
APCI source or by high purity nitrogen from com-

Figure 1. Schematic of the API sources used in the present
investigation. Top: commercially available Bruker Apollo source
for APPI and APLI operation. Bottom: home-built ionization setup
for kinetic and mechanistic studies.
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pressed gas cylinders for the home-built setup. The
gas flow is regulated either by the inbuilt flow control-
ler of the MS and/or by external mass flow controllers
(1179A Mass-Flo-Controller, 2000 sccm; MKS Instru-
ments, Andover, MA, USA) connected to a 647 C
multi-gas-controller unit (MKS Instruments). Liquid
compounds are transferred to the gas phase using
stainless steel cryo-traps, in which the saturation vapor
pressure of a compound at constant temperature is
balanced with nitrogen to a total pressure of 3000 mbar.
The flow controllers allow for an accurate delivery of
the compounds to the carrier gas. The final concentra-
tion in the reactor is calculated from the known vapor
pressure at room temperature, the mixing ratio after
pressurizing with nitrogen, and the mixing ratio within
the total flow. The delivery of gaseous pyrene is accom-
plished by equilibrating the saturation vapor of depos-
ited solid pyrene on the walls in the tube system with
the main gas flow. This results in a constant pyrene
mixing ratio of max. 6 ppbV, calculated using a pyrene
saturation vapor pressure of 6 � 10�6 mbar at 25 °C [17]
and a total pressure of 970 mbar in the ion source. For
operation of the commercial APPI source, liquid samples
are delivered with a syringe pump (model 100; KD
Scientific, Holliston, MA, USA) and transferred to the gas
phase by pneumatically assisted thermal vaporization.
All gas flow calibrations are performed with a wet-

meter TG05 (Ritter Apparatebau GmbH and Co. KG,
Bochum, Germany). The ozone measurements are carried
out with a Thermo environmental 49 O3 analyzer (Thermo
Environmental Instrument Corporation, Waltham, MA,
USA).
Data acquisition was done with the MS data analysis

software and for post-processing the data analysis 3.4
software suite (both Bruker Daltonik, Bremen, Ger-

many) was used. All reported mass spectrometric infor-
mation was gathered from the average of �1000 single
QIT scans.

Computational Investigations

Kinetic simulations. Kinetic simulations were performed
with the Chemked-I/II version 3.3 software package
[18] running on a personal computer. All rate constants
used were based on standard thermodynamic condi-
tions, as summarized in Table 1.

Potential energy calculations. Gaussian 03W [20] com-
bined with the graphical user interface GaussView 4.1 [21]
was used for potential energy calculations along the
proposed reaction pathways. The reported Gibbs free-
energy and enthalpy corrected total energies were ob-
tained from geometry optimizations and subsequent fre-
quency calculations using the density functional theory
(DFT) with the Becke-3-Parameter-Lee-Yang-Parr func-
tional (B3LYP) and the 6-31��G(d,p) doubly-diffuse and
doubly-polarized split-valence basis set. The combination
of this functional and basis set type provide the optimal
cost-to-benefit ratio with respect to CPU time [22], and has
been satisfactorily applied to a large number of compara-
ble reaction systems [23–26].

Results and Discussion

Neutral Radical Formation and Reactions

The speculated key radicals and atoms potentially re-
sponsible for the oxidation of analytes within the ion
source are O(3P), OH, H, and Cl, generated upon

Table 1. Neutral radical reactions considered in the present investigation

No. Reaction Rate constant ka

Absorption cross section
� [cm2 molecule�1]

193 nm/124 nmb

1 O2 � h� ¡ 2 O(3P) 22.5� 3·10�22/�10�20

2 H2O � h� ¡ H � OH 135� 1.8·10�21/�10�17

3 CHnCl4–n (n � 0–2) � h� ¡ CHnCl4–n–1(2) � Cl 6.8·104� 9·10�19/�10�17

4 MeOH � h� ¡ MeO � H 7.5·103� 10�19/�10�17

5 O3 � h� ¡ O(1D) � O2 3·105� 4·10�19/�10�17

6 O2 � O(3P) � N2 ¡ O3 � N2 6.0·10�34��� n.a.
7 O(1D) � N2 ¡ O(3P) 2.6·10�11�� n.a.
8 O(1D) � H2O ¡ 2 OH 2.2·10�10�� n.a.
9 Cl � O3 ¡ ClO � O2 1.2·10�11�� n.a.

10 Cl � O2 � N2 ¡ ClOO � N2 2.7·10�33��� n.a.
11 ClO � O(3P) ¡ O2 � Cl 3.8·10�11�� n.a.
12 ClOO � Cl ¡ 2 ClO 1.2·10�11�� n.a.
13 ClOO � N2 ¡ Cl � O2 � N2 6.2·10�13�� n.a.
14 ClOO � O(3P) ¡ O2 � ClO 5.0·10�11�� n.a.
15 O3 � H ¡ HO � O2 2.9·10�11�� n.a.

aT � 298.15 K; first order, second order, and third order rate constants are given in units of [s�1], [cm3 molecule�1 s�1], and [cm6 molecule�2 s �1],
and are denoted as �, ��, and ���, respectively. Photolysis rate constants are calculated assuming a 10 ns laser pulse of 1 mJ energy at � � 193
nm and an irradiated area of 1 cm2. This corresponds to a photon density of 7.5·1022 photon cm�2 s�1. The calculation of the rate constant for the
PI lamp is not possible, due to the unknown photon density in the present set-up.
bRate constants are taken from [19] and cross sectional data are taken from [6–13].
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photolysis of O2, H2O, and chlorinated solvents such as
CH2Cl2, CHCl3, and CCl4, respectively. Each of these
species potentially drives a comprehensive chemistry,
which can be described using well known atmospheric
processes. Table 1 summarizes the most relevant reac-
tions that have to be considered when investigating
mechanistic studies in an API source operating with
VUV radiation as excitation source.
To assess representative radical concentrations within

the present set-up, it is necessary to quantify the precur-
sors H2O and O2 first. The latter is experimentally
determined by measuring the ozone mixing ratio as a
function of added known amounts of pure oxygen to
the main gas flow. The oxygen is partly photodissoci-
ated upon irradiation with the 193 nm laser beam. This
results in increasing concentrations of ozone primarily
due the sequence

O2�h� ¡ 2 O(3P) (Rxn. 1)

O�3P� �O2�M¡O3�M (Rxn. 2)

(cf. reactions no 1/5/6/7 in Table 1; at low water
mixing ratios, the secondary photolysis of O3 results
essentially in a null cycle). Plotting the measured ozone
mixing ratio as a function of the added oxygen yields a
straight line, which is extrapolated to the zero point of the
ordinate yielding an O2 mixing ratio of 2.4%, as shown in
Figure 2. This procedure merely represents the well-
known analytical method of standard additions.
Routine operation of API sources, e.g., frequent

solvent and sample change, frequent opening of the
source enclosure for maintaining purposes, leads to
highly variable water mixing ratios in the source enclo-
sure. With respect to solvent purity, the range of
dissolved H2O varies from 100 ppm in nonpolar sol-
vents such as heptane or hexane, up to several percent
in more polar solvents, e.g., CH3OH or CH3CN. Since
solvents are not used in the kinetic investigations, we
have determined the water background concentration
within the source, when all bulk gases are flowing. A
flow controller at the exhaust line of the ion source is

used to maintain a constant gas flow. The exhaust gases
are passed through a stripping coil, which is held at
�78 °C, leading to a quantitative condensation of gas-
phase water. By re-weighing the mass of the coil, the
water background mixing ratio in the gas flow is
determined to be roughly 100 ppmV. The water as well
as the oxygen mixing ratios are determined after flush-
ing the source for 20 h with heated nitrogen (350 °C),
obtained from the nitrogen generator of the MS. The
manufacturer states an initial N2 purity with less than
0.5% oxygen present. At the time of the experiments,
the built-in cartridge was about 11 mo old. There was
no information on the effectiveness of this cartridge
with respect to reduction of other compounds such as
H2O. It is stressed though that the standard APPI/APCI
ion source enclosure used here is a fairly open chamber,
mainly due to the drain (cf. Figure 1, top). Hence, as soon
as radical chemistry is turned on via photolysis, at least
the reaction sequences sketched in Table 1 are initiated.
This chemistry will become far more complex when
further compounds are added. All of the radical species
potentially affect the fate of analytes until they reach the
collisions-free environment in the mass analyzer.

Oxidation of the Pyrene Radical Cation

Mass spectrometric product ion distributions. Upon va-
porizing a 100 �L min�1 flow of a 10 �M ACN or
MeOH solution of pyrene using the Apollo APPI source
(cf. Figure 1, top), and switching on either the 193 nm
laser or the PI lamp, three signals in addition to the
radical cation of pyrene (M•�, m/z � 202) at m/z � 217,
218, and 219, i.e., [M � 15]�, [M � 16]�, and [M � 17]�

are detected. The chemical species leading to these
signals are referred to as “oxygenated products” (see
below). Identical results are obtained when gaseous
pyrene is delivered directly at lower ppb mixing ratios,
i.e., in the absence of solvents.
The experimental results obtained with the home-

built setup (cf. Figure 1, bottom) are used to demon-
strate that the observed additional signals are due to the
formation of secondary products from the reaction of
the pyrene radical cation M•� with neutral radicals.
First, as shown in Figure 3, the 248 nm laser generated
a strong pyrene signal recorded at m/z � 202. In
previous publications [3], we have shown that 248 nm
APLI is selective towards the ionization of aromatic
hydrocarbons and generates exclusively parent radical
cations. In a second experiment, the 193 nm laser beam
was switched on, resulting in a mass spectrum with the
additional signals of [M � 15]�, [M � 16]�, and [M �
17]� (Figure 3, top, b), while the sum of the signals at
m/z � 202, 217, 218, 219, denoted here as total ion
current (TIC), remains virtually constant. Hence, the
signal intensity of m/z � 202 decreases. Turning only
the 248 nm laser off results in a nearly blank mass
spectrum (Figure 3, top, c). This experiment clearly
demonstrates: (1) the flow-tube setup allows the spatial
separation of ion and neutral radical production; (2)

Figure 2. Standard addition method to determine the oxygen
mixing ratio in the present API source. The ordinate intercept of
(�)2.4% represents the source background O2 mixing ratio. Note
that roughly 1 ppm O3 is generated under these conditions.
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neutral radical formation is virtually absent at a wave-
length of 248 nm; (3) the additional signals generated with
the 193 nm light are due to secondary products resulting
from the reaction of neutral radicals with the radical
cation. When the 193 nm laser is replaced with a Kr PI
lamp operating at 124/116 nm (APPI) almost identical
datasets are obtained (cf. Figure 3, bottom, a–c). We
thus conclude that upon APPI at 124 nm a rich neutral
radical chemistry is initiated, which may, depending on
the experimental conditions, significantly impacting on
the signal distribution in the resulting mass spectra (see
below).
The relative and absolute intensity of the mass

signals of the oxidation products is strongly changed by
variation of the O2, H2O and CHnCl4–n (n � 0–2)
concentrations, respectively, while the TIC remains
constant. Changing the ionizing laser position along the
quartz tube main axis, i.e., changing the reaction time,
also strongly affects the mass signal distribution up to
the complete loss of M•�. Collisionally induced disso-
ciation (CID) of any of the three additional species
results in loss of m/z � 28 and 18, assigned to CO and
H2O, respectively. This strongly suggests the addition
of an oxygen atom to the radical cation in some way;
this is the justification of denoting the additional signals
as oxygenated products.
For simplification of the mechanistic studies, only

the 193 nm laser in the flow tube setup (cf. Figure 1,
bottom) was used as photolysis and ionization source
and positioned between the exit of the glass tube and
the entrance of the transfer capillary. With a carrier gas
velocity of 46 cm s�1, a laser pulse repetition rate of 10
Hz, and a laser beam width of 1 cm within the flow
direction, a spatially well-defined volume (“package”)
is irradiated by the laser light only once. This ensures
that (1) the radical cation generation is the initial
process of all subsequent reactions, and (2) generated

ozone is not photolyzed, yielding O(1D) atoms (cf. Table
1, reaction no. 5), which would render further data
interpretation much more difficult. In addition, the
kinetic simulations are simplified, as specific neutral
and ionic radical concentrations are generated as a
“package” from the temporally and spatially well de-
fined single laser pulse. The package travels toward the
sampling orifice of the mass spectrometer. It is pointed
out that the selected reaction time, defined by the laser
position, and the initial concentrations of reactive re-
agents, defined by the total photon flux of one single
laser pulse, determine the relative and absolute M•�,
[M � 15]�, [M � 16]�, and [M � 17]� signal intensities.

Computational data analysis—cases study. Experimental
and theoretical investigations lead to two feasible reac-
tion channels following the ionization step of the
pyrene radical cation. One favors the direct addition of
neutral radicals, such as OH and O(3P) to the aro-
matic ring system. The speculated second path is
initiated by H-abstraction from the pyrene skeleton
and subsequent addition of OH, O(3P), or even closed
shell molecules, such as H2O, to form the oxygenated
products. These two cases are discussed in the fol-
lowing section; all molecular structures referenced
with a “#” are shown in Figure 4. all reactions
referenced with a “no.” are summarized in Table 2.

Case 1: Oxidation via direct addition of O(3P) and OH to
M•� (M•� � OH ¡ [M � OH]� ¡¡ observed product
ions, cf. Figure 5). Pyrene is a molecule of high sym-
metry, belonging to the point group C1. The three
different possible positions of an electrophilic attack are
shown in Structure #1. The addition of neutral species
to the pyrene radical cation is not favorable for closed
shell molecules, e.g., O2 or H2O, as reported earlier by
Le Page et al. [15]. We fully confirm these results, since

Figure 3. Mass spectra recorded upon irradiation of a nitrogen carrier gas flow in the presence of
�6 ppbV pyrene, �170 ppmV CCl4, �100 ppmV O2, and � 200 ppmV H2O. Top: (a) 248 nm laser on
and 193 nm laser off; (b) both lasers on; (c) 248 nm laser off, 193 nm laser on. Bottom: (a) 248 nm laser
on and VUV lamp off; (b) 248 nm laser on, VUV lamp on; (c) 248 nm laser off, VUV lamp on.
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with 248 nm excitation virtually no other ions than
M•�, even in the presence of large quantities H2O and
O2, are detected. However, the same authors showed
that the addition of neutral radicals such as O(3P) or
H-atoms to the ionized ring system are fast reactions
with bimolecular rate constants about k �
10�11–10�10 cm3 molecule�1 s�1. Wood et al. [27] also
observed the rapid OH addition to ionized C60

fullerene, another highly condensed aromatic ring sys-
tem. Our DFT calculations fully support this reaction
pathway as well. The addition reactions of O(3P) or OH
to the pyrene radical cation (Reactions no. 1 and no. 2)
leading to Structures #2 � #4 and #5 � #7, are calculated
to be exergonic by 	GR � �2.00 to �1.09 eV and �1.52
to �0.78 eV, respectively. The subsequent step in this
reaction path is speculated to be H-atom abstraction

Figure 4. Possible structures within the oxidation pathways of the pyrenyl cation.

Table 2. Computed 	GR values [eV] for the examined reactions

No.
Reactant structure of
the pyrene systema Other reagents

Product structure of
the pyrene systema Other products

Gibbs free energy of
reaction 	GR [eV]b

1 #1 O(3P) #2/#3/#4 — �2.00/�1.58/�1.09
2 #1 OH #5/#6/#7 — �0.78/�1.52/�1.04
3 #2/#3/#4 — #8/#9/#10 H 1.75/0.44/0.40
4 #5/#6/#7 — #11/#12/#13 H 1.14/1.69/1.22
5 #5/#6/#7 — #2/#3/#4 H 2.94/4.09/4.10
6 #11/#12/#13 — #8/#9/#10 H 3.56/2.84/3.28
7 #1 — #14/#15/#16 H 4.57/4.48/4.51
8 #14/#15/#16 O(3P) #8/#9/#10 — �4.82/�5.62/�5.21
9 #14/#15/#16 OH #11/#12/#13 — �4.22/�4.30/�4.33

10 #14/#15/#16 H2O #17/#18/#19 — �0.71/�0.57/�0.56
11 #17/#18/#19 — #11/#12/#13 H 1.13/0.91/0.87
12 — H � OH — H2O �4.64
13 — H � O(3P) — OH �4.16
14 — H � H — H2 �4.24
15 — H � O3 — OH � O2 �3.91
16 — H � O2 — HO2 �1.84
17 — H � Cl — HCl �4.03
18 — H � ClO — HOCl �3.69
19 — H � ClOO — ClO � OH �1.67

aPyrene structures are numbered as shown in Figure 4.
bIn the case of possible singlet and triplet structures, only the most stable one is listed, as denoted in Figures 5 and 6.
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from the oxygenated pyrene, e.g., by OH radicals. OH
radicals are always present in APPI due to photolysis of
H2O. For Structures #2 � #4 transformed to structures
#8 � #10, Gibbs free energies range from 	GR � �4.24
to �2.89 eV (no. 3 combined with no. 12). So far, the
analogy to the well-described nucleophilic aromatic
substitution reaction type is striking. In the cases of
Structures #5 � #7, two H-atom abstraction channels by
OH radicals are feasible (Reaction no. 4/no. 5 combined
with, e.g., no. 12). First, according to the nucleophilic
aromatic substitution scheme, removal of the H-atom
from the carbon skeleton leads to Structures #11 � #13
(	GR � �3.50 to �2.95 eV). The second channel is the
H-atom abstraction from the hydroxyl group, yielding
the same products as with O(3P) addition to the pyrene
radical cation (#2 � #4; 	GR � �1.70 eV to �0.54 eV).
The latter compounds can repeatedly react with neutral
radicals, as shown before, to yield products with Struc-
tures #8 � #10. The products from reaction no. 4 (#11 �
#13) can further react with neutral radicals via H-atom
abstraction from the hydroxyl group to form the Prod-
ucts #8 � #10 (	GR � �1.80 eV to �1.08 eV; no 6.
combined with no. 12). Obviously, all intermediates are
eventually converted to the most stable species withm/z
� 217. This trend is very well supported by our
experimental data. The signal at m/z � 217 increases
with increasing neutral radical concentration and/or
with increasing reaction time. It is stressed that the
neutral radical concentrations exceed the parent ion
concentration by orders of magnitude.

Case 2: Oxidation via the pyrenyl cation [M � H]� after
initial H-atom abstraction from M•� (M•� � OH ¡ [M �
H]� � H2O ¡¡ observed product ions, cf. Figure 6). The
C–H bond dissociation enthalpy is rather high, experi-
mentally determined to be 4.6 eV [28, 29] and calculated to

be 	H°d(C–H) � 4.93 eV, 4.84 eV, and 4.88 eV for the
positions 1, 2, and 3, respectively. Thus, reactions leading
to the pyrenyl cation (#14 � #16) in its triplet state as the
most stable conformation are rather limited.
It can be speculated that the available maximum

excess energy (Eexcess max), i.e., the difference of the total
energy of the two absorbed photons (Etotal) and the
ionization energy (IE � 7.41 eV [30] given by eq 1

Eexcess max�Etotal� IE (eq 1)

is sufficient to initiate unimolecular fragmentation re-
actions of the types

M� ¡ [M�H]� �H (Rxn. 3)

M� ¡ [M� 2H]� � 2H ⁄H2 (Rxn. 4)

Following two-photon ionization at 248 nm (excess
energy� 2.6 eV) this pathway is immediately excluded.
Absorption of two 193 nm photons contributes an
excess energy of 5.4 eV to the pyrene radical cation,
which appears to be sufficiently high. However, Ling et
al. determined the appearance energy (AE) of the pyre-
nyl cation [M � H]� with time-resolved photo-
ionization mass spectrometry (TPIS) to be 15.2 eV [28].
Hence, an effective excess energy of at least 7.8 eV is
required for the formation of the pyrenyl cation and
thus unimolecular decomposition after 193 nm (1 � 1)
REMPI is excluded as well. More importantly, it is
highly unlikely that the parent ion is generated by
direct two photon absorption. As discussed below,
ultra-fast relaxation of the intermediately pumped S4
state into the S1 manifold strongly suggests that the
parent ion is carrying an excess energy far below (6.3 �
6.3) eV.

Figure 5. Reaction steps: (1) M¡M•�, (2) M•� � O ¡ [M �
O]•�, (3) [M � O]•� � OH ¡ [M � H � O]� � H2O. 	GR � GR
relative to pyrene (g).

Figure 6. Reaction steps: (1) M¡M•�, (2) M•� � OH ¡ [M �
H]� � H2O, (3) [M � H]� � O ¡ [M � H � O]�. 	GR � GR
relative to pyrene (g).
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Among the various neutral radical species typically
generated in the ion source, only the hydroxyl radical
seems to be able to abstract an H-atom of the pyrene
radical cation carbon skeleton. Enthalpy release and the
Gibbs free-energy for the formation of the H–OH bond
accounts for 	Hf(H-OH) � �4.96 eV (literature value:
�5.11 eV [31] and 	GR � �4.64 eV (literature value:
�4.83 eV [19], respectively. The Gibbs free-energy of the
C–H dissociation Reaction no. 7 is calculated to be in the
range of 	GR � 4.48 eV and 4.57 eV. Once the pyrenyl
cation is formed it shows high reactivity towards neu-
tral radical species and even closed shell molecules such
as H2O [15, 29, 32]. The addition of O(3P) and OH
(no. 8/no. 9) lead to Structures #8 � #10 and #11 � #13
with 	GR between �5.62 eV and �4.82 eV, and 	GR in
the range of �4.33 eV and �4.22 eV, respectively.
Henceforward, the sequence proceeds via Reaction no.
6 as described in the preceding section of the direct
addition channel. The addition of H2O to the pyrenyl
cation forms Structures #17 � #18 with 	GR between
�0.71 eV and �0.56 eV. The subsequent removal of the
hydroxyl H-atoms leads to the most stable phenoxy
type species #8 � #10 (m/z � 217; no. 11/no. 6), again in
analogy to the direct addition channel. Another possible
route is the addition of molecular oxygen to the pyrenyl
cation, leading to a peroxy radical (m/z � 233). This
mass is recorded as minor signal (�0.2% of the TIC),
when 420 ppm H2O and 0.7% O2 are present. However,
this signal could also be attributed to the 2-fold OH or
O(3P) addition with subsequent H-atom abstraction. If
the reaction proceeds via peroxy radical intermediates
then the corresponding signal should be rather low, as
observed: (1) very small peroxy radical population is
formed, due to the comparably low third order rate
constant(s) or simply due to the missing pyrenyl cation
as a precursor, (2) the subsequent reaction of forming a
hydroperoxy radical, followed by O–OH bond cleavage
to release an OH radical and the most stable phenoxy
type species #8� #10 would lead to a rapid degradation
of the peroxy radical cation concentration.
Consequently, also the pyrenyl cation reaction chan-

nel favors phenoxy-type end-products (m/z � 217) with
increasing radical concentration and/or with increasing
reaction time.
Though [M � H]� species are far more reactive than

the corresponding M•� precursors, the major reaction
pathway is attributed to the direct addition of OH
and O(3P). This is rationalized in the following manner:
(1) generation of pyrenyl cations is unlikely, mainly due
to the high dissociation enthalpy of the C–H bond,
(2) the corresponding reaction of the neutral atmo-
spheric degradation of aromatic compounds with OH
proceeds up to 90% via the OH addition channel [33],
and (3) the signal recorded at m/z � 201, attributed to
[M � H]�, has a very low abundance. The latter
argument is of course also in accord with the high
reactivity of [M � H]�.
In conclusion, the OH radical addition channel to the

charged aromatic ring system is much more likely to be

responsible for the efficient oxidation of primarily
formed radical cations. In the following section on
kinetic simulations, the oxidation pathway via the pyre-
nyl cation is thus not considered further.

Kinetic data analysis. Further elucidation of feasible
oxidation mechanisms is carried out by comparison of
experimentally recorded mass spectra with results from
kinetic simulations. In these experiments, the 193 nm
laser is running with a repetition rate of 10 Hz (see
above) and positioned 0.5 to 1.5 cm upstream of the
entrance of the MS inlet capillary (cf. Figure 1, bottom).
The abundances of major signals in the recorded mass
spectrum are summarized in Table 3. The summed peak
areas of the oxygenated products account for 92% of the
M•� peak area. Assuming that the addition channel is
dominating, O(3P) and OH attack could potentially lead
to primary oxygenated products with m/z � 218 and
219, respectively.

Calculation of the total reaction time. As mentioned
previously, the total reaction time depends on the laser
position and the coaxial gas flow velocity, in this case
the average of the laminar profile velocity distribution
within the reaction tube. However, since local pressures
and, thus, collision rates within the MS sample capillary
are rather high, the velocity profile inside the capillary
has to be considered. The average transport velocity
within the laminar flow in the reaction tube of setup 2
is 46 cm s�1 (cf. Experimental section). The average
reaction time for primary ions and neutral radicals
generated in the center of the laser irradiated volume,
respectively, is thus about 21 ms before entering the MS
sample capillary.
Under the present conditions, i.e., upstream stagna-

tion pressure p0 � 970 mbar, first MS pumping stage
pressure p1 � 4 mbar, total flow Q � 1.4 L/min,
capillary diameter � 0.6 mm, and capillary length � 18
cm, choked flow occurs. The minimum or critical cap-
illary pressure is reached at the capillary exit, where the
gas velocity reaches sonic speed. This critical pressure is
calculated using eq 2 to be roughly 200 mbar [34].
Within the capillary, the gas velocity increases signifi-
cantly with the decreasing pressure. The pressure pro-
file of an ideal compressible fluid flowing with friction
through a tube is described by eq 3 [35]. Assuming that
the bulk gas temperature is the same as the wall

Table 3. Major peak abundances in a mass spectrum recorded
upon irradiating a flow of N2 at 1 bar with 420 ppm H2O, 0.7%
O2, and 6 ppb pyrene present

m/z Assigned structuresa Rel. peak area [%]b

202 #1 100
217 #8–#10 70.4
218 #2–#4 and #11–#13 18.0
219 #5–#7 3.7

acf. Figure 4.
bRelative to the pyrene radical cation M●�.
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temperature, the corresponding velocity distribution
(eq 4) follows directly from eq 3 [35].

p2
∗ � 4.51 ·�d3 · p0

2

2L �47 · d�1 (eq 2)

px ��1� (1� P2) ·
x

L�
1
2

· p0 (eq 3)

vx ��1� (1� P2) ·
x

L�
1
2

· ve (eq 4)

(p0 � upstream stagnation pressure [mbar], p2 � first
pumping stage pressure [mbar], p2

� � critical capillary
exit pressure [mbar], d � capillary diameter [cm], L �
capillary length [cm], P � p2/p0, vx � gas velocity at
position x [cm/s], ve � gas velocity at the capillary
entrance [cm/s], x � coordinate of the capillary main
axis).
Integration of eq 4 from 0 to 18 cm yields a total

transit time of 1.6 ms. We will give a thorough account
of the flow conditions and the ion transport efficiency of
the MS sample capillary in an upcoming publication
[36]. Here we just note that all the assumptions above
and calculations are very well supported by experimen-
tal data, particularly the critical capillary exit pressure
and the total transit time.
We are thus taking a total of 23 ms (21 ms in the flow

tube and 2 ms in the capillary) as the average reaction
time. Note that the mean free path is on the same order
of magnitude throughout the whole pathway from the
point of ion/radical production to the exit of the MS
sample capillary. Downstream of the capillary exit it is
reasonably to assume that a super sonic jet expansion
forms [37] and that after passing the freeze in plane
(roughly 10 orifice diameters downstream of the capil-
lary exit) no further collisions and thus alterations to the
ion population and to the peak abundances in the
recorded mass spectra occur.

Estimation of the pyrene radical cation concentration. Com-
putational simulation of the resulting charged product
distribution recorded after a reaction time of 23 ms
requires an estimate of the initial pyrene radical cation
concentration. The radical cation concentration [M•�]
generated within one laser pulse via a (1�1) REMPI
process is calculated using eq 5:

[M•�] � [M]� [M] · exp(�kt) (eq 5)

(k � first-order rate constant of formation [s�1], [M] �
initial pyrene concentration [molecule cm�3], and t� laser
pulse duration [s�1]. k is obtained from the equation

k� � ·	2 ·
1 ·
2 (eq 6)

(� � absorption cross section of the overall (1 � 1)
REMPI process [cm4 s molecule�2]; 
 � photon flux
[photon s�1 cm�2]; 
1,2 � quantum yield for each step
of the two absorption processes [molecule photon�1]).
The overall absorption cross section � is derived

from the equation

� � �1 ·�2 · � (eq 7)

(�1,2 � single step absorption cross section of each
excitation process [cm2 molecule]; � � lifetime of the
intermediate resonant state [s]).
The excitation of pyrene at 193 nm results in initial

population of the S4 state, which relaxes to the S1
manifold on the ps time-scale [38]. The S1 state has an
estimated lifetime of � � 100 ns [38–43], which is 10
times larger than the laser pulse width. Thus, the transi-
tion into the ionization region originates from the S1
manifold. The subsequent single step absorption cross
sections are assumed to be identical, with �1 � �2 � 1.7�
10�17 cm2 [44]. The quantum yields for both absorption
steps are assumed to be 
1 � 
2 � 1 molecule photon�1,
the photon flux is 
 � 6.0 � 1022 photon s�1 cm�2, and
the laser pulse duration is t� 10 ns. Therefore, an initial
pyrene concentration of 6 ppbV leads to a pyrene
radical cation concentration of [M•�] � 1.5 � 108

molecule cm�3 (about 5 pptV) generated within one
laser pulse. Since the neutral radical concentrations are
at least one order of magnitude higher, all reactions
proceed in pseudo first-order with respect to the
charged species. It follows that the product peak abun-
dance distribution relative to the abundance of M•� is
independent of the initial pyrene radical cation concen-
tration and is controlled by the concentration of the
neutral radicals.

Impact of O2, O(3P), and O3 on the ion signal distribution. The
initial O(3P) mixing ratio is calculated as 3.1 ppb when
0.7% oxygen is present in the source enclosure. Apply-
ing a rate constant of k � 9.5 � 10�11 cm3 molecule�1

s�1 [15] for the reaction of O(3P) with pyrene radical
cations, 16% of the latter are converted into the oxygen
adduct (#2 � #4) within 23 ms reaction time. Hence, the
hypothetical outcome of the mass spectrum would
exhibit two signals, M•� and [M � 16]�, with a ratio of
about 100:16. However, due to the high mixing ratio of
O2 the competing ozone formation reaction (no. 6, Table
1) is proceeding much faster, nearly quantitatively
converting the entire O(3P) population into O3. Ozone,
however, is a rather inert species in the present envi-
ronment towards ionized aromatic species, as shown by
Mendes et al. [45]. Since the laser pulse irradiates the
spatially defined “package” only once, photolysis of
ozone (no. 5, Table 1) and, thus, formation of O(1D) is
excluded. Taking the ozone generation reaction into
account, only 0.3% of the initial pyrene radical cations
would be converted to the oxygen adducts #2 � #4
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within 24 ms reaction time and two peaks with ratios of
M•�: [M � 16]� � 100:0.3 should occur in the corre-
sponding hypothetical mass spectrum. The experimen-
tal results though do show a strong signal at [M � 16]�

and, thus, reaction of O(3P) directly with primary
radical cations cannot account for the experimentally
observed ion population.

Impact of H2O, OH, and H on the ion distribution. As
previously mentioned, no reactivity of the pyrene radical
cation towards closed shell molecules such as H2O was
observed [15]. This is in very good agreement with the
present experimental results. However, photodissociation
of H2O with the 193 nm laser pulse results in H atom and
OH radical mixing ratios of 0.6 ppbV, respectively. Unfor-
tunately, no rate constant for the addition reaction of OH
to M•� is available. Atkinson et al. reported the rate
constant for the analogue neutral reaction,

Pyrene�OH¡ [Pyrene�OH] (Rxn. 5)

to be k� 5� 10�11 cm3 molecule�1 s�1 [46]. Frequently,
the rate constants for the same type of reaction can rise
by one or two orders of magnitude if one of the
reactants is charged. For example, the O(3P) addition to
naphthalene is �90 times faster when the aromatic
system carries a positive charge [47, 48].
If we assume a rate constant of k � 1.9 � 10�9 cm3

molecule�1 s�1 for the OH addition reaction to the pyrene
radical cation, a signal distribution of M•�: [M�OH]� �
100:95 is calculated for a reaction time of 23 ms. Hence, a
hypothetical mass spectrum would exhibit two signals,
m/z 202 and 219 with comparable intensities. This is in
very good agreement with our experimental observa-
tions with respect to the signal intensity of the sum of
the oxygenated products, i.e., [M � 15]�, [M � 16]�,
and [M � 17]�, relative to M•�. The already discussed
consecutive H-atom abstractions leading to the final
product distribution (cf. Table 3) are driven by reactions
with O2, O3, H, and OH. All of these species react with
H-atoms exergonic enough to compensate most of the
positive Gibb’s free energies of dissociation for the C–H
and O–H bond cleavages (cf. Table 2, no. 12/14/15/16
compared with no. 3/4/5/6). In conclusion, the OH
addition to the pyrene radical cation is determined to be
the first step, whereas the subsequent H-atom abstrac-
tions are straightforward, since all of the mentioned
reactants are present in large quantities. This reasoning
is supported by experimental data: upon increasing any
radical concentration, the relative distribution among
the oxygenated products always leads to dominating
signals at m/z � 217, corresponding with formation of
the most stable phenoxy type product (Structures #8 �
#10 in Figure 4).
The remaining species that has to be considered in this

context is the H atom. Le Page et al. [15] determined
the rate constant of the addition reactionM•� �H to form
[M�H]� as k� 1.4 · 10�10 cm3 molecule�1 s�1. Thermo-
chemical data as well support this reaction with Gibbs

free energies of 	GR � �1.71 eV, �2.33 eV, and �1.88
eV for position 1, 2, and 3, respectively. Applying the
above rate constant would result in a relative ratio of
M•�:[M � H]� � 100:5 with 23 ms reaction time. The
additional consideration of the isotopic ratios leads to a
hypothetical outcome of the mass spectrum with a ratio
of m/z 202:203 � 100:22; the experimentally observed
ratio is 100:17. The present results are thus ambiguous.
However, the back reaction of [M � H]� with O3, OH,
and also H is exergonic. It appears to be unlikely that
under the prevailing conditions any significant popula-
tion of [M � H]� is thus produced.

Impact of Cl, ClO, and ClOO on the ion distribution. In
the kinetic investigations described so far, chlorinated
reactants were absent. Upon introducing chlorinated
species, the ion chemistry becomes increasingly com-
plex. The product analysis is thus rendered even more
difficult. However, the impact of the presence of chlo-
rinated species on the relative ion distribution is note-
worthy. Feeding Cl atoms, e.g., via photolysis of
CHnCl4–n (n � 0–2), to the reaction system as described
in Table 3, has the following effects:

1. Virtually no direct Cl adduct formation [M � Cl]�

or [M � H � Cl]� is observed, though the addition
reactions are calculated to be exergonic in the range
of 	GR � �0.22 eV up to �0.96 eV. As shown in
Figure 3, photolysis of 170 ppm CCl4 results in
about 17 ppb Cl atoms (single laser pulse at 193 nm,
10 ns, 1 mJ). One reasonable explanation for missing
Cl-adducts is the fast competing Reaction no. 10
(Table 1) rapidly trapping initially formed Cl atoms
as ClOO, which at 1 bar rapidly decomposes to
recycle Cl atoms. Thus, the Cl concentration be-
comes quasi-stationary and might be too low to
react swiftly enough with primary radical cations.

2. A ClO adduct with the characteristic chlorine iso-
tope pattern at masses m/z � 253/255 is observed
when O2 and Cl are present in large quantities. CID
of m/z � 253 leads to mass m/z � 218, assigned to
[M � O]�. It follows that the chlorine atoms react to
form the relatively stable ClO radical (via Reactions
no. 10 and no. 12, Table 1), which then readily adds
to the aromatic ring system.

3. The presence of Cl atoms drastically changes the
relative intensity distribution among the oxygen-
ated products, favoring the most stable phenoxy
type species (m/z � 217) as observed before. Obvi-
ously, theH-abstraction reactions (nos. 3/4/5/6, Table
2), following the initial oxygen addition step, are
strongly supported by the exergonic formation of
HCl (no. 17, Table 2).

The signal intensity of the sum of the oxygenated
products relative to the intensity of the pyrene radical
cation is also drastically changed, up to the complete
loss of M•�. It is unlikely that chlorine atoms or any
other of the Cl containing radical species abstract an
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H-atom from the carbon skeleton of M•� other than in the
O atom activated positions (cf. Figure 4 and 	GR Table 2,
nos. 17/18/19 compared with no. 7). Thus the previously
excluded second reaction pathway via the pyrenyl cation
[M � H]� is also not favored in the presence of chlorine
species.
In summary, Cl atoms do not add directly to M•�

nor do they abstract H-atoms at any appreciable rates.
Nevertheless, their presence strongly promotes the ox-
ygenation of M•� to yield [M � O � H]� via H-
abstraction after the primary oxygenation step. Note
that the absorption cross sections of chlorinated meth-
anes are generally two orders of magnitude higher than
of H2O and more than four orders of magnitude higher
than of O2.

Summary and Conclusion

We have demonstrated that neutral radical initiated
ion-molecule chemistry is responsible for ion transfor-
mation upon direct APPI and we marked its importance
when interpreting and mechanistically investigating
APPI and APLI (� � 200 nm) mass spectra. Although
the presence of oxygenated aromatic hydrocarbons in
API is known since 1983, when Mahle et al. observed
hydroxylated benzene upon APCI of benzene [49], no
evidence for neutral radical chemistry was discussed
until 2005, when Frey et al. investigated oxidized pro-
teins observed upon APCI. They tentatively explained
their observations in analogy to the atmospheric degra-
dation of organic compounds with OH radicals [50].
However, the large extent to which neutral radical
chemistry is driven in an API source initiated by VUV
light absorption or via electrical discharge processes
(coronas) has not been recognized yet. Up to now, many
reported but unexplained APPI/APCI mass signals are
vaguely attributed to impurities or to reactions with
closed shell molecules, such as H2O and O2. Kauppila et
al. [51] and also Robb et al. [52] observed abundant
signals of [M � 15/16/17]� upon toluene dopant as-
sisted APPI. Addition of CHCl3 and H2O was reported
to enhance these signals to become base peaks. We
believe that the same mechanisms as discussed in the
present paper are responsible for their observations.
Our investigations focused on the fate of gaseous

pyrene within an API-source operated with a well
defined neutral radical chemistry present. Hence, sev-
eral neutral radical reaction sequences were deliber-
ately excluded to facilitate a step-by-step investigation
of the oxidation processes of the analyte within our
experiments. The results of mass spectrometric product
analysis, kinetic simulations, and quantum chemical
calculations strongly support the oxidation of pyrene
radical cations via the OH radical addition channel with
subsequent H atom abstraction steps finally yielding a
phenoxy type structure. The summed peak areas of
oxygenated products relative to the primary radical ion
as well as the relative peak abundances among the
oxygenated products turned out to be highly dependent

on the amount of neutral radicals present. The residence
time within the API source, i.e., the reaction time
provided for the oxidation process, shows a comparable
trend for the observed relative signal distribution. Fur-
thermore, kinetic modeling and comparison with exper-
imental data yielded a rate constant estimate of k �
(1.9 � 0.9) � 10�9 cm3 molecule�1 s�1 for the addition
reaction of OH to the pyrene radical cation.
It is stressed that these results cannot be generalized.

We provide a summary of the most relevant neutral
radical reactions that have to be considered when mech-
anistic studies are carried out in an API source. However,
this chemistry becomes increasingly complex when fur-
ther compounds, e.g., solvents, are added. Many radical
species potentially affect the fate of primarily generated
analyte ions and may open new ways of ion transforma-
tion processes. These processes become clearly visible at
low primary ion concentrations and might be far less
observable when charged species are in excess. In this
case, the neutral radicals are merely titrated away and the
remaining ion population is detected without notable
transformation products present. However, APLI is de-
signed as an ultra-trace detection technique and, thus, in
most applications rather low ion concentrations prevail in
the source region.
Recent experiments, which are still under investiga-

tion, confirmed oxidation processes of alkanes upon
APPI. When adding heptane or hexane, solvents com-
monly used in normal phase liquid chromatography, to
the standard APPI ion source (Figure 1, top), excitation
with 193 nm radiation results in three signals, [M �
13]�, [M � 15]�, and [M � 17]�. The signal [M � 13]�

eventually shows the highest abundance when the
neutral radical concentration or the reaction time is
increased. First experiments confirmed that these sig-
nals are attributable to oxygenated products. Kauppila
et al. [51] observed analogous mass spectra with pure
hexane added to their APPI MS setup.
We strongly believe that mechanistic investigations

of the processes prevailing in APPI or APCI and VUV
APLI at the elementary reaction level need to address
the impact of neutral radical chemistry. This appears to
be of paramount importance when parent radical cation
concentrations are low, i.e., in trace and ultra-trace
analytical applications. Consideration of this chemistry
might give new perspectives of interpreting the gener-
ation of quasi-molecular ions via H atom interaction
under certain reaction conditions; it might shed some
light on the many unknown mass signals currently
attributed to “impurities”, and it might be the answer to
complete loss of primarily generated M•� below the MS
noise level, particularly in direct APPI, resulting in
unfavorable detection limits.
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