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Decomposition of Picolyl Radicals at High Temperature: A Mass
Selective Threshold Photoelectron Spectroscopy Study
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Patrick Hemberger*[c]

Abstract: The reaction products of the picolyl radicals at

high temperature were characterized by mass-selective
threshold photoelectron spectroscopy in the gas phase.
Aminomethylpyridines were pyrolyzed to initially produce

picolyl radicals (m/z = 92). At higher temperatures further
thermal reaction products are generated in the pyrolysis re-

actor. All compounds were identified by mass-selected
threshold photoelectron spectroscopy and several hitherto

unexplored reactive molecules were characterized. The

mechanism for several dissociation pathways was outlined in
computations. The spectrum of m/z = 91, resulting from hy-

drogen loss of picolyl, shows four isomers, two ethynyl pyr-

roles with adiabatic ionization energies (IEad) of 7.99 eV (2-

ethynyl-1H-pyrrole) and 8.12 eV (3-ethynyl-1H-pyrrole), and
two cyclopentadiene carbonitriles with IE’s of 9.14 eV (cyclo-
penta-1,3-diene-1-carbonitrile) and 9.25 eV (cyclopenta-1,4-

diene-1-carbonitrile). A second consecutive hydrogen loss
forms the cyanocyclopentadienyl radical with IE’s of 9.07 eV

(T0) and 9.21 eV (S1). This compound dissociates further to
acetylene and the cyanopropynyl radical (IE = 9.35 eV). Fur-

thermore, the cyclopentadienyl radical, penta-1,3-diyne, cy-

clopentadiene and propargyl were identified in the spectra.
Computations indicate that dissociation of picolyl proceeds

initially via a resonance-stabilized seven-membered ring.

Introduction

Recently we investigated the photoionization of the three pi-

colyl isomers, designated 4, 5 and 6 in Scheme 1, employing
mass selective threshold photoelectron spectroscopy (ms-

TPES) and obtained ionization energies (IE) of 7.70:0.02,
7.59:0.01 and 8.01:0.01 eV for 4, 5 and 6.[1] In addition, a vi-
brational progression assigned to an in-plane deformation
mode of the aromatic ring was observed for all three of

them.[1]

Here we extend our work further and investigate the high-
temperature chemistry of the picolyl radicals, as generated by
pyrolysis of the aminomethylpyridines 1, 2 and 3 (see

Scheme 1. Identified products and possible pyrolysis pathway of the three
aminomethylpyridines 1, 2 and 3.
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Scheme 1). Since secondary dissociation of picolyl leads to the
formation of nitrogen-containing open shell molecules, these

reactions are relevant in the combustion of conventional
fuels[2] and bio-fuels,[3] in which substituted pyrroles or pyri-

dines[4] often occur as impurities. Therefore, their reaction
products play an important role as reactive intermediates.

While the products of the structurally related benzyl radical,[5]

which is a branching point in the decomposition of toluene,[6]

were studied in detail, information on the N-heterocyclic ana-

logues are sparse. Only the thermal reactions of 2-picolyl have
been investigated in shock tube experiments.[4, 7] Acetylene and
HCN were observed as major products, with cyclopentadiene
and 1-cyanocyclopentadiene being present in smaller

amounts.[4] Additionally, in astrochemistry and astrobiology re-
active N-containing heterocycles[8] represent the first step in

the growth of N-containing polycyclic aromatic hydrocarbons

(PANHs) in interstellar space and are incorporated in models to
characterize the atmospheric chemistry of Titan, the biggest

moon of Saturn.[9] Here photoelectron photoion coincidence
(PEPICO) spectroscopy[10] and mass-selective threshold photo-

electron spectroscopy (ms-TPES) are used to characterize the
reaction products of aminomethylpyridines formed in a high

temperature pyrolysis reactor. In these techniques the detec-

tion of ions and electrons is correlated, which permits to distin-
guish isomers of the same mass by their ionization energies

and by the vibrational structure visible in the photoelectron
spectrum. Thus, contributions from the pyrolysis of the precur-

sor and reaction products with a different mass can be sepa-
rated in the spectra. This has been shown in a number of stud-

ies on xylyl,[11] xylylenes,[12] butynyl radicals[13] and keten-

imine.[14] Such isomer-specific results deliver data for studies on
catalytic reactors,[15] flames[16] and in kinetic experiments,[17]

where PEPICO is now applied as a tool for analyzing chemical
reactions.

Results and Discussion

Mass spectra of the picolyl radical decomposition

Figure 1 illustrates mass spectra of 3-aminomethylpyridine 2
with and without pyrolysis. For 2-aminomethylpyridine 1 and
4-aminomethylpyridine 3 similar spectra were recorded, which
are therefore only given in the Supporting Information, Fig-

ure S1 and S2. In the spectrum recorded at 9.0 eV and without
pyrolysis (top trace) only the precursor at m/z = 108 is visible,
accompanied by its 13C isotopologue as evident from the rela-

tive peak intensities. No fragments from dissociative photoion-
ization are observed, because the onset is at significantly

higher photon energies.
The spectra in the center and the bottom trace were record-

ed with active pyrolysis at two different backing pressures at a

photon energy of 9.5 eV. The higher photon energy was
chosen to detect all pyrolysis products. In both spectra, a frag-

mentation of the precursor 2 at 600 8C pyrolysis temperature is
visible. A backing pressure of 2.4 bar of Argon, which corre-

sponds to a higher dilution of the precursor (center trace),
leads to an intense signal at m/z = 92, which corresponds to

the 3-picolyl radical 5. Precursor conversion is significant, but

not complete. In addition, a further small signal appears at m/z

= 91, corresponding to H-atom loss from picolyl. When the
backing pressure is reduced to 0.7 bar of Argon (bottom

panel) corresponding to lower dilution of the precursor, a rich
chemistry sets in, and several peaks appear with significant in-

tensity that are hardly apparent with higher backing pressure.
Due to the lower dilution in the jet and the increased resi-

dence time in the hot reactor, radical fragmentation and bimo-

lecular reactions are stimulated. Consequently, the precursor is
almost fully converted and the picolyl signal at m/z = 92 is de-

creased. The signal at m/z = 91 (H loss) increases significantly
and peaks at m/z = 90 (H2 loss) and 93 (H addition) are appar-

ent. Additional mass peaks appear at m/z = 64, 65 and 66, cor-
responding to loss of H2CN, HCN and CN from picolyl. Finally, a

signal arises at m/z = 39. Based on the mass spectra, a low

backing pressure as in the bottom trace was chosen for further
studies of the thermal reactions.

ms-TPE spectra of the intermediates and products

In the following section the identification of the various mass

peaks in the bottom trace of Figure 1 by ms-TPES will be de-
scribed. Unless otherwise noted the spectra below were re-
corded using precursor 2 and thus constitute products of 3-pi-

colyl 5. However, very similar spectra were obtained using pre-
cursors 1 and 3. The peak at m/z = 93 is larger than expected

for a 13C isotopologue and corresponds to the methylpyridine
formed by H-atom addition to 4, 5 and 6, as concluded from

the ms-TPE spectra. Since these products are stable and well-

studied closed-shell molecules, the spectra are only shown in
Figures S3–S5. The threshold photoelectron spectrum of m/z =

91 after hydrogen loss of 5, is given in Figure 2, spectra for all
precursors are shown in Figure S7. The TPES was recorded

from 7.50 eV to 9.50 eV with a step size of 5 meV, data were
averaged for 120 s per data point.

Figure 1. Mass spectra exemplary for 3-aminomethylpyridine 2 at room tem-
perature (top) and with 6008 C pyrolysis temperature for 2.4 bar (center) and
0.7 bar Ar backing pressure (bottom).
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The spectrum exhibits at least two band systems, separated

by roughly 1 eV. Computations show that the most stable
structures are associated with a ring contraction that yields

two types of compounds, ethynyl pyrroles and cyanocyclopen-
tadienes. Possible reaction pathways will be discussed below.

The lower energy part of the spectrum from 7.90 to 8.50 eV

can be assigned to the substituted pyrroles 9 and 10. Based
on the computed IE’s of 8.00 for 9 and 8.12 eV for 10 the

major bands in this region at 7.99 and 8.12 eV were assigned
to the adiabatic ionization energies IEad of the two compounds.

The Franck Condon simulation for 9 and 10 (solid red line) also
matches the less intense bands and is in excellent agreement
with the experiment. By comparison with the computations

the bands at 8.16 eV and 8.29 eV correspond to the in plane
ring deformation of isomer 9 (+ 1441 cm@1) and 10
(+ 1415 cm@1) respectively, while the band at 8.20 eV was as-
signed to the stretching mode between the C atom of the ring

and the exo-ethynyl group of isomer 10 (+ 570 cm@1). A ring
deformation mode of 10 including the exo-ethynyl group

(+ 930 cm@1) is responsible for the peak at 8.24 eV.

In the higher energy part of the spectrum from 9.00 to
9.50 eV the cyano substituted cyclopentadiene isomers 7 and

8 are observed. The two major bands at 9.14 and 9.25 eV rep-
resent the IEad of 8 and 7, in excellent agreement with the cal-

culated IE’s of 9.13 and 9.27 eV. Further vibrational bands are
visible at 9.32 eV (with a recognizable shoulder at 9.34 eV) and

at 9.42 eV. The symmetric and antisymmetric C=C stretching

modes (see Supporting Information for description) in the ring,
computed at 1463 and 1490 cm@1 for 8 are responsible for the

band at 9.32 eV. The band at 9.42 eV represents the same two
modes in 7, computed at 1459 and 1504 cm@1. The shoulder at

9.34 eV is assigned to a ring deformation mode of 7 including
the CH2 group (+ 822 cm@1).

In Figure 3 the broad ms-TPE spectrum of m/z = 90 (ob-
tained upon pyrolysis of 3) is displayed (black line with open
circles). The mass formally corresponds to the consecutive loss
of two H-atoms starting from mass 92 or to H2 loss. The CBS-

QB3 computations indicate for cyanocyclopentadienyl 11 a

triplet ground state for the cation and yield an IE of 9.11 eV.

This is in very good agreement with the first major band in the
spectrum at 9.07 eV. The present results revise the previous IE’s
for 11 obtained from electron impact mass spectra (9.44 eV)
and two-photon ionization (9.05 eV).[18] A second broader, but

stronger transition starting at 9.21 eV is assigned to the first
excited singlet state of the cation, S1. However, this value is
significantly lower than the computational one of 9.36 eV. Nev-

ertheless, the Franck Condon simulation for 11, given in red,
confirms that the broad band can be described by transitions
into both the T0 and S1 states of the cation. Further bands
appear at 9.13 and 9.25 eV and can tentatively be assigned

with the aid of computations, the first one at 9.13 eV to an in-
plane ring deformation mode along the CN-axis, computed at

+ 556 cm@1, the second one at 9.25 eV to a symmetric CC

stretch (+ 1436 cm@1), both in T0. A band at 9.30 eV however
might correspond to a ring distortion in the S1 state

(+ 822 cm@1).
For the radicals resulting from an H loss of the ethynyl pyr-

role isomers 9 and 10 IE’s of 8.64 and 8.81 eV have been calcu-
lated, thus they are not expected to appear in the spectrum

depicted in Figure 3, which starts at 8.8 eV only. A lower resolu-

tion survey spectrum from 7.5 to 9.5 eV, presented in Figure S6
(obtained upon pyrolysis of 2), does not show evidence for the

presence of further isomers of m/z = 90. On the other hand, a
further argument for the preferred formation of 11 is its com-

parably high stability. The cyanocyclopentadienyl radical is cal-
culated to be 125.5 kJ mol@1 more stable than a possible radical

Figure 2. Mass-selected TPE spectrum of m/z = 91 and Franck–Condon simu-
lations (red lines) for the four isomers: cyclopenta-1,4-diene-1-carbonitril 7
(grey sticks), cyclopenta-1,3-diene-1-carbonitril 8 (dark blue sticks), 2-ethyn-
yl-1H-pyrrole 9 (purple sticks) and 3-ethynyl-1H-pyrrole 10 (light blue sticks)
agree very well. The IEad indicated in the Figure were extracted for the vari-
ous isomers.

Figure 3. Mass-selected TPE spectrum of m/z = 90, obtained upon pyrolysis
of 3 and a Franck-Condon simulation for the cyanocyclopentadienyl radical
11. The ionization energies for the two lowest cationic states are determined
to be IE(T0) = 9.07 eV and IE(S1) = 9.21 eV.
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resulting from 9 and 130.8 kJ mol@1 more stable than one re-
sulting from 10. Note that from both 7 and 8, radical 11 is

formed upon H-loss, because charge and unpaired electron are
resonantly stabilized.

The ms-TPE spectrum corresponding to the peak at m/z = 65
(cf. Figure 1) is depicted in Figure 4 and assigned by compari-

son with previous spectra to the cyclopentadienyl radical 12.[19]

It is most likely formed by HCN loss from picolyl (m/z = 92) at

higher temperatures, the possible reaction pathway is dis-

cussed below. The first band in the spectrum represents the
adiabatic ionization energy of 8.43 eV and corresponds to an

ionization into the T0 ground state of the cation. This value
matches the one of 67969.2:4 cm@1 (&8.427 eV) obtained

from a zero kinetic energy photoelectron spectrum for the
~X2E

0 0

1 ! ~X3A
0

2 transition by Wçrner and Merkt.[20] CBS-QB3 com-

putations yield a value of 8.47 eV for IEad. Due to the Jahn–

Teller distortion of the D5h symmetric cyclopendienyl radical 12
a FC simulation is difficult and is not the main focus of this
study.

The small features between 7.7 and 7.9 eV in Figure 4 origi-

nate possibly from the open chain isomer 1-ethynylallyl radical.
An IE of 7.88 eV has been calculated, but the signal is too

small for a detailed analysis.
The ms-TPE spectrum of m/z = 66, shown in Figure 5 is

dominated by the strong transition at 8.57 eV, which agrees

well with the known IEad of cyclopentadiene 13.[21] The ionic
ground state is due to ionization from the 1a2 p-orbital. Also,

the Franck-Condon simulation for cyclopentadiene matches
the spectrum well. Several vibrational transitions are assigned

by comparison with the earlier conventional photoelectron

spectrum[22] and computations. The first two are observed at
8.67 eV (ring distortion at + 817 cm@1) and 8.71 eV (scissoring

mode at + 1128 cm@1). Two bands at 8.75 eV and 8.93 eV form
two members of a vibrational progression of + 0.18 eV that are

assigned to the fundamental and first overtone of the symmet-
ric C=C stretching modes (+ 1456 and 1478 cm@1). The bands

at 8.85 and 8.88 eV represent combination bands. Cyclopenta-

diene 13 originates most likely from a hydrogen addition to

m/z = 65. The heat of reaction for the H-addition to 12 is
@80.8:1 kJ mol@1,[23] derived from the computed value for

DrH8 (c-C5H6!c-C5H5 + H). The pyrrolyl radical, C4H4N repre-
sents a second species with m/z = 66, which might be formed

by thermal dissociation of ethynyl pyrrols. IE’s of 9.11 eV (S0)
and 9.43 eV (T1) have been determined by TPES.[24] This is in

the part of the spectrum where the intensities deviate from

the simulation. However, the TPE-spectrum of pyrrolyl is fur-
thermore characterized by a pronounced vibrational progres-

sion with a spacing of roughly 0.1 eV, which is not apparent in
Figure 5. We therefore believe that the deviations are due to

the limited accuracy of FC simulations or autoionizing transi-
tions and conclude that pyrrolyl may only be present in small

amounts.

The ms-TPES of m/z = 39 shown in Figure 6 is assigned to
the propargyl radical 14. Scheer et al computed DrH8 (c-C5H5!
HCCH + HCCCH2) = 310:13 kJ mol@1 for the acetylene loss
from the cyclopentadienyl radical 12.[25] Given the observation
of 12, this reaction provides therefore a convincing explana-
tion for the formation of 14 in our experiments.

The strong band at 8.70 eV corresponds to the adiabatic ion-
ization energy and is in perfect agreement with previous theo-
retical[26, 27] and experimental values.[28, 29] For comparison the

simulation (red line) based on the Franck–Condon (FC) factors
calculated by Botschwina and Oswald is given,[26] which exhib-

its an excellent agreement with the experimental data. The
two small features at 8.83 and 8.96 eV that originate from the

pseudosymmetric and pseudoantisymmetric CC stretching vi-

bration are also well represented.
Figure 7 displays the ms-TPES of m/z = 64, obtained from py-

rolysis of 3. The experimental data were recorded in 10 meV
steps. Using precursor 2 a similar spectrum was obtained, but

the scan was stopped at 9.45 eV. The broad band is comprised
by ionization from two different molecules, penta-1,3-diyne 15

Figure 4. A comparison of the ms-TPE spectrum of m/z = 65 with a pub-
lished spectrum of the cyclopentadienyl radical 12 (blue line) shows that 12
is formed in our experiment.[19] .

Figure 5. Mass-selected TPE spectrum of m/z = 66. The first major peak at
8.57 eV is assigned to the IEad. For comparison, the Franck–Condon simula-
tion for cyclopentadiene 13 is given.
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(grey sticks) and cyanopropynyl 16 (blue sticks). The strongest
transition at 9.45 eV was assigned to the adiabatic ionization

energy of 15, which agrees well with the value of 9.50:
0.02 eV measured by Maier for 15.[30] The first peak at 9.35 eV
was correlated with the adiabatic ionization energy of 16 and

matches our CBS-QB3 value of 9.37 eV. Further peaks are ap-
parent at 9.62 and 9.72 eV and are assigned to the methyl

bending mode (+ 1430 cm@1) and the symmetric stretch of the
two C/C triple bonds (+ 2291 cm@1) in penta-1,3-diyne 15.

Overall the agreement of the FC simulation with the experi-

mental data is good, given that two transitions overlap and
the signal/noise ratio is low.

In Table 1 all IE’s determined in the present work are sum-
marized and compared with computations and previous work,

when available. As visible, for some species no IEad has been
previously reported, while for other species earlier values are

revised. A very good agreement with computations is achiev-

ed.

Decomposition mechanism of the 2-picolyl radical 4

In Scheme 2 the mechanism for the first dissociation steps of

the picolyl radical 4 are depicted, while the energies of the sta-
tionary points are summarized in Table S8. The energies for the

initial H-atom loss were computed to rationalize the formation

of the four isomers detected in the ms-TPE spectra, 7 (blue
line), 8 (blue dashed line), 9 (black dashed line) and 10 (black

line) from the three picolyl radicals. In addition, the HCN loss
from picolyl to cyclopentadienyl radical 12 is represented as a

red line. For all picolyl isomers dissociation proceeds via the 7-
membered ring IM3, thus the subsequent steps are identical.

The first steps leading to IM3 in Scheme 2 are given for isomer

4, but for the other isomers 5 and 6 only slightly different bar-
riers were obtained for the steps to IM3. Therefore, they are

only given in Figure S8.
The first intermediate IM1 in the dissociation of 4 is the bi-

cycle IM1, which is + 215 kJ mol@1 higher in energy due to ring
strain. It is followed by electrocyclization to the seven-mem-

bered ring IM2, which is then stabilized in a 1,3 H-shift, yield-
ing the resonance stabilized azepinyl radical IM3. This is

+ 72 kJ mol@1 less stable than reactant 4 and resembles the cy-

cloheptatrienyl radical, a key intermediate in the decomposi-
tion of benzyl.[32] IM3 can then cyclize to three bicyclic struc-

tures with the N atom either in the four (IM4) or five mem-
bered ring (IM5a and b).

All three pathways proceed over barriers with similar ener-
gies, IM5a is only 12 kJ mol@1 and IM5b 20 kJ mol@1 less stable

than IM4. While reaction via IM4 proceeds to cyclopentadiene

carbonitriles 7 and 8, reaction via IM5 finally leads to the eth-
ynyl pyrroles 9 and 10. In all pathways the four membered

ring opens to form either a substituted pyrrole with the nitro-
gen in one- (IM7a) or two-position (IM7b) to the vinyl substitu-

ent or a cyano-substituted cyclopentadiene (IM6). In the next
step a 1,2 H-migration forms the intermediates IM8, IM9a and

Figure 6. Mass-selected TPE spectrum of m/z = 39. A Franck–Condon simula-
tion for the propargyl radical 14 (red line) based on the calculations of
Botschwina et al. shows an excellent agreement.[26]

Figure 7. Comparison of the ms-TPE spectrum of m/z = 64 (obtained from 3)
with a Franck-Condon simulation (red line) for the cyanopropynyl radical 16
(blue sticks) and penta-1,3-diyne 15 (grey sticks).

Table 1. Ionization energies (IEs) determined in the present work. Experi-
mental values are generally accurate within :0.02 eV. IEcomp calculated
with CBS-QB3 are given for comparison.

Molecule IEexp [eV] IEcomp [eV] IElit [eV]

2-picolyl 4 7.70 7.73 7.70:0.02[1]

3-picolyl 5 7.59 7.65 7.59:0.01[1]

4-picolyl 6 8.01 8.06 8.01:0.01[1]

cyclopenta-1,4-diene-1-carbonitrile 7 9.25 9.27 –
cyclopenta-1,3-diene-1-carbonitrile 8 9.14 9.13 9.70[31]

2-ethynyl-1H-pyrrole 9 7.99 8.00 –
3-ethynyl-1H-pyrrole 10 8.12 8.12 –
cyanocyclopentadienyl radical 11(T0) 9.07 9.11 9.05:0.02[18b]

cyanocyclopentadienyl radical 11(S1) 9.21 9.36 –
cyclopentadienyl radical 12 8.43 8.47 8.4271[20]

cyclopentadiene 13 8.57 8.60 8.53[21a]

propargyl radical 14 8.70 8.74 8.7005[29]

penta-1,3-diyne 15 9.45 9.47 9.50:0.02[30]

cyanopropenyl radical 16 9.35 9.37 –
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IM9b. For IM8 and IM9b this step is exothermic by around

30 kJ mol@1, for IM9a even by 77 kJ mol@1. Alternatively, IM6
can dissociate over a low-energy barrier to HCN and the reso-

nance-stabilized cyclopentadienyl radical 12 (red line). While
12 has been observed by ms-TPES, the ionization energy of

HCN of 13.60 eV is too high for a detection in the photon
energy range of the experiment. We note that 12 might alter-

natively be formed by CN-loss from 7 and 8, but due to the

low barrier the direct pathway from picolyl will be an efficient
route to 12. Note that the mechanism of the subsequent uni-

molecular dissociation of 12 to C3H3 + C2H2 has been described
in detail before.[25] Products 8 and 9 can be formed directly by

H-atom loss from IM8 and IM9a (dashed lines), while for IM9b
a second 1,2 H shift to IM11b was computed before prod-
uct 10 is formed (black line). For IM8 a second pathway over a

second consecutive 1,2 H shift similar to IM11b is possible
(blue line). Similarly, H-atom loss to product 7 proceeds from
IM8 via IM10b. All four products 7, 8, 9 and 10 were assigned
in the ms-TPE spectra, suggesting that all pathways indicated

in Scheme 2 are active. Assuming comparable ionization cross
sections for all products, the bigger signal observed for 7 and

8 (blue lines) compared to 9 and 10 might be explained by

the more favorable reaction energetics. From the chemical
structures it is evident that a further H-atom loss to the experi-

mentally observed cyanocyclopentadienyl radical 11 is feasible
from 7 and 8. For 9 and 10 no low-lying H-atom loss channel

is apparent and possible products are not observed experi-
mentally. An alternative route to 11 would be H2 loss from pi-

colyl, but no obvious reaction pathway has been found.

Note that a similar mechanism for decomposition of 4 has
already been suggested by Doughty and Mackie, although in

less detail.[4] However they concluded that “The resonance sta-
bilized seven-membered ring intermediate… appears unlikely”

because “one would expect to observe both pyrrole and sub-
stituted pyrroles, in the reaction products”. In their shock tube

experiments only acetylene, HCN, cyclopentadiene and 1-cya-

nocyclopentadiene were observed. The detection of ethynyl
pyrroles by ms-TPES in the present work thus provides strong

evidence for the mechanism outlined in Scheme 2 and for a re-
action that proceeds via intermediate IM3.

Finally, it is of interest to compare the unimolecular reac-
tions of picolyl with the reactions of the related benzyl radical.

In benzyl, two dominant pathways were identified,[33] (a) H-

atom loss to fulvenallene and (b) reaction to c-C5H5 + C2H2. The
equivalent to (b), reaction to c-C5H5 + HCN is also observed

here for all picolyl isomers. However, the ms-TPES in Figure 2
rules out a large contribution of N-heterocyclic analogues of

(a) and ethynyl pyrroles are formed from picolyl, instead. We
have calculated the reaction pathway of 2-picolyl to aza-fulve-
nallene (see Table S7 and Figure S10) and found that it pos-

sesses a similar rate-limiting barrier as the formation of IM3,
but the products are less stable than 7, 8 and 9. Like in the
benzyl radical, where fulvenallene is observed upon hydrogen
atom loss, aza-fulvenallenes could in principle appear as reac-

tion products of picolyl. However, this is in contrast to our ex-
perimental findings. Although energetically accessible, we did

not detect aza-fulvenallene species (computed IE’s are 8.47
and 9.21 eV), which indicate either a rapid fragmentation to
products with higher IE (CN, HCN, acetylene) or very low con-

centrations below the detection limit, due to the lower stability
as compared to 7–10.

Conclusion

In this study we have focused on the decomposition of 2-picol-
yl 4, 3-picolyl 5 and 4-picolyl 6 radicals in a hot pyrolysis reac-

tor, which yielded a range of products 7–16. All products were
identified by mass-selected threshold photoelectron spectros-

copy. Identical products were observed for all three picolyl iso-
mers. In a first step a hydrogen loss or addition takes place, re-

Scheme 2. First steps in the decomposition of the picolyl isomer 4, computed by CBS-QB3. 2-picolyl 4 has been set to zero.

Chem. Eur. J. 2019, 25, 16652 – 16659 www.chemeurj.org T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim16657

Full Paper

http://www.chemeurj.org


sulting in mass 91 or 93, respectively. H-atom addition yields
the stable methylpyridines. In contrast, H-atom loss leads to

two different types of structures, ethynyl pyrroles and cyclo-
pentadiene carbonitriles. Four product isomers were identified

in the ms-TPES by comparison with computations and Franck–
Condon simulations: 2-ethynyl-1H-pyrrole 9 (IE = 7.99:
0.02 eV) and 3-ethynyl-1H-pyrrole 10 (IE = 8.12:0.02 eV) as
well as cyclopenta-1,4-diene-1-carbonitril 7 (IE = 9.25:0.02 eV)

and cyclopenta-1,3-diene-1-carbonitril 8 (IE = 9.14:0.02 eV).

Only 8 has been observed before, however, the IE had to be
revised considerably. A second consecutive hydrogen loss from

7 and 8 yields the cyanocyclopentadienyl radical 11, which has
an ionic triplet ground state. The ionization energy was deter-

mined to be 9.07:0.02 eV. In addition, the S1 state was ob-
served and the ionization energy was characterized to be

9.21:0.02 eV. A product at m/z = 65 was assigned to the cy-

clopentadienyl radical 12. Most likely it is formed by HCN elim-
ination from picolyl radicals. Product 12 has several opportuni-

ties for further reactions. While a further hydrogen loss yields
penta-1,3-diyne 15, H-atom addition forms cyclopentadiene 13,

respectively. Alternatively, it decomposes to ethyne and the
propargyl radical 14.

Based on computations a mechanism for the dissociation of

picolyl is proposed that proceeds via a seven-membered ring
intermediate. This intermediate resembles the cycloheptatrien-

yl radical, which is a key species in the high-temperature reac-
tions of benzyl. Assuming this pathway, the formation of all

products can be explained. In a previous study the seven-
membered ring intermediate has been discarded, due to the

absence of substituted pyrroles. The detection of 9 and 10 de-

scribed above thus provides evidence for the computed reac-
tion pathway. Since the reaction proceeds through the same

intermediate IM 3 from all picolyl isomers, the same reaction
products and comparable ratios were observed from all precur-

sors.
To summarize, the dissociation of picolyl radicals has been

explored and a possible pathway for the first H-atom loss has

been outlined. Several products have been identified and char-
acterized by photoelectron spectroscopy, yielding a wealth of

structural information on a number of intermediates relevant
for biofuel processing.

Experimental Section

All experiments were performed at the Swiss Light Source (SLS)
storage ring in Villigen, Switzerland. The details on both the x04db
beamline[34] and the i2PEPICO setup[35] are available in the litera-
ture; thus, only a brief summary is given here. Vacuum ultraviolet
(VUV) synchrotron radiation (SR) provided by a bending magnet
and collimated onto a 150 lines mm@1 plane grating monochroma-
tor was used for ionization. The photon energy resolution E/DE is
about 1.5 V 103. Depending on the photon energy range either a
MgF2 window (from 5 to 10 eV) or a rare gas filter operating with
10 mbar of a Kr/Ar/Ne mixture (from 7 to 14 eV) were employed to
suppress higher harmonic radiation. For the experiments described
in this work the photon energy was scanned in 5 or 10 meV steps
and calibrated using the 11s0–13s0 autoionization resonances of Ar
in first and second order. All spectra are corrected for photon flux.

The liquid precursors were purchased from Sigma–Aldrich with a
purity of 98 % or higher. Glass wool, soaked with the liquids, was
positioned in an in-vacuum sample container directly in front of
the nozzle. Due to their low vapor pressure, the aminomethylpyri-
dines 1, 2 and 3 were heated between 30–40 8C to transfer them
into the gas phase. They were seeded in Ar and expanded through
a 100 mm nozzle into the pyrolysis reactor, an electrically heated sil-
icon carbide (SiC) tube[36] to generate the thermal products. The
skimmed beam was overlapped with the SR. After ionization elec-
trons and ions were extracted vertically in opposite direction. The
i2PEPICO setup consists of two velocity map imaging (VMI) spec-
trometers for photoelectrons and photoions.[17a, 35, 37] The cations
and electrons were accelerated in an electric field and imaged on a
position sensitive delay-line anode (Roentdek DLD40). Cations and
electrons from the same ionization event were correlated employ-
ing a multiple start/multiple stop data acquisition Scheme, permit-
ting to record ion mass-selected photoelectron spectra.[38] False co-
incidences, for example, background or hot electrons, were sub-
tracted following the procedure given in Ref. [39] Threshold photo-
electrons were selected with a resolution of 3–5 meV.

All quantum chemical computations were performed with the
Gaussian 09 suite of programs.[40] The composite CBS-QB3 method
was used to calculate ionization energies and stationary points on
the reaction coordinate.[41] This method optimizes the molecular
geometries and computes the vibrational wavenumbers and force
constants of the neutral and ionic ground state. The ms-TPE spec-
tra of the decomposition products 7–16 were simulated either by
a Franck-Condon simulation at 0 K with the program FCfit version
2.8.20 or at 600–800 K using the program ezSpectrum.[42]

Acknowledgements

This work was funded by the Deutsche Forschungsgemein-

schaft, contract FI575/13-1. The experiments were conducted
at the VUV beamline of the Swiss Light Source storage ring,

Paul Scherrer Institute (PSI). We thank Melanie Lang and Phil-
ipp Constantinidis for their experimental assistance at the PSI.

We are also grateful for the financial support by the Swiss Fed-

eral Office for Energy (BFE Contract Number SI/501269-01). All
computations were carried out at the Linux-cluster of the Leib-

niz-Rechenzentrum der Bayerischen Akademie der Wissen-
schaften (LRZ).

Conflict of interest

The authors declare no conflict of interest.

Keywords: ionization energy · photoelectron spectroscopy ·
pyrolysis · radicals · synchrotron radiation

[1] E. Reusch, F. Holzmeier, P. Constantinidis, P. Hemberger, I. Fischer,
Angew. Chem. Int. Ed. 2017, 56, 8000 – 8003; Angew. Chem. 2017, 129,
8113 – 8116.

[2] P. Glarborg, A. D. Jensen, J. E. Johnsson, Prog. Energy Combust. Sci.
2003, 29, 89 – 113.

[3] K. Kohse-Hçinghaus, P. Oßwald, T. A. Cool, T. Kasper, N. Hansen, F. Qi,
C. K. Westbrook, P. R. Westmoreland, Angew. Chem. Int. Ed. 2010, 49,
3572 – 3597; Angew. Chem. 2010, 122, 3652 – 3679.

[4] A. Doughty, J. C. Mackie, J. Phys. Chem. 1992, 96, 10339 – 10348.

Chem. Eur. J. 2019, 25, 16652 – 16659 www.chemeurj.org T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim16658

Full Paper

https://doi.org/10.1002/anie.201703433
https://doi.org/10.1002/anie.201703433
https://doi.org/10.1002/anie.201703433
https://doi.org/10.1002/ange.201703433
https://doi.org/10.1002/ange.201703433
https://doi.org/10.1002/ange.201703433
https://doi.org/10.1002/ange.201703433
https://doi.org/10.1016/S0360-1285(02)00031-X
https://doi.org/10.1016/S0360-1285(02)00031-X
https://doi.org/10.1016/S0360-1285(02)00031-X
https://doi.org/10.1016/S0360-1285(02)00031-X
https://doi.org/10.1002/anie.200905335
https://doi.org/10.1002/anie.200905335
https://doi.org/10.1002/anie.200905335
https://doi.org/10.1002/anie.200905335
https://doi.org/10.1002/ange.200905335
https://doi.org/10.1002/ange.200905335
https://doi.org/10.1002/ange.200905335
https://doi.org/10.1021/j100204a045
https://doi.org/10.1021/j100204a045
https://doi.org/10.1021/j100204a045
http://www.chemeurj.org


[5] a) G. da Silva, J. W. Bozzelli, J. Phys. Chem. A 2009, 113, 12045 – 12048;
b) J. Jones, G. B. Bacskay, J. C. Mackie, J. Phys. Chem. A 1997, 101, 7105 –
7113.

[6] G. da Silva, C.-C. Chen, J. W. Bozzelli, J. Phys. Chem. A 2007, 111, 8663 –
8676.

[7] a) A. Terentis, A. Doughty, J. C. Mackie, J. Phys. Chem. 1992, 96, 10334 –
10339; b) E. Ikeda, J. C. Mackie, J. Anal. Appl. Pyrolysis 1995, 34, 47 – 63.

[8] a) D. S. N. Parker, R. I. Kaiser, Chem. Soc. Rev. 2017, 46, 452 – 463;
b) D. S. N. Parker, T. Yang, B. B. Dangi, R. I. Kaiser, P. P. Bera, T. J. Lee, ApJ
2015, 815, 115.

[9] K. Willacy, M. Allen, Y. Yung, ApJ 2016, 829, 79.
[10] T. Baer, R. P. Tuckett, Phys. Chem. Chem. Phys. 2017, 19, 9698 – 9723.
[11] a) P. Hemberger, A. J. Trevitt, T. Gerber, E. Ross, G. da Silva, J. Phys. Chem.

A 2014, 118, 3593 – 3604; b) P. Hemberger, A. J. Trevitt, E. Ross, G. da Sil-
va, J. Phys. Chem. Lett. 2013, 4, 2546 – 2550.

[12] M. Steglich, V. B. F. Custodis, A. J. Trevitt, G. daSilva, A. Bodi, P. Hemberg-
er, J. Am. Chem. Soc. 2017, 139, 14348 – 14351.

[13] M. Lang, F. Holzmeier, P. Hemberger, I. Fischer, J. Phys. Chem. A 2015,
119, 3995 – 4000.
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