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bstract

We employed the crossed molecular beams method to synthesize the 2,4-pentadiynylidyne, C5H (X2�), and the 2,4-pentadiynyl-1, n-
5H3(X2B1), radicals in situ under single collision conditions via the reactions of tricarbon molecules with acetylene and ethylene, respectively.
ime-of-flight spectra of the radicals were recorded at the center-of-mass angles at various mass-to-charge ratios from m/z = 63 (C5H3

+) to
/z = 36 (C3

+). Integrating these time-of-flight spectra and normalizing them to the most intense peak, intensity ratios of I(m/z = 61):I(m/z = 60):
(m/z = 49):I(m/z = 48):I(m/z = 37):I(m/z = 36) = 0.49 ± 0.04:0.27 ± 0.03:1:0.15 ± 0.02:0.32 ± 0.03:0.11 ± 0.04 can be extracted for the 2,4-
entadiynylidyne radical. In case of the 2,4-pentadiynyl-1 molecule, we find intensity ratios of I(m/z = 63):I(m/z = 62):I(m/z = 61):I(m/z = 60):
(m/z = 51):I(m/z = 50):I(m/z = 49):I(m/z = 48):I(m/z = 39):I(m/z = 38):I(m/z = 37):I(m/z = 36) = 0.39 ± 0.04:0.50 ± 0.05:0.32 ± 0.03:0.10 ± 0.03:
.03 ± 0.01:1.0:0.24 ± 0.02:0.02 ± 0.01:0.24 ± 0.03:0.65 ± 0.05:0.57 ± 0.05:0.36 ± 0.03 at an electron impact energy of 70 eV. The abso-
ute ionization cross sections of the 2,4-pentadiynylidyne and 2,4-pentadiynyl radicals were estimated to be 8.6 ± 1.7 × 10−16 cm2 and

.7 ± 1.9 × 10−16 cm2, respectively. Our data can be employed in future space missions to detect the C5H and C5H3 radicals – crucial reaction
ntermediates in the formation of polycyclic aromatic hydrocarbon molecules – in the atmospheres of hydrocarbon rich planets (Jupiter, Saturn,
ranus, Neptune, Pluto) and their moons (Titan) and also in combustion flames via mass spectrometry coupled with matrix interval arithmetic.
2006 Elsevier B.V. All rights reserved.
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. Introduction

During the last years, the 2,4-pentadiynylidyne (C5H(X2�))
nd of the 2,4-pentadiynyl-1 (C5H3 (X2B1)) radicals have
eceived considerable attention in the astrochemistry [1–7]
nd in the combustion chemistry communities [8–10] due to
heir prospective roles as precursors to polycyclic aromatic
ydrocarbons (PAHs) [11] and fullerenes [12–14]. The 2,4-
entadiynyl-1 radical (C5H3; X2B1), for instance, could either
eact with a methyl radical (CH3, X2A′′

2; (reaction (1))) [15]
r with the C5H5 isomers 1-methylbutatrienyl [H2CCCCCH3;
2A′′] [16], 4-methylbutatrienyl [HCCCCH(CH3); X2A′′]

16], 1-vinylpropargyl [HCCCH(C2H3); X2A′′] [17,18], or 3-

inylpropargyl [H2CCC(C2H3); X2A′′] [17,18], (reaction (2))
o access the C6H6 and C10H8 potential energy surfaces (PES)
otentially leading to benzene and naphthalene/azulene in com-

∗ Corresponding author. Tel.: +1 808 9565730; fax: +1 808 9565908.
E-mail address: kaiser@gold.chem.hawaii.edu (R.I. Kaiser).
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radical

ustion flames and in planetary atmospheres via successive
somerization steps. These molecules are thought to build up
ven more complex polycyclic aromatic hydrocarbons (PAHs)
ielding ultimately soot particles [19–23]:

5H3 + CH3 → C6H6 (1)

5H3 + C5H5 → C10H8 (2)

ue to their importance in combustion processes, detailed infor-
ation on the mass spectra and on the fragmentation patterns

f both radicals will help to follow the concentration of the
,4-pentadiynylidyne and of the 2,4-pentadiynyl-1 radicals in
ombustion flames in real time and to determine absolute rad-
cal concentrations not only via spectroscopy such as Fourier
ransform microwave spectroscopy [24], but also via mass spec-

rometry coupled to an electron impact ionizer on line and in situ.
ery recently, a combination of quadrupole mass spectrometry

QMS) with matrix interval arithmetic (MIA) has been shown to
e capable of extracting the chemical composition of complex

mailto:kaiser@gold.chem.hawaii.edu
dx.doi.org/10.1016/j.ijms.2006.07.023
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as mixtures even in the presence of highly reactive radicals
nd closed shell molecules [25]. To expand this approach to
adicals, the fragmentation patterns of these molecules such
s of the linear C5H and C5H3 species are imperative. For
nstance, ion counts at m/z = 63 from C5H3

+ – the parent ion
f the C5H3 radical – can also originate from dissociative ion-
zation and fragmentation of more complex hydrocarbons such
s benzene (C6H6). Therefore, the actual ion current recorded
t m/z = 63 depicts the sum of the ion currents of all molecules
ontributing to this mass-to-charge ratio. Note that selective pho-
oionization utilizing a tunable ultraviolet photon source – a
oft ionization technique which effectively eliminates the frag-
entation of the radical cation to smaller fragments – coupled

o a mass spectrometric device is feasible to reveal the time
ependent concentrations of radials in combustion flames [26].
owever, since this technique requires a tunable vacuum ultra-
iolet light source – either a synchrotron or four wave mixing
chemes – this method can hardy be utilized to identify rad-
cals in the framework of, for instance, an in situ exploration
f hydrocarbon-rich atmospheres of planets and their moons
ia space crafts. In this paper, we derive the first mass spectra
f the 2,4-pentadiynylidyne (C5H(X2�)) and 2,4-pentadiynyl-
radicals (n-C5H3(X2B1)) which are generated in situ under

ingle collision conditions in crossed molecular beams experi-
ent via the reaction of tricarbon molecules with acetylene and

thylene, respectively [27,28]. In contrast to bulk experiments,
here reactants are mixed, the key benefit of a crossed beams
ethod is the capability to form both reactants, here tricarbon

C3) molecules and the hydrocarbon beam, in separate super-
onic beams. The reactants of each beam are made to collide
nly with the molecules of the other beam, and the products
ormed fly undisturbed towards the mass spectrometric detec-
or. These features provide an unmatched method to synthesize
nstable radicals like C5H(X2�) and C5H3(X2B1).

. Experimental setup

We synthesized the 2,4-pentadiynylidyne (C5H(X2�)) and
,4-pentadiynyl-1 radicals (n-C5H3 (X2B1)) in crossed molec-
lar beams reactions of the tricarbon molecule, C3(X1�g

+),
ith acetylene, C2H2(X1�g

+), and ethylene, C2H4(X1Ag), in
itu. Briefly, the main chamber of the crossed beams machine
s evacuated to the low 10−8 Torr region [29]. Two source
hambers are located inside the vessel. A pulsed supersonic
eam of tricarbon molecules, C3(X1�g

+), was generated via
aser ablation of graphite at 266 nm [30]. Here, the 30 Hz,
5 mJ output of a Spectra Physics GCR-270-30 Nd:YAG laser
s focused onto a rotating carbon rod and the ablated species
ere seeded into helium carrier gas released by a Proch-Trickl
ulsed valve operating at 60 Hz and 80 �s pulses with 4 atm
acking pressure. A four slot chopper wheel located between
he skimmer and a cold shield selects segments of the seeded
eam with peak velocities of 3880 ± 100 ms−1 (acetylene exper-

ment) and 3197 ± 100 ms−1 (ethylene experiment) and speed
atios S of 1.5 ± 0.1 and 1.9 ± 0.1, respectively. The opera-
ion conditions were optimized so that the ablation beam con-
ains mainly tricarbon 80% and only to a less extent dicarbon

a
f
r
i
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5%) and atomic carbon (15%). The pulsed tricarbon and the
ulsed hydrocarbon beams (550 Torr backing pressure; acety-
ene: vp = 902 ± 5 ms−1; S = 15.7 ± 0.1; ethylene: vp = 890 ±
ms−1; S = 15.7 ± 0.1) pass through skimmers and cross at 90◦

n the interaction region of the scattering chamber. The time-of-
ight spectra of the parent and of the fragmentation patterns of

he newly formed C5H and C5H3 radicals were recorded in the
lane of both beams using a rotatable quadrupole mass spec-
rometer with an electron impact ionizer at the center-of-mass
ngle of the reaction. The Brink-type electron impact ionizer
31] is surrounded by a liquid nitrogen shield and is located in
he third region of a triply differentially pumped ultra high vac-
um chamber (10−11 Torr); the quadrupole mass filter and the
aly-type scintillation particle detector [32] are connected to

he second region. Recall that the fragmentation patterns of a
olecule strongly depend on the kinetic energy of the electron.
ere, we recorded these patterns at 70 eV electron energy, i.e.,

he standardized electron energy utilized to setup the NIST mass
pectral database.

. Results

The data analysis procedure is similar to the one utilized
reviously in our laboratory to extract the mass spectrum of
he linear butadiynyl radical, C4H(X2�+) [33], and of the
-butene-3-yne-2-yl radical, i-C4H3(X2A′) [34]. Most impor-
antly, we have to consider that the ablation beam does not
ontain solely the desired tricarbon molecule, but also carbon
toms and dicarbon molecules, C2(X1�g

+/a3�u) [30]. Tricar-
on molecules were found to react with acetylene and ethylene
o the 2,4-pentadiynylidyne radical (C5H(X2�)) and to the 2,4-
entadiynyl-1 radical (n-C5H3(X2B1)) through tricarbon versus
tomic hydrogen exchange pathways (reactions (3) and (6),
espectively) [35]. Considering the acetylene system, bimolec-
lar collisions of dicarbon, C2(X1�g

+/a3�u), with acetylene
ielded the butadiynyl radical, C4H(X2�+), plus atomic hydro-
en (reaction (4)) [33]. The situation of the carbon atoms is more
omplicated. At the present velocity of the ablation beam, the
atter contains carbon atoms both in their electronic ground (3P)
nd first electronically excites states (1D) [36]. The reaction of
(3P) with acetylene was found to yield the cyclic and linear
3H isomers (reaction (5a)) as well as tricarbon plus molecular
ydrogen (reaction (5b)) [37]. On the other hand, C(1D) was
uggested to react only to the cyclic C3H isomer plus atomic
ydrogen (reaction (5c)) [36]. In a similar way, the carbon, dicar-
on, and tricarbon species can react with ethylene via multiple
athways as summarized in reactions (6)–(8). These considera-
ions suggest that we have to find a technique to distinguish if
he reactive scattering signal actually comes from the reaction of
ricarbon molecules or from dicarbon molecules/carbon atoms
ith acetylene and ethylene.
Considering the acetylene reaction, the mass of the C5H rad-

cal of 61 amu dictates that signal of the parent ion at m/z = 61

nd of the fragmentation pattern at 60 (C5

+) originates solely
rom the C5H molecule. However, ions at lower mass-to-charge
atios such as of 49 (C4H+), 48 (C4

+), and 37 (C3H+) could orig-
nate from dissociative ionization of the C5H parent (m/z = 49,
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8, 37), from the ionized C4H parent molecule formed in reac-
ion (4) (m/z = 49), from dissociative ionization of the C4H parent
m/z = 48, 37), and from the ionized C3H parent molecule formed
n reactions (5a) and (5c). Signal at m/z = 36 (C3

+) has con-
ributions from reactions (3)–(5) (fragmentation and reactive
cattering signal) as well as from elastically scattered tricarbon
olecules from the acetylene beam.
In case of the ethylene system, the mass of the C5H3 radical

f 63 amu dictates that signal of the parent ion at m/z = 63 and
f the fragmentation patterns at 62 (C5H2

+), 61 (C5H+), and 60
C5

+) originate only from the C5H3 molecule. However, the ions
t lower mass-to-charge ratios of 51 (C4H3

+), 50 (C4H2
+), 49

C4H+), and 48 (C4
+) originate from dissociative ionization of

he C5H3 parent molecule (reaction (6)) and also from ionization
f the i-C4H3 parent (reaction (7)) as well as from the fragments
ormed via dissociative ionization of i-C4H3. Finally, signal at
ven smaller mass-to-charge ratios of 39 (C3H3

+), 38 (C3H2
+),

7 (C3H+), and 36 (C3
+), can come from dissociative ioniza-

ion of the C5H3(X2B1) and i-C4H3(X2A′) parents molecules
m/z = 39–36), from ionization of the propargyl radical (reaction
8)) (m/z = 39), dissociative ionization of the propargyl radical
m/z = 38–36), and elastic scattering of the tricarbon molecule
ith ethylene (m/z = 36):

3(X1�g
+) + C2H2(X1�g

+) → C5H(X2�) + H(2S1/2)
(3)

C2(X1�g
+/a3�u) + C2H2(X1�g

+)

→ C4H(X2�) + H(2S1/2) (4)

o
t
w
t

ig. 1. (a) Newton diagram of the reactions of carbon atoms, dicarbon molecules, a
elocities of the products of the reactions are shown in black-dashed dotted (3), black-
ricarbon molecules). (b) Newton diagram of the reactions of carbon atoms, dicarbon m
ecoil velocities of the products of the reactions are shown in black-dashed (6), red
efinition of the symbols. (For interpretation of the references to color in this figure l
s Spectrometry 261 (2007) 100–107

(3Pj) + C2H2(X1�g
+) → c/l-C3H(X2) + H(2S1/2)

(5a)

(3Pj) + C2H2(X1�g
+) → C3(X1�g

+) + H2(X1�g
+)

(5b)

(1D) + C2H2(X1�g
+) → c-C3H(X2) + H(2S1/2)

(5c)

3(X1�g
+) + C2H4(X1Ag) → C5H3(X2B1) + H(2S1/2)

(6)

C2(X1�g
+/a3�u) + C2H4(X1Ag)

→ i-C4H3(X2A′) + H(2S1/2) (7)

(3Pj) + C2H4(X1Ag) → C3H3(X2B1) + H(2S1/2) (8)

To extract the desired fragmentation patterns of the 2,4-
entadiynylidyne and of the 2,4-pentadiynyl-1 radicals, it is
rucial to distinguish these pathways. To carry out this endeavor,
e perform a transformation of the coordinate system from the

aboratory system to the center-of-mass reference frame [33,34].
he latter is convenient to get information on the dynamics

f reactions (3)–(8). Recall that the experimentalist ‘sits’ on
he center-of-mass and watches how the ablated species collide
ith the hydrocarbon molecule and in which direction the reac-

ion products fly apart. Fig. 1 compiles the relationship between

nd tricarbon molecules with acetylene via Eqs. (3)–(5). The maximum recoil
dashed (4), black-solid (5a), red (5c), blue (5b), and green (elastically scattered
olecules, and tricarbon molecules with ethylene via Eqs. (6)–(8). The maximum

(7), blue (8), and green (scattered tricarbon molecules). See text for a detailed
egend, the reader is referred to the web version of the article.)
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oth coordinate systems and incorporates the dynamics of the
eactions (3)–(5) (acetylene reactions) and (6)–(8) (ethylene
eactions). We would like to elucidate briefly on the acetylene
ystem as a typical example so that the reader can follow the
rocedure. In the present experiment, a beam of the tricarbon,
icarbon, and atomic carbon reactants with lab velocities VC3 ,
C2 , and VC, respectively, crosses a supersonic beam of acety-

ene with a lab velocity VC2H2 at 90◦ (Fig. 1a). These velocities
re represented as vectors. The vector connecting the tips of
he tricarbon and acetylene vectors defines the relative velocity
ector g. Note that in the laboratory system, the center of mass
rame moves with the velocity VCM. With respect to the pri-
ary beam, this vector holds fixed center-of-mass angles, �CM,

f 9◦, 14◦, and 26◦ for the reactions of acetylene with tricarbon,
icarbon, and carbon atoms, respectively. For each reaction, the
enter-of-mass velocity vector originates at the crossing point
f the reactant beams and terminates at the center-of-mass of
he system which is actually located on the relative velocity
ector g. Since we have three reactions – those of acetylene

ith tricarbon, dicarbon, and atomic carbon – this dictates the
efinition of three center-of masses as CMC3/C2H2 , CMC2/C2H2 ,
nd CMC/C2H2 which are all positioned on the relative veloc-

C
a
6

ig. 2. (a) Time-of-flight spectra of the 2,4-pentadiynylidyne radical and its fragm
xperimental data, the lines show the fits. The color code of the scattering systems is
nd its fragmentation pattern at various mass-to-charge ratios. The circles represent th
s compiled in Fig. 1b.
s Spectrometry 261 (2007) 100–107 103

ty vector g. These center-of-masses play a key role to extract
f the signal at lower mass-to-charge ratios between 49 and 36
riginates from reactions (3), (4) and (5) alone or a combina-
ion of these pathways together with inelastic scattering of the
ricarbon–acetylene system.

A detailed inspection of the recoil circles of the heavy reac-
ion products, the so called Newton circles, presents essential
uidance for the crossed beams experiment and for the extrac-
ion of the mass spectra of the 2,4-pentadiynylidyne and 2,4-
entadiynyl-1 radicals. Let us consider the acetylene system as
typical example and follow the line starting at the crossing point
f the supersonic tricarbon and the acetylene beams along the
enter of mass of the velocity vector of the tricarbon–acetylene
t 9◦ relative to the tricarbon vector – to the center-of-mass of
he reaction, CMC3/C2H2 . This vector crosses first the Newton
ircle of the inelastically scattered tricarbon molecule (green),
ollowed by the Newton circles of the tricarbon product formed
ia reaction (5b) (blue), of C3H generated via reaction (5c) (red),
f C4H synthesized via reaction (4) (black; dashed), and of the

5H radical (reaction (3); black-dashed dotted). These consider-
tions suggests that TOF spectra recorded at m/z values of 61 and
0 only contain one component of C5H+ and C5

+ (dissociative

entation pattern at various mass-to-charge ratios. The circles represent the
compiled in Fig. 1a. (b) Time-of-flight spectra of the 2,4-pentadiynyl-1 radical
e experimental data, the lines the fits. The color code of the scattering systems
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Fig. 2.

onization of C5H), respectively (Fig. 2). On the other hand,
he TOF spectra recorded at m/z = 49 and 48 had to be fit with
wo components each: the ionized C4H product of reaction (4)
m/z = 49) and the C4H+ fragment of the C5H product (reaction
3)) (m/z = 49) as well as the C4

+ fragments (m/z = 48) from the

5H and C4H radicals formed in reactions (3) and (4), respec-

ively. It is evident that the TOF of m/z = 37 has to be fit with four
ontributions. These are the C3H+ ions formed in the dissociative
onization of the C5H (reaction (3)) and C4H radicals (reaction

a
p
i
s

inued )

4)) and the primary products of reactions (5a) and (5c). Finally,
he TOF spectrum at m/z = 36 is the most complex one. Here,
t is necessary to include six components: dissociative ioniza-
ion of the products formed in reactions (3), (4), (5a), and (5c),
he ionization of the primary tricarbon product (reaction (5b)),

nd inelastically scattered tricarbon molecules. Therefore, this
rocedure allows extracting the contribution of ion counts orig-
nating from the 2,4-pentadiynylidyne radical from each TOF
pectrum.
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A similar approach can visualize that in case of the ethy-
ene reaction time-of-flight (TOF) spectra recorded in the range
f m/z = 63–60 only contain a single component each from the
5H3 radical and its fragmentation patterns. On the other hand,

he TOF spectra recorded at m/z = 51–48 had to be fit with two
omponents: the ionized C4H3 product of reaction (7) (m/z = 51)
ogether with the C4H3

+ fragment of the C5H3 product (m/z = 51)
s well as the lower mass fragments of both the C4H3 and
5H3 radicals (m/z = 50–48). It is evident that the TOF spec-

ra at m/z = 39, 38, and 37 have to be fit with three contributions.
hese are the C3H2

+ (m/z = 38) and C3H+ (m/z = 37) ions formed
n the dissociative ionization of the C5H3 (reaction (6)), C4H3
reaction (7)), and C3H3 radicals (reaction (8)). Note that the
OF spectrum at m/z = 36 is the most complex one; it required

our components: three channels of the dissociative ionization
f the products formed in reactions (6)–(8) and also scattered
ricarbon molecules from the ethylene beam.

All The TOF spectra were fit using a forward-convolution
outine which is described in detail in Refs. [38–40]. This proce-
ure initially assumes an angular distribution T(θ) and a transla-
ional energy distribution P(ET) in the center-of-mass reference
rame (CM). TOF spectra and the corresponding laboratory
ngular distribution were then calculated from these T(θ) and
(ET) taking into account the beam spreads and the apparatus

unctions. Best fits of the TOF and laboratory angular distri-
utions were achieved by refining the T(θ) parameters and the
oints of the P(ET). Also, since the reactions of carbon atoms

nd dicarbon molecules are barrier-less, but the reactions of tri-
arbon involve entrance barriers, we accounted for the collision
nergy (Ec)-dependent cross sections, σ(Ec), of the reactions via
he relationships σ(Ec) ∼ Ec

−1/3 for carbon and dicarbon as well

a
d
7
t

nued ).

s σ(Ec) ∼ [1 − Eo/Ec] for the tricarbon reactions with Eo being
he entrance barrier of the reaction [41].

By integrating these time-of-flight spectra and normalizing
hem to the most intense peak, this yields relative intensity
atios for the 2,4-pentadiynylidyne radical of I(m/z = 61):I(m/z =
0):I(m/z = 49):I(m/z = 48):I(m/z = 37):I(m/z = 36) = 0.49 ± 0.04:
.27 ± 0.03:1:0.15 ± 0.02:0.32 ± 0.03:0.11 ± 0.04 at an elec-
ron impact energy of 70 eV. Upper limits at mass-to-charge
atios of 25, 24, 13, and 12 were derived to be 0.02 ± 0.01.
ote that the intensity of the 13C isotopic peak of the 2,4-
entadiynylidyne radical at m/z = 62 (13C12C4H+) is about
.05 ± 0.02 relative to m/z = 61. Considering the 2,4-
entadiynyl-1 radical, intensity ratios of I(m/z = 63):I(m/z =
2):I(m/z = 61):I(m/z = 60):I(m/z = 51):I(m/z = 50):I(m/z = 49):
(m/z = 48): I(m /z = 39): I(m /z = 38): I(m /z = 37): I(m /z = 36) =
.39 ± 0.04:0.50 ± 0.05:0.32 ± 0.03:0.10 ± 0.03:0.03 ± 0.01:
.0:0.24 ± 0.02:0.02 ± 0.01:0.24 ± 0.03:0.65 ± 0.05:0.57 ±
.05:0.36 ± 0.03 were obtained. Upper limits at mass-to-charge
atios of 28–24, and 14–12 were determined to be 0.02 ± 0.01;
he intensity of the 13C isotopic peak of the 2,4-pentadiynyl-1
adical at m/z = 64 (13C12C4H3

+) is about 0.05 ± 0.02 relative
o m/z = 63. Note that the derived fragmentation patterns of
he i-C4H3 radicals are in excellent agreement with those
etermined earlier in the dicarbon–ethylene system [34]. The
ynthesized mass spectra of the 2,4-pentadiynylidyne and of
he 2,4-pentadiynyl-1 radicals are depicted in Fig. 3.

To measure the concentrations of the radicals in planetary

tmospheres and in hydrocarbon flames, it is important to
etermine their absolute, total ionization cross sections at
0 eV electron energy. Note that in the range of 70–80 eV, the
otal electron impact ionization cross section, σion, is – within
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20% – proportional to the averaged molecular polarizibility,
[42]. Summers approximated the molecular polarizibility

ia the sum of the atomic polarizibilities. Taking the atomic
olarizibilities of carbon and hydrogen as 1.76 × 10−24 cm3

nd 0.6668 × 10−24 cm2 [43], we can calculate the ratio of the
ross sections of acetylene to the C5H radical to 0.51 ± 0.11 and
f acetylene to the C5H3 radicals to 0.45 ± 0.10. Acetylene has
een used as a reference molecule because the structure of the
cetylene molecule (carbon–carbon triple bond) and the radicals
re similar; since the absolute electron impact ionization cross

ection of acetylene is 4.37 × 10−16 cm3 at 70 eV [44], we
an approximate the total, absolute ionization cross sections
f the C5H and C5H3 radicals to be 8.6 ± 1.7 × 10−16 cm2 and
.7 ± 1.9 × 10−16 cm2, respectively.

ig. 3. (a) Mass spectrum of the 2,4-pentadiynylidyne radical synthesized from
he recorded parent peak and fragmentation pattern. (b) Mass spectrum of the
,4-pentadiynyl-1 radical synthesized from the recorded parent peak and frag-
entation pattern. Both spectra are presented in a NIST standardized format.
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. Conclusions

We utilized the crossed molecular beams method to syn-
hesize the 2,4-pentadiynylidyne radical, C5H(X2�), and the
,4-pentadiynyl-1 radical (C5H3(X2B1)) in situ under single
ollision conditions via the reaction of tricarbon molecules with
cetylene and ethylene, respectively. Time-of-flight spectra of
he radical and of the fragments were recorded at the corre-
ponding center-of-mass angles at various mass-to-charge ratios
etween m/z = 63 and m/z = 36. Integrating these time-of-flight
pectra and normalizing them to the most intense peak, inten-
ity ratios of I(m/z = 61):I(m/z = 60):I(m/z = 49):I(m/z = 48):
(m/z = 37):I(m/z = 36) = 0.49 ± 0.04:0.27 ± 0.03:1:0.15 ± 0.02:
.32 ± 0.03:0.11 ± 0.04 can be extracted for the 2,4-
entadiynylidyne radical. In case of the 2,4-pentadiynyl-1
olecule, we find intensity ratios of I(m/z = 63):I(m/z =

2):I(m/z = 61):I(m/z = 60):I(m/z = 51):I(m/z = 50):I(m/z = 49):
(m/z = 48):I(m/z = 39):I(m/z = 38):I(m/z = 37):I(m/z = 36) = 0.39

0.04:0.50 ± 0.05:0.32 ± 0.03:0.10 ± 0.03:0.03 ± 0.01:1.0:
.24 ± 0.02:0.02 ± 0.01:0.24 ± 0.03:0.65 ± 0.05:0.57 ± 0.05:
.36 ± 0.03 at an electron impact energy of 70 eV. It should
e emphasized that the fragmentation pattern may be also
nfluenced by the internal energy of the radical to be ionized.

e conducted our experiments over a broad range of collision
nergies from 78 to 128 kJ mol−1; the energy-dependent
uctuation of the fragmentation pattern lies within the error

imits of our measurements. The absolute ionization cross
ections of the 2,4-pentadiynylidyne and 2,4-pentadiynyl
adicals were estimated to be 8.6 ± 1.7 × 10−16 cm2 and
.7 ± 1.9 × 10−16 cm2, respectively. Our data can be employed
n future space missions to detect the C5H and C5H3 radicals

crucial reaction intermediates in the formation of polycyclic
romatic hydrocarbon molecules – in the atmospheres of
ydrocarbon rich planets (Jupiter, Saturn, Uranus, Neptune,
luto) and their moons (Titan) and also in combustion flames
ia mass spectrometry coupled with matrix interval arithmetic.
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