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Ion-molecule reactions and energy-resolved mass spectrometry have been used to determine
the structures of the products formed in the reaction of diacetylene radical cation with ethylene
in a flowing afterglow-triple quadrupole instrument. The structure of the adduct ion, C6H6

��,
has been determined to be that of singly ionized benzene. The reaction thus presents a first
example of the ability of diacetylene radical cation to undergo an aromatic ring forming
reaction. The other products formed in the reaction are m/z 52, C4H4

��, and m/z 39, C3H3
�.

Isotopic labeling studies show that C4H4
�� and C3H3

� are formed with nearly statistical
hydrogen incorporation, indicating a complex mechanism that scrambles all protons. (J Am
Soc Mass Spectrom 2004, 15, 114�120) © 2004 American Society for Mass Spectrometry

Diacetylene chemistry has drawn attention re-
cently because it is believed that the molecule
plays an important role in such diverse areas as

planetary atmospheres and combustion processes. Di-
acetylene has been observed both on one of Saturn’s
moons, Titan, and on Saturn itself [1–4]. As ozone does
on earth, diacetylene protects the lower atmosphere of
the moon Titan from ultraviolet radiation from the sun.
Diacetylene has been detected in proto-planetary neb-
ula where ionizing UV photons can initiate the forma-
tion and buildup of larger organic molecules [5–7].
Diacetylene is also an abundant C4 hydrocarbon found
in flames and is involved in several proposed aromatic
and polyaromatic hydrocarbon (PAH) forming reac-
tions [8–15]. Pathways for formation of fused aromatic
rings in combustion are important to know for the
modeling of flames. These PAHs form graphitic struc-
tures that are thought to be precursors to soot formation
[9, 12].
Although no experimental evidence for the forma-

tion of aromatic molecules or PAHs in the atmosphere
of Titan has been found, the formation of benzene and
phenylacetylene in the reaction of metastable diacety-
lene (C4H2

*) with 1,3-butadiene has been reported by
Arrington et al. [9]. Corresponding attempts to make
PAHs from the reaction of metastable diacetylene with
styrene to form naphthalene and naphthalene deriva-
tives proved unsuccessful [11]. However, Bohme and
co-workers have shown larger aromatic products in the
reaction of neutral diacetylene with benzene and naph-
thalene radical cation [16].

The reactions of metastable diacetylene with small
organic molecules such as ethylene, acetylene, and
propylene have also been investigated in detail [17, 18].
It has been demonstrated that metastable diacetylene
has a rich chemistry with unsaturated hydrocarbons.
For example, the dominant product formed from the
reaction of metastable diacetylene with ethylene has
been characterized as 1-hexene-3,5-diyne [18], whereas
reactions with acetylene and propylene result in the
formation of triacetylene [17] for the reaction with
acetylene, and C7H6 (either 5-heptene-1,3-diyne or
2-methyl-1-hexene-3,5-diyne), and 1-hexene-3,5-diyne
[18] for the reaction with propylene. Although the
photochemical reactivity of diacetylene has been ex-
plored, little is known about the reactivity of diacety-
lene radical cation [19], which is also likely present in
planetary nebulae [7] and combustion systems [12].
Changes in electronic and thermodynamic proper-

ties caused by ionization can often lead to reactivity in
radical cations that is dramatically different from that of
the corresponding neutral molecules. However, it is
sometimes found that radical cation chemistry can
mirror the photochemistry of the system because pho-
tochemical excitation leads to the formation of a “hole”
similar to that in the radical cation. A classic example of
radical cation reactivity that reflects photochemistry is
the McLafferty rearrangement, which is a radical cation
equivalent of a Norrish Type II reaction [20–23].
In this work, we have examined the reactivity of the

diacetylene radical cation with ethylene in order to
compare it with the photochemical results. The reaction
products, C6H6

��, C4H4
��, and C3H3

�, formed in the
reaction have been investigated by using ion-molecule
reactions, collision induced dissociation (CID), energy
resolved mass spectrometry, and isotopic labeling. Un-
like what was formed in the neutral photochemistry,
the addition of diacetylene radical cation to ethylene
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leads to the formation of the aromatic product, benzene.
This is the first example of diacetylene radical cation
undergoing an aromatic ring formation reaction. Isoto-
pic labeling studies suggest that the reaction of diacety-
lene cation with ethylene occurs by a complex mecha-
nism involving significant hydrogen scrambling.

Experimental

All experiments were carried out at room temperature
(298 � 2 K) with a flowing afterglow-triple quadrupole
mass spectrometer that has been described previously
[24]. Diacetylene radical cations were generated in the
1 m � 7.3 cm helium flow reactor (P[He] � 0.400 torr,
flow[He] � 200 std cc/s) by electron impact ionization
(EI) of neutral diacetylene. The results obtained from
ions generated by charge transfer chemical ionization
with acetaldehyde are indistinguishable from those
obtained with ions formed by EI. Ion-molecule reac-
tions are carried out by adding neutral reagent vapors
through any of a number of inlets along the length of
the flow tube. Reaction rates are measured by monitor-
ing the yield of reactant ion as a function of neutral
flow, where the neutral reagent is added through one of
two ring inlets [24]. The efficiency, eff, of the reaction is
obtained by comparing the measured rate constant for
the reaction with the collision rate coefficient, calculated
by using parameterized trajectory theory [25], with
eff � k/kcoll. The ions in the flow tube are thermalized
to ambient temperature by ca. 105 collisions with the
helium buffer gas, and then extracted from the flow
tube through a 1 mm orifice and focused into the low
pressure EXTREL triple quadrupole analyzer (Pitts-
burgh, PA).
Ions can be mass analyzed with either the first (Q1)

or third (Q3) quadrupole, or can be subjected to MS/MS
experiments, wherein the ions with a desired mass-to-
charge ratio are selected in Q1 and allowed to collide
with a neutral target in the second quadrupole, Q2.
Energy resolved mass spectra are obtained by monitor-
ing product formation while the energy of the Q2 rod
offset is scanned. The reactant and product ions are
extracted into Q3 and detected with an electron multi-
plier operating in pulse-counting mode.
All chemicals were obtained commercially except for

diacetylene, which was synthesized by Zwier and co-
workers at Purdue University in a dilute gas-phase
mixture of helium (1–5% diacetylene) using a procedure
described elsewhere [26].

Results and Discussion

Reaction of Diacetylene Radical Cation
with Ethylene

As part of our studies of pericyclic reactions of organic
ions [27, 28], the principle aims of this study are to
investigate if the gas-phase reaction takes place be-
tween diacetylene radical cation and ethylene, and if so,

to characterize the products formed. The diacetylene
radical cation does react with ethylene added down-
stream in the flow tube, with an apparent bimolecular
rate constant of 1.3 � 0.3 � 10�9 cm3 molecule�1 s�1

(eff � 85%) at a He pressure of 0.400 torr. A plot of
the reactant and product intensity as a function of the
ethylene flow rate is shown in Figure 1. The observed
primary products of the reaction at this pressure
include an adduct ion at m/z 78, and products at m/z
52 and 39 (eq 1). In the flow tube, the m/z 78, 52, and
39 products are formed in the relative yields of 79%
m/z 52, 4% m/z 39, and 17% m/z 78 at a He pressure of
0.400 torr. Additional products are observed at m/z 41
and 80, but their intensities are negligible in the limit
of zero reactant flow. Whereas the product at m/z 80
is a secondary product, the m/z 41 product is either a
secondary or otherwise very minor product and has
not been considered further. Experiments with mass
selected C4H2

�� in Q2 give a branching ratio in Q2 of
64%/20%/16% for m/z 52, 39, and 78, respectively.
Surprisingly, the fraction of m/z 78 measured at the
limit of zero pressure in Q2 (16%) is basically the
same as the value of 17% measured at 0.400 torr in the
flowing afterglow, indicating that a significant
amount of adduct lives long enough to be detected
before dissociating [29–31].

(1)

The products of the radical cation reaction differ
from those formed in the reaction of metastable diacety-
lene with ethylene, where the dominant product has
been identified as 1-hexene-3,5-diyne [18], resulting

Figure 1. Relative intensities for the reaction of C4H2
�� with

ethylene as a function of ethylene flow rate in the flow tube.
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from addition and loss of H2. The corresponding cation
C6H4

�� is not observed in the reaction of diacetylene
cation with ethylene.

Product Identification

The structure of the m/z 78 product was determined to
be that of benzene radical cation by using the ion-
molecule reaction with 2-iodopropane. Gross and co-
workers have shown that benzene cation reacts with
2-iodopropane by 2-propyl radical abstraction (eq 2)
[32].

(2)

The m/z 78 ion formed in the reaction of diacetylene
cation with ethylene reacts almost completely with
2-iodopropane in the flow tube to form the product, m/z
121, characteristic of benzene cation reactivity. The
C3H7I

�� and C3H7
� cations are also formed when 2-io-

dopropane is added to the flow tube, but their forma-
tion is not necessarily due to charge transfer with the
adduct ion as it could result from reaction with other
ions present.
The reaction of the mass selected adduct ion with

2-iodopropane was also carried out in the gas-tight,
rf-only quadrupole (Q2) under low energy conditions.
The mass spectra of the reaction products taken at an
energy of 0.3 eV(lab), are illustrated in Figure 2a and b.
Three major products were observed at m/z 43, 121, and
170, corresponding to C3H7

�, C9H13
� , and C3H7I

��, re-
spectively. Although the formation of C3H7

� and I in the
reaction is slightly endothermic [33], it is promoted by
the favorable entropy change. The C3H7

� ion is the most
abundant product, and the C9H13

� and C3H7I
�� products

are formed in relative yields of 0.47 � 0.05 and 0.70 �
0.05, respectively. The same products are observed with
benzene radical cation under the same conditions, in
relative yields of 1.0 : 0.41 : 0.74. Given that the uncer-
tainties in the relative yields are also approximately
�0.05, the intensities are indistinguishable. The agree-
ment of the relative intensities of the three product ions
from the reaction of the adduct ion and benzene cations
with 2-iodopropane is consistent with the proposal that
the adduct ion has the benzene structure.
Final confirmation of the adduct ion structure was

carried out by using energy resolved mass spectro-
metry. Because different ion isomers have different
energetic and dynamic requirements for product forma-
tion, the energy dependence of product formation can

be used to identify ion structures in reactions in which
the products and their relative yields at a single energy
are coincidentally the same [27, 28]. Ion structures can
be determined by comparing the shapes of the appear-
ance curves for the reaction products for the unknown
with those of authentically prepared ions. In this work,
we compare the shapes of the appearance curves for
formation of m/z 43, 121, and 170 from the reaction of
2-iodopropane with the adduct with those obtained
from the reaction of authentically prepared benzene
radical cations.
The normalized appearance curves for the formation

of the three product ions from the reaction of m/z 78
with 2-iodopropane are shown in the left half of Figure
3a, b, and c. Figure 3a shows the appearance curves for
the formation of m/z 43 ions, whereas Figure 3b and c
show the appearance curves for the formation of m/z
121 and 170, respectively. The appearance curves for the
three products obtained for the adduct ion (shown as
squares) are indistinguishable from those for benzene
radical cation (shown as circles), measured on the same
day under identical instrumental conditions. The agree-
ment between the shapes of the appearance curves for

Figure 2. Mass spectra of the products formed in the ion-
molecule reaction of C6H6

�� ions with 2-iodopropane in Q2. (a)
Diacetylene cation/ethylene adduct; (b) ionized benzene.
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the three products rules out the possibility of coinciden-
tal agreement of the CID spectra, confirming that the
adduct ion has the same structure as benzene radical
cation.
Similar energy-resolved studies of the 2-iodopro-

pane reaction have been repeated with other C6H6
��

isomers in order to ascertain its utility in determining
ion structure. One example is ionized 1,5-hexadiyne,
which was subjected to ion-molecule reactions in Q2
under the same conditions used for the reaction of the
benzene and adduct ions. Again, products were found
at m/z 43, 121, and 170, with the same energy depen-
dences that were observed for benzene (right half of
Figure 3a, b, and c). This is consistent with previous
proposals that ionized 1,5-hexadiyne rearranges to the
benzene cation structure with a small barrier [34–38].
For comparison, the reaction of ionized 2,4-

hexadiyne with 2-iodopropane in Q2 was carried out.
Gross and co-workers have suggested previously that
ionized 2,4-hexadiyne radical cation does not rearrange
to benzene cation [32]. Indeed, the spectrum for reaction
of this C6H6

�� isomer has products at m/z 43 and 93, and
the m/z 121 ion is not observed at all. Thus, significant
differences are observed between products in this reac-
tion and those for benzene cation, consistent with the
findings of Gross and co-workers that ionized 2,4-
hexadiyne does not rearrange to a benzene structure.

Isotopic Labeling Experiments

The other products formed in the reaction of diacety-
lene cation with ethylene are m/z 52 and m/z 39. The
product at m/z 52 is presumably the vinyl acetylene or
methylene cyclopropene radical cation [39–41]. Poten-
tial pathways for the formation of this ion could include
H2 abstraction from C2H4 or a more complicated addi-
tion/rearrangement/elimination pathway involving
one or more intermediates. To investigate the mecha-
nism of m/z 52 formation, we examined the reaction of
diacetylene cation with deuterated ethylene, C2D4, at
low energy conditions (�1 eV) in Q2. Relative peak
intensities were measured at several pressures and
extrapolated to zero pressure. The measured ratio of di,
tri, and tetradeuterated product is 5:7:1, which is in
excellent agreement with a purely statistical distribu-
tion of 6:8:1. Thus, m/z 52 is likely formed by a mecha-
nism that allows nearly complete scrambling of all the
hydrogen atoms. Given that m/z 52 is a CID product
observed from benzene cation, it is tempting to propose
that m/z 52 formed in the reaction results from benzene
cation that dissociates before it can be cooled by colli-
sions with the He buffer. However, the cross section for
C4H4

�� formation upon CID of benzene cation (0.3 Å2 at
a collision energy of 13 eV center-of-mass) appears to be
too low to account for the efficient formation of C4H4

��

in the reaction. The C4H4
�� product could also be formed

Figure 3. Energy resolved mass spectra of (a) m/z 43, (b) m/z 121, and (c) m/z 170, formed in the
reaction of C6H6

�� ions with 2-iodopropane. Benzene radical cation data are shown as circles. The data
shown as squares in the left half of the figure are for the adduct formed in the reaction of diacetylene
cation with ethylene. The data shown as squares in the right half of the figure are for ionized
1,5-hexadiyne.
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from an acyclic intermediate wherein all hydrogen
atoms are scrambled. An essentially statistical mixture
of deuterium incorporation (1 : 3 : 1 for m/z 40, 41, and
42) is also observed for the C3H3

� cation, indicating that
it too is formed by complex rearrangement. Both C4H4

��

and C3H3
� are commonly observed fragments in mass

spectra of C6H6 isomers [42] and therefore do not
provide much information about the structure of the
intermediate in the reaction. Recent computational
studies [43, 44] for the formation of cyclohexene in the
reaction of butadiene radical cation with ethylene pre-
dict a stepwise mechanism wherein the initial step is
addition to create a linear distonic cation. If the same
process occurs in the reaction of ethylene with diacety-
lene cation, the initial intermediate would be a distonic
radical cation as shown in eq 3, which could either first
cyclize to 1,2,3-cyclohexatriene radical cation and then
rearrange to benzene (eq 3a), or could undergo hydro-
gen scrambling to generate another acyclic structure,
such as a hexadienyne, that is capable of rearranging to
benzene cation (eq 3b) [32]. The fact that the reaction of
butadiene radical cation with ethylene leads to forma-
tion of an acyclic product [28] favors a pathway like that
in eq 3b.

(3)

Comparison of Ion Chemistry and Neutral
Photochemistry

Thermal and energy-resolved ion molecule reactions
show that the adduct ion formed from the reaction of
diacetylene radical cation with ethylene in a flowing
afterglow mass spectrometer is the benzene radical
cation. The formation of benzene in the course of the
reaction is not surprising because it is the thermody-
namically favored product (Table 1) [32]. Although
aromatic ring formation has been observed previously
in the reaction of metastable diacetylene with 1,3-
butadiene [9], the photochemical reaction of diacetylene
with ethylene gives nonaromatic products identified as
C6H4 and C6H5 [18]. Therefore, photochemical results
do not mirror the radical cation chemistry. It should be
noted that whereas the ion/molecule reactions were
carried out at high pressure, the photochemical reac-
tions were carried out at low pressures where adduct is
less likely to be observed. However, even after taking

this into account we find that the reaction products,
C4H4

�� and C3H3
�, do not agree with those found in the

photochemical reactions. In addition, the photochemi-
cal reaction of diacetylene with deuterated ethylene
does not occur with scrambling of hydrogens, as is
observed in the radical cation reaction, as the predom-
inant product is C6HD3, indicating loss of one hydrogen
from diacetylene and one from ethylene.
The differences in the isotopic distributions for the

reactions with C2D4 highlight an important difference
between the photochemistry and radical cation chemis-
try. Barriers for hydrogen shifting in open-shell (pho-
tochemical) intermediates are typically much higher
than those in radical cations [45], and these energy-
barrier differences may lead to differences in reactivity.
Thus, whereas the photochemical/radical cation com-
parison is valid in many cases, there are still many
electronic differences that can lead to very different
chemical results.
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