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The rate constants and branching fractions have been measured for the reaction of NO+ with the four butene
isomers of C4H8 from 225 to 500 K in a variable temperature-selected ion flow tube. Thecis- and trans-2-
butene isomers react at the collision rate via charge transfer over the entire temperature range. Isobutene also
reacts at the collision rate at all temperatures, primarily through charge transfer; however, an association
channel also competes effectively at the lowest temperatures studied because the charge transfer reaction is
only 0.02 eV exothermic. The reaction of NO+ with 1-butene is much slower than observed for the other
butenes and has a negative temperature dependence. The negative temperature dependence is consistent with
the predominant product channel being association. Other products are also observed with 1-butene, including
C4H7

+ from hydride transfer, C4H8
+ from charge transfer at higher temperatures, and several other products

involving significant rearrangement and chemical bond formation.

Introduction

It is well-known that combustion environments maintain high
ionization levels that are typically in the 109-1012 cm-3 range
at atmospheric pressure. In most cases, the initial ionization step
is attributed primarily to the chemiionization reaction CH+ O
f HCO+ + e-. The reactions that follow are numerous and
have been the topic of many experimental and theoretical
studies. Two areas of recent interest involving the effects of
ionization in combustion pertain to particulate formation and
combustion enhancement in hydrocarbon fuels. Particulate
formation via ionization was first proposed by Calcote and co-
workers and involves the formation of large (>C10) polyaromatic
hydrocarbon ions which serve as nucleation sites for complex
molecular growth processes.1-3 Renewed interest in the devel-
opment of high-speed air-breathing propulsion technology4 has
prompted a number of investigators to consider adopting plasmas
as ignition and piloting aids in supersonic combustors with
positive results.5-7 Combustion enhancement is currently being
studied in this laboratory, focusing on ignition and flame
propagation enhancement via ionic pathways.

Computational studies attempting to assess the importance
of ionic mechanisms such as those described above have been
impeded by a lack of kinetic data at relevant combustion
temperatures.8 However, the database of ion-molecule chem-
istry available for the combustion models has expanded
substantially in the past few years.9-17 The rate constants and
branching ratios for the reactions of air plasma ions with
numerous alkanes9-12 and aromatics13-17 have already been
studied as a function of temperature in a variable temperature-
selected ion flow tube (VT-SIFT) up to 500 K. These measure-
ments have been extended to temperatures greater than 1000 K
for benzene,14 naphthalene,16 and several alkylbenzenes17 using
a high-temperature flowing afterglow.

Automotive, diesel, aviation, and rocket fuels are mixtures
of a large number of hydrocarbons that meet general physical

property specifications. These properties include volatility, freeze
point, and heat of combustion to name a few. These operational
specifications determine the relative portion of the various
classes of species including alkanes, alkenes, and aromatics.
The current experiments further expand the series of reactions
studied to include alkenes, in this case, the four isomers of
butene (C4H8). The isomeric butenes have not been studied as
extensively as many other hydrocarbon systems, presumably
because of their complexity. Furthermore, few quantitative
reports of the rates of reaction are available and no temperature-
dependent studies have been done. In this paper, the rate
constants and branching fractions measured in the VT-SIFT
from 225 to 500 K for the reactions of NO+ with 1-butene,
cis-2-butene,trans-2-butene, and isobutene (2-methylpropene)
are reported. The current results are discussed in light of some
previous work.13,18

Experimental Section

The variable temperature-selected ion flow tube (VT-SIFT)
has been described in detail elsewhere.19 Therefore, only details
pertaining to the present experiment are described here. The
primary NO+ ions are generated in a high-pressure ion source
by electron impact on NO and are mass selected by a quadrupole
mass spectrometer. The selected ions are injected into a fast
flow of helium buffer gas. Nitrogen gas is introduced at an inlet
upstream from the first reactant inlet to quench electronically
and vibrationally excited NO+ ions injected into the flow tube.
NO+ (A) charge transfers to N2 so that the N2+ signal provides
a way to quantify the amount of NO+* produced.20 The source
conditions used generatee2% of the electronically excited NO+

which is monitored via charge transfer to N2.20

A series of cooling lines and heating elements allow the flow
tube temperature to be varied from 80 to 500 K. However, the
freezing points of the reactants studied here restrict the lowest
temperature studied to 225 K. The NO+ reactant ions thermally
equilibrate in the region upstream from the reactant inlets. Any
remaining reactant ions and all of the product ions are sampled
downstream through a small orifice and mass analyzed in a
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second quadrupole mass spectrometer. The depletion of the
reactant ion over a previously measured reaction time is recorded
as a function of the butene concentration to get the rate
constants. The relative uncertainties in the rate constants are
(15% and the absolute uncertainties are(25%.19

The product distributions are measured in two steps as
described previously.10 All branching fractions are measured
by extrapolating to zero reactant flow. First, the branching
fractions are measured at low mass resolution in the second
quadrupole mass spectrometer to minimize mass discrimination
among the various Cn product ions. Then, the product distribu-
tions for a particular Cn peak are measured at high mass
resolution to get the branching among the products differing
by one mass unit. The overall branching fraction for a single
product ion is simply the product of the low and high mass
resolution values. A correction is also made for the13C isotopic
products.14,16 The relative errors in the product branching
fractions are(25%.10

The reactant gases have been used as obtained from the
manufacturer (Aldrich). The 1-butene and the isobutene are both
99+% pure. Thecis-2-butene is comprised of 95% cis and 5%
trans-2-butene, while thetrans-2-butene is 99+% pure. Con-
sequently, thetrans-2-butene rate constants are measured first
and thecis-2-butene rate constants are corrected for the trans
component of the sample. A single product occurs for both
isomers, simplifying the product distribution measurements.

Results and Discussion

Table 1 shows the rate constants and branching fractions for
the reactions of NO+ with the C4H8 isomers from 225 to 500
K. The reactants are listed in order of increasing ionization
energy of the isomer. The average total energy available for
reaction in eV,〈Etot〉, is also given for the 1-butene reaction. At
a given temperature,〈Etot〉, represents the sum of the average
collision energy, the average rotational and vibrational energy
in the butene molecules (neglecting zero point energy), and any
internal energy in the NO+ ion, as shown in eq 1.

The average collision energy,〈Etrans〉, and the average rotational
energy of C4H8, 〈Erot

C4H8〉, are both 3/2kBT. The average internal
energy of NO+, 〈Ein

NO+〉, is principally the average rotational
energy given bykBT, because a negligible amount of the NO+

(V′′ > 0) levels are thermally populated over the experimental
temperature range. The average vibrational energy in the butene
molecule, 〈Evib

C4H8〉, represents an ensemble average over a
Boltzmann distribution in the harmonic approximation.

The calculated vibrational frequencies of Schei at al.21 for
the cis-2-, trans-2-, and isobutene isomers have been used to
determine their average vibrational energies. The vibrational
frequencies for 1-butene are taken from the fundamental
frequencies calculated by Gallinella and Cadioli22 using density
functional theory (DFT) and fit to their Fourier transform
Infrared (FT-IR) spectrum of 1-butene vapor measured at 298
K to assign the fundamentals for the syn and skew isomers.
The terminal methyl group eclipses theR-CH2 in the syn isomer,
whereas the methyl group is staggered by around 120° in the
skew isomer. The enthalpy difference between the two isomers
measured by Gallinella and Cadioli22 shows that the syn form
is slightly more stable, but only by about 1 kJ mol-1. The
frequencies previously calculated by Schei et al. for 1-butene
using valence force fields (VFF) agree with the more recently
calculated frequencies22 to within 5% for both 1-butene isomers.
Ab initio vibrational frequencies calculated by Baer and co-
workers23 are in similar agreement with the latest skew
frequencies. Overall, the average vibrational energies calculated
using the three sets of frequencies differ bye5%.

The average total energy shown in Table 1 reflects the average
vibrational energy for the skew isomer of 1-C4H8 using the most
recently calculated frequencies,22 which provides a lower bound
for this number. The energies of the other butene isomers differ
from 1-C4H8 by <8% at the highest temperatures and are not
shown. A detailed discussion of the results is given in the
following sections for each isomer.

A. cis- and trans-2-Butene.Both isomers of 2-butene react

TABLE 1: Rate Constants and Branching Fractions for the Reaction of NO+ with the Four Isomers of butene (C4H8) from 225
to 500 K Measured in the Variable Temperature-Selected Ion Flow Tubea

rate constant (10-9 cm3 s-1) [kc] branching fractions

reaction (neutral IP) products
product ion
mass (amu) ∆Hrxn

298 225 K 298 K 400 K 500 K

NO+ + cis-2-C4H8 f 1.7 [1.6] 1.4 [1.6] 1.6 [1.6] 1.6 [1.6]
(9.11 eV) cis-2-C4H8

+ + NO 56 -0.15 >0.99 1.00 1.00 1.00

NO+ + trans-2-C4H8 f 1.6 [1.6] 1.4 [1.5] 1.7 [1.5] 1.6 [1.5]
(9.11 eV) trans-2-C4H8

+ + NO 56 -0.15 >0.99 1.00 1.00 1.00

NO+ + iso-C4H8 f 1.8 [1.7] 1.5 [1.7] 1.7 [1.6] 1.7 [1.6]
(9.24 eV) iso-C4H8NO+ 86 0.33 0.15 0.03

iso-C4H8
+ + NO 56 -0.02 0.67 0.85 0.97 1.00

NO+ + 1-C4H8 f 1.4 [1.7] 1.1 [1.6] 0.9 [1.6] 0.6 [1.6]
(9.58 eV) C4H8NO+ 86 0.73 0.60 0.45 0.25

C4H8
+ + NO 56 0.32 0.01 0.02 0.10

C4H7
+ + HNO 55 -0.41 0.09 0.14 0.17 0.25

C4H7N+ + (OH) 69 -0.66 0.05 0.08 0.14 0.12
C4H6N+ + (H2O) 68 -4.73 0.02 0.02 0.03 0.02
C2H7N+ + (C2HO) 45 -0.01 0.01 0.01 0.01 0.02
C2H6N+ + (C2H2O) 44 -2.93 0.01 0.02 0.02 0.03
C3H7

+ + (HNCO) 43 -1.97 0.03 0.03 0.05 0.07
C3H6

+ + (H2NCO) 42 -0.39 0.05 0.06 0.06 0.07
C3H5

+ + (H2NCOH) 41 -2.18 0.03 0.03 0.05 0.07

avg tot. energy, eV 0.11 0.17 0.27 0.37

a The collision rate constant,kc, is given in brackets next to the experimental rate constants. All rate constants are given in units of 10-9 cm3 s-1.
The average energy in eV for the reaction of NO+ with 1-butene is given for the temperatures studied. The reaction enthalpy at 298 K,∆Hrxn

298,
is given in eV.

〈Etot〉 ) 〈Etrans〉 + 〈Evib
C4H8〉 + 〈Erot

C4H8〉 + 〈Ein
NO+

〉 (1)

Reactions of NO+ with Isomeric Butenes J. Phys. Chem. A, Vol. 105, No. 9, 20011575



with NO+ at the Su-Chesnavich collision rate24,25 at all
temperatures. The reactions proceed almost exclusively via
nondissociative charge transfer, and both reactions are exother-
mic by 0.15 eV. These large rate constants are typical for near
resonant charge-transfer processes at thermal collision ener-
gies.20,26 The branching fraction at 225 K is given as>99%,
because a small amount of an association product is observed.
However, this product comprises less than 1% of the total
product signal.

B. Isobutene. The reaction of isobutene with NO+ also
proceeds at the Su-Chesnavich collision rate24,25 at all tem-
peratures. Bowers and co-workers18 have obtained a rate
constant for this reaction of 1.27× 10-9 cm3 s-1 in an FT-ICR
that is about 25% lower than the present value. This difference
is well within the combined experimental errors. Charge transfer
is the only product observed in the ICR experiment, and it is
the predominant channel in the VT-SIFT. However, a significant
fraction of an association product is observed in the flow tube
experiment at temperatures of 400 K and below. The association
channel displays a negative temperature dependence, as ex-
pected. Charge transfer is only 0.02 eV exothermic. Therefore,
collisions with the ca. 0.5 Torr of He buffer in the flow tube
can remove enough energy from any association complex that
forms during charge exchange, thus stabilizing it. The FT-ICR
experiments have been conducted at pressures more than 2
orders of magnitude lower than the flow tube measurements,18

resulting in a significant reduction in the probability for
collisional stabilization of the association complex.

C. 1-Butene. In contrast to the other reactions, numerous
products are formed. The rate constants are smaller than the
Su-Chesnavich collision rate constants24,25and decrease as the
temperature increases. The negative temperature dependence is
consistent with a reaction involving complex formation, as
evidenced by the predominance of the association channel at
most temperatures. Numerous other products are also observed,
as seen in Table 1. Hydride transfer is the next most abundant
product after association. This channel increases with increasing
temperature. Charge transfer, which is endothermic, also
increases with temperature. The individual rate constants for
the charge transfer and hydride transfer channels are shown in
Figure 1 in Arrenhius form. Activation energies have been
extracted from the fitting parameters and are listed in Table 2.
Charge transfer is 0.32 eV endothermic, which is larger than
the fitted activation energy of only 0.15 eV. The preexponential
factor for this channel is almost exactly equal to the collision
rate.

It is also informative to look at how the reactivity changes
as a function of total energy. The average reaction energy
available increases substantially at higher temperatures due in
large part to butene vibrations. At 500 K, the average energy
exceeds the charge transfer endothermicity. An Arrhenius type
plot of rate constant vs 1/total energy (not shown) yields an
activation energy of 0.72 eV, considerably higher than the
endothermicity. The fact that the charge transfer rate constant
at 500 K is only 3.6% of the collision rate and that the average
total energy is greater than the endothermicity indicates that all
forms of energy are not efficient in overcoming the endother-
micity. The total rate constant is only 38% of the collision rate,
so competition with another channel cannot account for this.
The high-energy tail arising from the spread in the thermal
energy distributions at 298-400 K most likely accounts for the
small amount of C4H8

+ observed at low temperature.
Hydride transfer from C4H8 to NO+ yielding C4H7

+ and HNO
is 0.41 eV exothermic for loss of a secondary alkyl hydrogen,
which is the lowest energy C-H bond for 1-butene.27 The
reaction proceeds with an activation energy of 0.01 eV,
indicating a barrier to reaction, consistent with the small positive
temperature dependence in Figure 1. Hydride transfer is often
an inefficient process.20,28

The energetically accessible channels for the remaining
products require significant atomic rearrangement and chemical
bond formation,29,30 perhaps through insertion mechanisms
occurring in the complex. Forming these structures is sterically
unfavorable and requires substantial rearrangement, which shows
up in the small rate constants that increase with temperature
for these channels. The total fraction of these channels increases
to as much as 37% at 500 K. The positive temperature
dependence of these small rate coefficients also implies that
potential barriers exist.

The most stable structures for several of the minor products
contain an N-C-O linkage.29-31 Ab initio studies on the
structures of the neutral molecules CH3NO,32 CH2NO,31 and
CHNO33-35 all show that the most energetically stable isomers
contain NCO bonds. Several transition state structures available
through different pathways lead to the lowest energy neutral
species,31 so these species may be readily produced from various
access points along the potential energy surfaces. Similar
rearrangements probably occur in the analogous ionic species
for NO incorporation. The NO+ ion would most likely be
attracted to the double bond of 1-butene. Approaching this end
would facilitate analogous rearrangements observed with the
neutral molecules to form the more stable NCO species.31,34,35

Spanel and Smith have observed similar ionic products, in which
the NO is incorporated in the reaction of NO+ with 1-pentene
in a SIFT at 298 K.13

To test for N inclusion in the ionic products,15NO+ produced
in the source from the natural abundance in NO is selectively
injected into the flow tube. This isotopically labeled experiment
indicates that N is incorporated in the unlabeled product atm/z
) 69. The ion could have the formula C3H3NO+; however, a
C4H7N+ pyrrole structure must be assumed for this product ion
for the reaction to be exothermic.29,30,36Similar experiments are
not feasible for verifying that the products atm/z ) 44, 45, and
68 contain N, because of the spectral congestion and the small
signal levels. Amine structures are nevertheless energetically

Figure 1. Rate constants in cm3 s-1 for the charge transfer and hydride
transfer reaction channels as a function of inverse temperature. The
lines represent a fit to the Arrhenius equation given ask ) A‚
exp(-Ea/RT) using the parameters in Table 2.

TABLE 2: Fitting Parameters for the Reaction of NO+ with
1-butene (C4H8) Using the Expressionk ) A‚exp(-Ea/RT)

A (cm3 s-1) Ea (eV)

NO+ + 1-C4H8 f C4H8
+ + NO 1.22× 10-9 0.15

f C4H7
+ + HNO 1.89× 10-10 0.01
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possible for these products.29,30 For consistency, the amine
products are listed in Table 1 for those three product ions;
however, the energetically accessible products may alternatively
contain both N and O. The most stable structures would have
NCO bonds in the fragments.29,30

Some other possible sources of these small product channels
can be discounted. One potential problem can be break-up upon
sampling at the nose cone aperture. Sampling voltages of 2-5
V are typically used to maximize signal-to-noise ratio and
minimize perturbations. However, the branching fractions
measured are independent of the sampling voltage from 3.5 to
7 V, exceeding the normal operating range. As previously
mentioned, N2 is added to quench NO+*, producing a small
amount of N2

+ in the flow tube. N2
+ reacts with 1-butene in

the VT-SIFT via dissociative charge transfer to give several
products of the same mass as the reaction with NO+. However,
the N2

+ ions represent<2% of the reactant ions present in the
flow tube, so the major products of the N2

+ reaction would
contribute <1% of any individual product signal observed.
Alternatively, an insufficient flow of N2 upstream of the reaction
region may not completely quench NO+ (X, V′′ > 0). Normally,
it is easy to calculate this contribution, but the experimental
quenching rates vary by an order of magnitude.37-39 The
branching fractions at 298 K have therefore been measured as
a function of N2 flow to check for a potential interference from
vibrationally excited NO+. The only significant difference is
that a small C4H8

+ signal arises at lower N2 flows. Little of
this ion is seen at larger flows, implying that vibrationally
excited NO+ results in more of the endothermic charge-transfer
C4H8

+ being produced. It is subsequently possible that a small
amount of vibrationally excited NO+ may cause a small part of
the charge-transfer signal observed below 500 K.

Rapid secondary reactions of the primary product ions such
as C3H5

+ and C4H7
+ with residual 1-butene can also give the

products observed in the primary reaction.40-42 The contributions
from these additional reactions would not extrapolate to zero
at zero reactant flow if the secondary chemistry is much faster
than the primary chemistry. In this case, the primary reaction
with NO+ is relatively fast compared to the secondary reac-
tions,20 ruling out this potential artifact.

Conclusions

Rate constants and branching fractions for the reactions of
NO+ with the isomers of butene have been measured from 225
to 500 K. The 1-butene reaction is quite complex, producing
10 different products. Association is the most abundant channel
over the 225-500 K temperature range. When charge transfer
is not energetically accessible, complex formation controls the
reactivity. However, charge transfer becomes the driving reac-
tion as temperature increases, with a rate constant that increases
rapidly at higher temperatures. This increase coincides with a
concomitant decrease in the association rate constant. Hydride
transfer from 1-butene also makes a significant contribution,
but the rate constant has a much weaker temperature depen-
dence. Most of the other channels have branching fractions
below 0.07 and individually make minor contributions to the
total reactivity. However, the sum of the minor channels is
substantial. The reaction of NO+ with 1-butene approaches the
collision rate, but the rate constants show a negative temperature
dependence, because the major channel is association. The
hydrocarbon ions C4H7

+ from hydride transfer and C4H8
+ from

charge transfer are also observed, accompanied by several other
products arising from rearrangement involving the formation
of new chemical bonds. The reactions of the remaining butene

isomers proceed at the collision rate mainly by charge transfer.
However, a significant association channel also occurs in the
isobutene reaction, where the charge transfer reaction is only
slightly exothermic.
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