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Reactions of NO" with Isomeric Butenes from 225 to 500 K
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The rate constants and branching fractions have been measured for the reactionwitiNtbe four butene

isomers of GHg from 225 to 500 K in a variable temperature-selected ion flow tube.clfieandtrans-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 NQvith 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
C4H;* from hydride transfer, §Hg™ from charge transfer at higher temperatures, and several other products
involving significant rearrangement and chemical bond formation.

Introduction property specifications. These properties include volatility, freeze
It is well-known that combustion environments maintain high point, gnd_ heat of com_bustlon to name a fev_v. These operayonal
specifications determine the relative portion of the various

ionization levels that are typically in the £0.0*2 cm~3 range I ‘ ies includi K " q ;
at atmospheric pressure. In most cases, the initial ionization stepS'aSSes 0f species including alkanes, alkenes, and aromatics.

is attributed primarily to the chemiionization reaction GHO The current experiments further e_xpand the series 9f reactions
— HCO" + e. The reactions that follow are numerous and Studied to include alkenes, in this case, the four isomers of
have been the topic of many experimental and theoretical butene_ (GHs). The isomeric butenes have not been studied as
studies. Two areas of recent interest involving the effects of EXtensively as many other hydrocarbon systems, presumably
ionization in combustion pertain to particulate formation and Pecause of their complexity. Furthermore, few quantitative
combustion enhancement in hydrocarbon fuels. Particulate reports of the rates of reaction are available arjd no temperature-
formation via ionization was first proposed by Calcote and co- dependent studies have been done. In this paper, the rate
workers and involves the formation of largeG:c) polyaromatic constants and branching fractlons measureq in the VT-SIFT
hydrocarbon ions which serve as nucleation sites for complex T0M 225 to 500 K for the reactions of NOwith 1-butene,
molecular growth processés® Renewed interest in the devel- cis-2-butenefrans-2-butene, and |sobutgne (2-m¢thy|propene)
opment of high-speed air-breathing propulsion techndlogg are r_eported. 'll'ahg current results are discussed in light of some
prompted a number of investigators to consider adopting plasmagPr€vious work.>

as ignition and piloting aids in supersonic combustors with
positive result$~7 Combustion enhancement is currently being

studied in this laboratory, focusing on ignition and flame  The variable temperature-selected ion flow tube (VT-SIFT)
propagation enhancement via ionic pathways. has been described in detail elsewHé&rEherefore, only details
Computational studies attempting to assess the importancepertaining to the present experiment are described here. The
of ionic mechanisms such as those described above have beefrimary NO' ions are generated in a high-pressure ion source
impeded by a lack of kinetic data at relevant combustion py electron impact on NO and are mass selected by a quadrupole
temperature However, the database of iemolecule chem-  mass spectrometer. The selected ions are injected into a fast
istry available for the combustion models has expanded flow of helium buffer gas. Nitrogen gas is introduced at an inlet
substantially in the past few yedts'’ The rate constants and  ypstream from the first reactant inlet to quench electronically
branching ratios for the reactions of air plasma ions with and vibrationally excited N®ions injected into the flow tube.
numerous alkanés'? and aromatic§~'” have already been  NOT (A) charge transfers to N\so that the N* signal provides
studied as a function of temperature in a variable temperature-a way to quantify the amount of N® produced® The source
selected ion flow tube (VT-SIFT) up to 500 K. These measure- conditions used generate2% of the electronically excited NO
ments have been extended to temperatures greater than 1000 Kyhich is monitored via charge transfer te.M
for benzené; naphthalené® and several alkylbenzeriésising A series of cooling lines and heating elements allow the flow
a high-temperature flowing afterglow. tube temperature to be varied from 80 to 500 K. However, the
Automotive, diesel, aviation, and rocket fuels are mixtures freezing points of the reactants studied here restrict the lowest
of a large number of hydrocarbons that meet general physicaltemperature studied to 225 K. The N@actant ions thermally
T Part of the special issue “Harold Johnston Festschrift”. equ“i.br.ate in the region upstream from the rea.Ctant inlets. Any
*To whom correspondence should be addressed. E-mail: '€Maining reactant ions and all of the product ions are sampled
albert.viggiano@hanscom.af.mil. downstream through a small orifice and mass analyzed in a
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TABLE 1: Rate Constants and Branching Fractions for the Reaction of NO with the Four Isomers of butene (CHg) from 225
to 500 K Measured in the Variable Temperature-Selected lon Flow Tub®

product ion rate constant (10 cm?® s71) [k] branching fractions
reaction (neutral IP) products mass (amu)  AHpn2% 225 K 298 K 400 K 500 K
NO* + Cis-2-CiHg — 1.7[1.6] 1.4[1.6] 1.6 [1.6] 1.6[1.6]
(9.11eV) cis2-C4Hg" + NO 56 —0.15 >0.99 1.00 1.00 1.00
NO* + trans-2-CqHg — 1.6 [1.6] 1.4[1.5] 1.7 [1.5] 1.6 [1.5]
(9.11eV) trans2-CsHg™ + NO 56 —0.15 >0.99 1.00 1.00 1.00
NO* + is0-C4Hg — 1.8[1.7] 1.5[1.7] 1.7[1.6] 1.7[1.6]
(9.24 eV) is0-C4HsNO™" 86 0.33 0.15 0.03
is0-C4Hg" + NO 56 -0.02 0.67 0.85 0.97 1.00
NO* + 1-CjHg — 1.4[1.7] 1.1[1.6] 0.9[1.6] 0.6 [1.6]
(9.58 eV) GHsNO™ 86 0.73 0.60 0.45 0.25
CsHg" + NO 56 0.32 0.01 0.02 0.10
C4H;" + HNO 55 —-0.41 0.09 0.14 0.17 0.25
C4H/N* + (OH) 69 —0.66 0.05 0.08 0.14 0.12
CsHeN' + (H20) 68 —4.73 0.02 0.02 0.03 0.02
C,H/N* + (C;HO) 45 —0.01 0.01 0.01 0.01 0.02
CoHeN™ + (CH20) 44 —2.93 0.01 0.02 0.02 0.03
CsH7" + (HNCO) 43 —1.97 0.03 0.03 0.05 0.07
CsHg" + (H2NCO) 42 —0.39 0.05 0.06 0.06 0.07
CsHs™ + (H.NCOH) 41 —2.18 0.03 0.03 0.05 0.07
avg tot. energy, eV 0.11 0.17 0.27 0.37

2The collision rate constank, is given in brackets next to the experimental rate constants. All rate constants are given in unitscoff1€*.
The average energy in eV for the reaction of N®ith 1-butene is given for the temperatures studied. The reaction enthalpy at 2082%,
is given in eV.

second quadrupole mass spectrometer. The depletion of the  [E,[= [Eya, H [, M H [, "M 0H [E,O'0 (1)
reactant ion over a previously measured reaction time is recorded
as a function of the butene concentration to get the rate The average collision energiwand,) and the average rotational
constants. The relative uncertainties in the rate constants areenergy of GHg, [Er4s[] are both 3/RsT. The average internal
+15% and the absolute uncertainties a25%1° energy of NGO, [E,NO'[]is principally the average rotational
The product distributions are measured in two steps as energy given bykgT, because a negligible amount of the NO
described previousli2 All branching fractions are measured (v > 0) levels are thermally populated over the experimental
by extrapolating to zero reactant flow. First, the branching temperature range. The average vibrational energy in the butene
fractions are measured at low mass resolution in the secondmolecule, (E,i,“[] represents an ensemble average over a
quadrupole mass spectrometer to minimize mass discriminationBoltzmann distribution in the harmonic approximation.
among the various oroduct ions. Then, the product distribu- The calculated vibrational frequencies of Schei at'dbr
tions for a particular € peak are measured at high mass thecis-2-, trans2-, and isobutene isomers have been used to
resolution to get the branching among the products differing determine their average vibrational energies. The vibrational
by one mass unit. The overall branching fraction for a single frequencies for 1-butene are taken from the fundamental
product ion is simply the product of the low and high mass frequencies calculated by Gallinella and Cadfalising density
resolution values. A correction is also made for ¥@ isotopic functional theory (DFT) and fit to their Fourier transform
productsi416 The relative errors in the product branching Infrared (FT-IR) spectrum of 1-butene vapor measured at 298
fractions are+25%10 K to assign the fundamentals for the syn and skew isomers.
The reactant gases have been used as obtained from thd he terminal methyl group eclipses theCH in the syn isomer,
manufacturer (Aldrich). The 1-butene and the isobutene are bothWhereas the methyl group is staggered by around ir2the
99+% pure. Thecis-2-butene is comprised of 95% cis and 5% Skew isomer. The enthalpy difference between the two isomers
trans-2-butene, while thérans-2-butene is 99% pure. Con- ~ Measured by Gallinella and CadiSlshows that the syn form
sequently, thérans-2-butene rate constants are measured first iS slightly more stable, but only by about 1 kJ mbl The
and thecis-2-butene rate constants are corrected for the trans frequencies previously calculated by Schei et al. for 1-butene
component of the sample. A single product occurs for both Using valence force fields (VFF) agree with the more recently
isomers, simplifying the product distribution measurements. ~ calculated frequenciéto within 5% for both 1-butene isomers.
Ab initio vibrational frequencies calculated by Baer and co-
Results and Discussion workerg® are in similar agreement with the latest skew
frequencies. Overall, the average vibrational energies calculated
Table 1 shows the rate constants and branching fractions forusing the three sets of frequencies differ ¥§%.
the reactions of NO with the CHg isomers from 225 to 500 The average total energy shown in Table 1 reflects the average
K. The reactants are listed in order of increasing ionization vibrational energy for the skew isomer of 4#g using the most
energy of the isomer. The average total energy available for recently calculated frequenci&which provides a lower bound
reaction in eV/[E[is also given for the 1-butene reaction. At  for this number. The energies of the other butene isomers differ
a given temperaturéE[] represents the sum of the average from 1-CHg by <8% at the highest temperatures and are not
collision energy, the average rotational and vibrational energy shown. A detailed discussion of the results is given in the
in the butene molecules (neglecting zero point energy), and anyfollowing sections for each isomer.
internal energy in the N®ion, as shown in eq 1. A. cis- and trans-2-Butene.Both isomers of 2-butene react
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NO*+1-CH, — CH, +NO TABLE 2: Fitting Parameters for the Reaction of NO* with
1-butene (GHg) Using the Expressionk = A-exp(—E4/RT)

ML B LU B BLELELELE BN B B A(Crngsil) Ea(eV)
—~ | e = g ] NO* + 1-C4sHg — C4Hgt + NO 1.22x 1070 0.15
o 1ot L T Tnm i — C4,H7+ HNO 1.89x 10710 0.01
5 i ]
= ¢ Charge | ] It is also informative to look at how the reactivity changes
g ® Hydride ] as a function of total energy. The average reaction energy
8 Transfer| | available increases substantially at higher temperatures due in
g large part to butene vibrations. At 500 K, the average energy
c 10 3 E exceeds the charge transfer endothermicity. An Arrhenius type
T T T T T plot of rate constant vs 1/total energy (not shown) yields an
0.0015  0.0025  0.0035  0.0045 activation energy of 0.72 eV, considerably higher than the
1T (KY) endothermicity. The fact that the charge transfer rate constant

Figure 1. Rate constants in ¢hs 2 for the charge transfer and hydride ~ at 500 K is only 3.6% of the collision rate and that the average
transfer reaction channels as a function of inverse temperature. Thetotal energy is greater than the endothermicity indicates that all
lines represent a fit to the Arrhenius equation givenkas: A: forms of energy are not efficient in overcoming the endother-
exp(-EJ/RT) using the parameters in Table 2. micity. The total rate constant is only 38% of the collision rate,
so competition with another channel cannot account for this.
with NOT at the Su-Chesnavich collision raté?> at all The high-energy tail arising from the spread in the thermal
temperatures. The reactions proceed almost exclusively viaenergy distributions at 298400 K most likely accounts for the
nondissociative charge transfer, and both reactions are exothersmall amount of GHg™ observed at low temperature.
mic by 0.15 eV. These large rate constants are typical for near Hydride transfer from gHg to NO" yielding GH7" and HNO
resonant charge-transfer processes at thermal collision eneris 0.41 eV exothermic for loss of a secondary alkyl hydrogen,
gies2026 The branching fraction at 225 K is given a99%, which is the lowest energy €H bond for 1-butené’ The
because a small amount of an association product is observedreaction proceeds with an activation energy of 0.01 eV,
However, this product comprises less than 1% of the total indicating a barrier to reaction, consistent with the small positive

product signal. temperature dependence in Figure 1. Hydride transfer is often
B. Isobutene. The reaction of isobutene with NOalso an inefficient proces¥’28

proceeds at the StChesnavich collision raté2s at all tem- The energetically accessible channels for the remaining

peratures. Bowers and co-workErshave obtained a rate  products require significant atomic rearrangement and chemical

constant for this reaction of 1.2¢ 10°°cm®s 1 in an FT-ICR bond formatior??3° perhaps through insertion mechanisms

that is about 25% lower than the present value. This difference occurring in the complex. Forming these structures is sterically
is well within the combined experimental errors. Charge transfer unfavorable and requires substantial rearrangement, which shows
is the only product observed in the ICR experiment, and it is up in the small rate constants that increase with temperature
the predominant channel in the VT-SIFT. However, a significant for these channels. The total fraction of these channels increases
fraction of an association product is observed in the flow tube to as much as 37% at 500 K. The positive temperature
experiment at temperatures of 400 K and below. The associationdependence of these small rate coefficients also implies that
channel displays a negative temperature dependence, as expotential barriers exist.
pected. Charge transfer is only 0.02 eV exothermic. Therefore, The most stable structures for several of the minor products
collisions with the ca. 0.5 Torr of He buffer in the flow tube contain an N-C—O linkage?®~31 Ab initio studies on the
can remove enough energy from any association complex thatstructures of the neutral molecules §N¥D,32 CH,NO 3! and
forms during charge exchange, thus stabilizing it. The FT-ICR CHNQO?®3-3 all show that the most energetically stable isomers
experiments have been conducted at pressures more than 2ontain NCO bonds. Several transition state structures available
orders of magnitude lower than the flow tube measureniénts, through different pathways lead to the lowest energy neutral
resulting in a significant reduction in the probability for species!so these species may be readily produced from various
collisional stabilization of the association complex. access points along the potential energy surfaces. Similar
C. 1-Butene.In contrast to the other reactions, numerous rearrangements probably occur in the analogous ionic species
products are formed. The rate constants are smaller than thefor NO incorporation. The NO ion would most likely be
Su—Chesnavich collision rate constatftd®®and decrease as the attracted to the double bond of 1-butene. Approaching this end
temperature increases. The negative temperature dependence wgould facilitate analogous rearrangements observed with the
consistent with a reaction involving complex formation, as neutral molecules to form the more stable NCO spetig&3®
evidenced by the predominance of the association channel atSpanel and Smith have observed similar ionic products, in which
most temperatures. Numerous other products are also observedhe NO is incorporated in the reaction of N@vith 1-pentene
as seen in Table 1. Hydride transfer is the next most abundantin a SIFT at 298 K3
product after association. This channel increases with increasing To test for N inclusion in the ionic product$NO™ produced
temperature. Charge transfer, which is endothermic, alsoin the source from the natural abundance in NO is selectively
increases with temperature. The individual rate constants for injected into the flow tube. This isotopically labeled experiment
the charge transfer and hydride transfer channels are shown inindicates that N is incorporated in the unlabeled produat/at
Figure 1 in Arrenhius form. Activation energies have been = 69. The ion could have the formulal@NO™; however, a
extracted from the fitting parameters and are listed in Table 2. C4H;N™ pyrrole structure must be assumed for this product ion
Charge transfer is 0.32 eV endothermic, which is larger than for the reaction to be exothermi23%.36Similar experiments are
the fitted activation energy of only 0.15 eV. The preexponential not feasible for verifying that the productsratz = 44, 45, and
factor for this channel is almost exactly equal to the collision 68 contain N, because of the spectral congestion and the small
rate. signal levels. Amine structures are nevertheless energetically
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possible for these product33® For consistency, the amine isomers proceed at the collision rate mainly by charge transfer.
products are listed in Table 1 for those three product ions; However, a significant association channel also occurs in the
however, the energetically accessible products may alternativelyisobutene reaction, where the charge transfer reaction is only
contain both N and O. The most stable structures would have slightly exothermic.
NCO bonds in the fragment#830
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