International Journal of Mass Spectrometry 303 (2011) 220-224

journal homepage: www.elsevier.com/locate/ijms

Contents lists available at ScienceDirect

International Journal of Mass Spectrometry

Reactions of positive ions with CIN3 at 300K

Nicole Eyet?.P-d Keith Freel-¢, Michael C. Heaven®¢, A.A. Viggiano"*

a Department of Chemistry, St. Anselm College, 100 Saint Anselm Drive, Manchester, NH 03102, USA
b Space Vehicles Directorate, Air Force Research Laboratory, 29 Randolph Road, Hanscom Air Force Base, MA 01731-3010, USA

¢ Chemistry Department, Emory University, Atlanta, GA 30322, USA
d Institute for Scientific Research, Boston College, USA

ARTICLE INFO ABSTRACT

Article history:

Received 25 June 2010

Received in revised form 3 February 2011
Accepted 4 February 2011

Available online 18 February 2011

Keywords:

Chlorine azide
Proton affinity
Ionization potential
Kinetics

Rate constants
Branching ratios

The kinetics of eighteen positive ions with chlorine azide (CIN3) have been studied using a selected
ion flow tube (SIFT). These measurements allowed for the estimation of both the ionization energy,
>930k]mol-! (>9.6eV), and the proton affinity, 713 +41kJmol-', of chlorine azide. Reaction rate
constants have been determined. Product ions have been identified, and quantified when synthetic com-
plications allowed. In addition, general reaction trends have been observed. Areaction coordinate diagram
for the novel reaction of N* with CIN3 is discussed.
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1. Introduction

Halogen azides, in particular CIN3, have recently been a source
of significant interest. While their explosive nature has been a
deterrent to an in-depth study of their reactivity [1], interest in
their applications has renewed importance. Theoretical studies
have predicted a cyclic N3 isomer resulting from photodissociation
[2-4]. This N3 isomer could potentially be used to synthesize larger
nitrogen heterocycles, which may be exploited as energy storage
materials, propellants, or detonators. Consequently, several stud-
ies of the photodissociation of CIN3 have been carried out. Two
distinctive internal mode energy distributions have been observed
for the N3 fragment, where the higher energy product appeared to
be consistent with predictions for cyclic N3 [5,6].

Photodissociation studies have also observed the production
of NCl(a A) [7]; this molecule is isoelectronic with 0,(a'A). Like
0,(a'A), NCl(al A) can be used in iodine lasers [8,9] where energy
is transferred from the excited NCI molecules to I,. This chemi-
cally driven process is preferable to the use of 0,(a' A)as NCl(a' A)
is product of gas precursors, whereas the production of O,(a'A)
through a chemical reaction involves bubbling Cl, though a solution
[10-13].
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Given the potential applications of CIN3, knowledge of its reac-
tivity is desirable. Until recently, the only ionic property of CIN3
known was its ionization potential determined by photoionization
[14,15]. In order to further understand the thermochemical prop-
erties of CIN3 we have undertaken studies of a variety of plasma
reactions. Recently, we have published the kinetics of electron
attachment to CIN3 and a study of the reactions of CIN3 with a vari-
ety of negative ions [16,17]. In the latter study the electron affinity
of CIN3 was determined to be 2.48 +0.2 eV. Here, we extend this
work by examining the reactions with positive ions. The kinetics
of CIN3 with eighteen positive ions has been investigated, allowing
for general reaction trends and thermochemistry to be determined.
In particular we focused on reactions that allow for the ionization
potential and proton affinity to be determined. The experimental
study is complemented by theoretical studies of the energetics, and
the reaction coordinate for an interesting reaction was determined.
It was necessary to also study the reactivity of these ions with Cl,
since unreacted Cl, from CIN3 preparation entered the flow tube.

2. Experimental

These experiments were carried out using the selected ion flow
tube (SIFT) at the Air Force Research Laboratory. Since this instru-
ment has been described in detail elsewhere [18] only a brief
description will be provided here. lons were produced in a mod-
erate pressure ion source. The desired reactant ions were selected
by a quadrupole mass filter and injected through a Venturi inlet
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into a reaction flow tube where they were thermalized by colli-
sions with helium buffer gas. Neutral reagents were added through
an inlet 59.0 cm upstream from the sampling orifice. Depletion of
the parent ion and appearance of the product ions were monitored
using a quadrupole mass filter coupled to an electron multiplier.

Each reactant ion was prepared from an appropriate precur-
sor. 0,* and O* ions were formed from O, H30* was formed from
water, and NO,* was formed from NO,. CH30H,* was formed from
methanol and produced by injecting the dimer (CH30H),H* with
sufficient energy to dissociate the cluster; CH3* resulted when
injecting this cluster with even higher energy. C* and CO* were
formed from CO. Ar* was made from Ar; N,* and N* were pro-
duced from N,. SF5* and SF;* were produced from SFg. SO* and
HSO,* were produced from SO, with and without the addition of
water, respectively. CS,* was produced from CS,.

Chlorine azide was produced [17] according to Eq. (1)

NaNs(s) + Cly(g) 25 CIN3(g) + NaCl(s) (1)

Approximately 5 g of sodium azide was distributed on a 50 cm3
piece of glass wool. The glass wool was sprayed with distilled water,
rolled up and placed in a glass vessel. This vessel was maintained
at 0°C using a recirculating chiller. A mixture of 10% chlorine gas
in helium flowed through the vessel, at a known rate, producing
CIN3. Residual water was removed by passing the flow through a
trap containing Drierite at 7 °C. The flow of CIN3 then passed though
a Perkin-Elmer Lambda 10 UV-Vis Spectrometer, where the spec-
trum taken over the range 190-300 nm was compared to the known
CIN3 absorption spectrum. Absolute concentrations were deter-
mined in real time by measuring the absorbance at Apax =205.6 nm.
The reaction yield varied between 20 and 100%, with typical yields
of greater than 70% for these measurements. More details concern-
ing CIN3 production are given elsewhere [17].

In some cases, unreacted Cl, was introduced into the flow tube
along with CIN3. To account for this complication, reaction rate
constants and product ion branching ratios were measured for the
ions interacting with Cl,. Any contributions in the CIN3 data from
reactions with Cl, were removed. Additionally, a small amount
of H,O0 was not removed by the Drierite and introduced into the
reaction flow tube with the CIN3 flow. O,* and O* reactions were
carried out before Drierite was added to the reaction setup, result-
ing in a higher amount of water contamination. Knowledge of the
reactivity of all reactant ions with H,O0 was used to determine pos-
sible contributions to the rate constants and product ion branching
ratios. This is discussed in more detail below. While it would be
possible to form HN3 in the reactor, no evidence of the molecule
being produced has been seen using this technique [19]. Specifically
in this experiment, no contamination of the flow was observed;
our UV-Vis spectrum showed no evidence of the presence of this
species (Amax(HN3) =193 nm) within our detection limit. Data were
collected under lower resolution conditions in order to minimize
mass discrimination. The semi-logarithmic decays of Cl, and CIN3
were observed to be linear in all cases.! Decay of the primary ion
was ~20% for the slowest reactions and up to 80% for faster reac-
tions. Due to the difficulties of this experiment we assign large
error bars of £35% to the reaction rate constants and +40% of the
minor products to the product ion branching ratios, if numbers are
assigned. Fig. 1 shows a typical data set for the reaction of SO*
with CIN3. The decline in the SO* is somewhat small but due to
the CIN3 production technique, but this is the most we can gener-
ate without significantly upping the impurity levels. The total ion

1 We observed reactions with contaminant Cl, for reactions with 0,*, H30*, Ar*,
C*, CO*, N*, N,*, SFs*, and SF3*. Reactions with contaminant H,O were observed
with 0,*, CH30H,*, C* and O*.
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Fig. 1. Kinetic plot for the reaction of SO* with CINs. Products appear at zero con-
centration because some CIN3 leaks through the generator even without Cl, flow.

signal remains constant indicating that the kinetics are adequate
for measuring the rate constant. Numerous products are formed
and secondary chemistry is sorted out in the normal SIFT manner
by plotting fractional product concentration vs. CIN3 concentration.

Electronic structure calculations were carried out using the
Gaussian 03 [20] suite of programs. Calculations of the ionization
energy and the proton affinity were carried out using G3 theory
[21], as it has been shown to provide accurate thermochemical
information. Structures and energies in the reaction coordinate dia-
gram were determined using the B3LYP hybrid density functional
theory [22,23] with a 6-311+G(d) basis set.

Collisional efficiencies describe the fraction of collisions that
result in a reaction (eff=k/k.,). The collisional rate constants
(keop) are calculated using parameterized trajectory collision rate
theory. The dipole moment and polarizability were calculated
using B3LYP/6-311+G(d). The dipole moment was determined
to be 0.5363D; the polarizability was determined to be 5.42 x
10~24 cm3.

3. Results and discussion

3.1. Thermochemistry

Reactions used to bracket the ionization energy of CIN3 are
given in Table 1. CIN3* was not observed as a product of any
reaction. This observation is consistent with a past photoion-
ization study [14] in which NCI* was observed to be produced
at the lowest photon energy, a result of dissociative ionization
(CIN3* — NCI* + Ny, AHixn <27 k] mol~1) [24]. The present determi-
nation of the ionization energy (IE) of CIN3 is consistent with this
previous determination. NO* and NO,* were found not to react
with CIN3, which suggests that the IE of CIN3 is greater than the IE of
either NO or NO,, making the IE > 930 k] mol~! (>9.6 eV). The major-
ity of ions with higher IE’s result in the formation of NCI*; SFs* was
the species with the lowest IE to react to form NCI*. This indicates
that the IE may be near to that of SF5 but the possibility that a reac-
tion forming NCI* and other neutral products (rather than forming
NCI* from dissociative charge transfer) cannot be ruled out. Reac-
tant ions whose corresponding neutral molecules have ionization
energies greater than 930kJmol~! (9.6eV) react via dissociative
charge transfer, producing NCI*. These results are consistent with a
previous determination of the IE0f 961 + 2 k] mol~1! (9.97 + 0.02 eV)
[14].

The proton affinity (PA) of CIN3 was estimated; the reactions
studied are given in Table 2. G3 calculations give three stable struc-
tures of HCIN3* shown in Fig. 2 - the proton can be attached to the
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Table 1
Reaction rate constants, reaction efficiencies, and product ion branching distributions measured at 300K for reactions used to determine the ionization energy of CIN3.2
Reaction lonization energy (eV)P Rate constant (101 cm3s—1) Efficiency Tonic products Branching ratio
Ar* +CIN3 15.76 <20 <1 NCI*
cr
N3* Major
Ny * +CIN3 15.58 <20 <1 NCI* Major
cr
CIN,*
N* +CIN3 14.53 17 0.9 NCI* 0.7
N;* 0.2
cr 0.1
CINy* Trace
CO* +CIN3 14 <10 <0.8 cr
N3+
ccrr Major
CINy*
O*+CIN3 13.6 <40 <1 N3*
NCI* Major
SO,* +CIN3 12.35 5.6 0.5 socr Trace
NCI* 0.8
cr 0.2
0,* +CIN; 12.07 15 1 NCI*
C*+CIN3 11.2 <20 <1 NCI* Major
SO* +CIN3 10.29 8.1 0.6 socr* 0.2
SON3* 0.2
SONCI* 0.3
SN* 0.2
CINy* Trace
NCI* 0.1
CS,* +CIN3 10.073 6.8 0.6 csclr 03
CS,N* 0.7
CH3* +CIN3 9.84 27 1 CNH,* 0.9
HN5* 0.1
SF5* +CIN3 9.6 0.13 0.01 NCI* Major
SF5CIN*
NO,* +CIN3 9.586 N/R <0.001
NO* +CIN3 9.264 N/R <0.001
SF3* +CIN3 8.18 0.001 0.001 SF,CI*

2 Reactions for which the neutral was not 100% pure have rate constants and branching ratios given as upper limits. Major products are defined as the ionic product in

greatest abundance as a result of the reaction. See text for more detail.

b Taken from the NIST Webbook.

a

Table 2

Fig. 2. Stable structures of HCIN3*.

Cl(2a), to the N closest to the chlorine atom (2c¢), or to the N furthest
from the Cl atom (2b), but not on the central N. The PA of isomer 2a
is calculated to be 587 k] mol~!. The PA of isomer 2c is calculated to
be 637 k] mol~1. The PA of isomer 2b is 703 k] mol~!. Proton trans-
fer should occur when the proton affinity of CIN3 is greater than the
proton binding energy of the ion. Rapid, moderately efficient (35%),
non-dissociative proton transfer was observed in the reaction with
HSO,*,indicating the PA(CIN3) > 672 k] mol~'. Comparing this mea-
surement to computations reveals that the most stable form of
HCIN3* was produced. While HCIN3™* is not observed in reactions
of CIN3 with H30" and CH30H,", the dissociative proton transfer
product, HN3*, is observed. In the reaction with H3O*, this is not the
major product channel, and the reaction is inefficient with only 8%
of collisions resulting in a reaction. The inefficiency of the reaction
suggest that the transfer of the proton is thermoneutral or even
endothermic. At this level, we also cannot rule out that HN3 con-

Reaction rate constants, reaction efficiencies, and product ion branching distributions measured at 300K for reactions used to determine the proton affinity of CIN3.2

Reaction

Proton binding

energy (kJ mol~1)P

Efficiency Ionic products Branching ratio

CH30H,* +CIN3
H30* + CIN3

HSO,* +CIN3

754
691

672

0.01 HN;*

0.08 NCI* 0.5
HN3* 0.5

0.35 HCIN3* 0.1
NCI* 0.8
crr 0.1

2 Reactions for which the neutral was not 100% pure have rate constants and branching ratios given as upper limits. Major products are defined as the ionic product in

greatest abundance as a result of the reaction. See text for more detail.

b Taken from the NIST Webbook.
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Fig. 3. Reaction coordinate diagram for the reaction of CIN3 with N*.

tamination below our detection limit was involved. This indicates
that the PA of CIN3 is approximately equal to that of H,O. While
the reaction of CH3OH,* does produce HN3*, this reaction is very
inefficient (1%) suggesting proton transfer is an endothermic pro-
cess. To be conservative, we bracket the PA to be 713 +41 k] mol~1!,
between CH30H and SO,.

3.2. Reactivity

The general reactivity of CIN3 with positive ions has been inves-
tigated in the course of determining the thermochemical properties
of the molecule. However, because many of the positive ions
involved in this study react with impurities inherent in the CIN3
generation (Cl, and H,0, which are difficult to completely trap)
often only generalizations can be made about their reactivity. For
conditions where products of these contaminant reactions were
observed, product ion branching ratios could not be accurately
determined, and instead only major products have been identified.
Rate constants for these reactions are reported as upper limits, since
the additional reactions add to the total depletion rate. In instances
where Cl, and H,0 did not interfere substantially, reaction rate
constants and product ion branching ratios are reported. O* and
0,* reactions were carried out before Drierite was added to the
reaction setup. This resulted in a slightly higher water contamina-
tion, leading to an impossibly high rate constant for the reaction
with O*.

A few overarching trends could be gathered from analyzing the
identity of the product ions. Often NCI* was produced in large abun-
dance. Many reactions produced multiple species, a result of the
fact that CIN3 has a high energy content. CI*, N3*, and CIN,* were
produced in a number of the reactions. The reaction with SO* was
notable in that six different products were produced, none with
an abundance of more than 30%. A number of somewhat unusual
ions were formed, including CSCI* and CS;N* from CS,*, as well as
SONCI* and SON3* from SO*. SOCI* resulted from reactions of both
SO* and SO,*.

NCI* was a product for fourteen of the sixteen cations that did
react. This product is a result of dissociative charge transfer, at least

in a number of cases (see below). Additionally, reactions with ions
having an ionization energy of greater than 1180 k] mol~1 (12.2 eV)
resulted in the formation of either CI* or N3*, or both, likely also
due to dissociative charge transfer.

For reactions of CIN3 with negative ions, incorporation of oxy-
gen into the product ions was observed. This is not the case for
reactions of CIN3 with positive ions. In contrast, reactions with iso-
valent sulfur-containing ions, with the exception of HSO,*, formed
product ions containing sulfur. These sulfur containing product
ions also incorporate either chlorine or nitrogen. If the production
mechanism for these ions involves direct attachment, then the ions
interact with neutral CIN3 at several sites. G3 computations of the
neutral species predict the Mulliken charges on the chlorine atom
and the first and third nitrogen atoms to be negative, giving at least
two likely places of attack for the positive ion.

Eight of the eighteen reactions proceeded with an efficiency of
greater than 70%. Six reactions occurred very inefficiently: NO* and
NO,* did not react, and SF3*, SF5*, CH30H,*, and H3O* reacted with
efficiencies of less than 10%. In general, the cations in Table 1 with
the highest ionization energies reacted more efficiently than those
with lower ionization energies. No trend emerges when comparing
proton binding energies, from Table 2, to overall reactivity.

While the number of reactions and products is too large for a
comprehensive theoretical study, we have calculated the reaction
coordinate diagram for N* + CIN3, as an interesting case. It is shown
in Fig. 3. The solid bars represent stationary points along the reac-
tion coordinate; the solid portion of the orange line is a calculated
internal reaction coordinate. The dashed lines are simply to guide
the eye. This reaction provides a novel example of a reaction in
which spin states are relevant. With few exceptions, it has been
experimentally observed for spin allowed reaction pathways to be
faster than spin forbidden ones [25-27]. We provide one possible
set of reactions which include spin allowed pathways only. The
ground state of N* is a triplet. That is, all intermediates and tran-
sition states reported here are also triplets, as well as the several
ionic products (CI*, N3*). While it is possible spin forbidden path-
ways also play a role in these reactions, they are not addressed
here.
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NCI* can be produced as a result of dissociative charge transfer;
this pathway is not shown in the diagram. For the reactive pathways
two possible transition states with nearly identical energies are cal-
culated. In one, N* attacks the lone pairs on the chlorine; it is also
possible for the ion to attack the N-terminus of the chlorine azide
molecule. These complexes are >400 k] mol~! more stable than the
reactants. Attack on the Cl then proceeds by several pathways on a
relatively flat part of the potential. The next step involves a small
barrier that is essentially the rotation of the stable complex. At this
point three pathways are accessible. Two simple paths have the
complex separating as NCI* and N3 (purple line, 70% including dis-
sociative charge transfer), or as N3* and NCI (red line, 20%). The
ionization energies of the two radicals are nearly identical, making
these pathways appear superimposed in the figure. Attack on the
Cl end of the molecule can also proceed through a different transi-
tion state to form NCI* + N + N, (green line). Formation of CI* can be
explained from either initial transition state. The blue trace shows
the production of CI* + 2N, from an initial attack of on the Cl. The
orange trace shows the production of CI* +2N, from an attack on
the N-terminus of the molecule. (For interpretation of the refer-
ences to color in this text, the reader is referred to the web version
of this article.)

The solid, non-dashed portion of the orange line represents a cal-
culated internal reaction coordinate. While we have been unable to
locate a stable intermediate or product ion complex for the forma-
tion of CIN,*, the fragment is observed on the IRC; the structure is
giveninFig.3 and itsinitial appearance is designated with an arrow.
It is presumed that a shallow minimum would be present if the cal-
culations were carried out using a higher level of theory. It is also
possible that CIN,* is a result of a spin forbidden reaction pathway
not calculated here. Both explanations would be consistent with
the production of only trace amounts of CIN,*.

4. Conclusion

The reactivity of avariety of positive ions has been observed with
chlorine azide, CINs. This reactivity allowed for the estimation of
both the ionization energy, >930 k] mol~! (>9.6 eV), and the proton
affinity, 713 41 k] mol~1, of chlorine azide. The large energy con-
tent in the reactant has resulted in a large variety of ions produced.
The one novel reaction coordinate, for N*+CIN3 was calculated.
Initial attack of the CIN3 could occur at either end of the molecule.
All products of this reaction can be explained using spin allowed
pathways.
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