
Use of a Flowing Afterglow SIFT Apparatus To Study the Reactions of Ions with Organic
Radicals†

Xu Zhang, Shuji Kato, Veronica M. Bierbaum, Mark R. Nimlos, ‡ and G. Barney Ellison*
Department of Chemistry & Biochemistry, UniVersity of Colorado, Boulder, Colorado 80309-0215

ReceiVed: May 21, 2004; In Final Form: August 5, 2004

This paper describes a new technique for the experimental study of ions with organic radicals. A preliminary
report has been published inJ. Chem. Phys.2004, 120, 3531, and we wish to communicate a complete
description of this experiment. Clean, intense flows of hydrocarbon radicals/diradicals can be produced by a
heated supersonic nozzle and are delivered to a flowing afterglow selected ion flow tube (FA-SIFT) instrument.
The reactions of a simple radical, allyl (CH2CHCH2), and a diradical,ortho-benzyne (o-C6H4), with hydronium
(H3O+) and hydroxide (HO-) ions were studied at thermal energy. We have studied the following reactions:
CH2CHCH2 + H3O+ f C3H6

+ + H2O, CH2CHCH2 + HO- f no product ions,o-C6H4 + H3O+ f C6H5
+

+ H2O, ando-C6H4 + HO- f C6H3
- + H2O. We find that proton transfer reactions with H3O+ occur rapidly

(the bimolecular rate constant,kII , is roughly 10-9 cm3 s-1). However, an unexpected result was obtained for
o-C6H4 + HO-; the exothermic proton abstraction is significantly slower than the collision rate by nearly an
order of magnitude (kII is approximately 10-10 cm3 s-1). We rationalize this by postulating a competing
associative detachment. No charged products have been observed for CH2CHCH2 + HO-, presumably because
of similar detachment pathways.

Introduction

Ions and radicals are both reactive species. Recently,1 we
published a short note that describes results from a new approach
to study reactive collisions between simple ions and organic
radicals. In this paper, we provide a much more thorough
description of this new experiment.

Over recent decades, molecular beam and flow tube tech-
niques have been used to explore the spectroscopy and chemistry
of ions and radicals. Thousands of ion reactions have been
studied with stable neutrals and with some atomic radicals in
the gas phase,2 with the aim of understanding the fundamental
chemical reaction dynamics as well as the chemistry of the
earth’s upper atmosphere, interstellar medium, and plasma
phenomena such as lasers.3-6 Chemical ionization mass spec-
trometry has begun to use some ion/radical reactions to monitor
the atmospheric chemistry of radicals.7-9

In contrast, reactions of gas phase ions with polyatomic
hydrocarbon radicals have rarely been studied because of the
inherent experimental difficulties. It has been known10,11 that
ion-molecule reactions involving open shell, radical ions
(A•- + BC f products) are generally more complex and
unpredictable than are those with closed-shell ions (A- + BC
f products). In reactions of an ion with an organic radical (A-

+ BC• f products), the charge and radical sites are split
between the collision partners (and the ion can be an open shell
ion). The fundamental chemistry in these systems remains
largely unexplored.

Ion-organic radical reactions are also expected to be
important in several environments, including in combustion
processes. Here, the elevated temperatures generate high densi-

ties of energetic species that react rapidly to synthesize a myriad
of combustion products. In oxyacetylene flames,12 HCO+,
C3H3

+, H3O+, HC2
-, O2

-, CN-, and HO- have been identified
as major ions at densities of 108-1010 cm-3. A proton transfer
reaction between HCO+ and C3H2 carbene has been proposed
as a possible source for C3H3

+, while a charge transfer
equilibrium between HC2- and a CN radical may be a source12

of observed CN-. Within the interstellar medium, large poly-
cyclic aromatic hydrocarbons (PAHs) have been suggested as
carriers of the unidentified infrared emissions and of the diffuse
interstellar bands.13-15 Radioastronomy has detected more than
a hundred organic species in the interstellar medium,16 among
them about one-third are radicals or carbenes and several are
ions. The mechanisms of formation of these polyatomic species
remain unknown, but reactions of ions with radicals are believed
to be a central component in their formation. Ion-radical
reactions may also be important in the upper regions of the
earth’s and other planets’ atmospheres.

Experimental investigations of ion-organic radical reactions
are challenging primarily because of the difficulty in generating
the radicals cleanly and at high densities. Reactant ions and
radicals may be lost easily, before their mutual encounter, by
reactions with their chemical precursors, by collisions with the
wall, and by radical-radical reactions. In a flowing afterglow
selected ion flow tube (FA-SIFT) instrument, the reaction time
is roughly 10 ms. To generate detectable amounts of product
ions, the density of the radicals in the FA-SIFT reaction flow
tube must be at least 109 radicals cm-3. In comparison, atomic
radicals can be generated relatively easily by dissociation of
their precursors in a microwave discharge or over a heated metal
surface. These radical sources have been combined with
the FA-SIFT or Fourier transform ion cyclotron resonance
(FT-ICR) instruments to study reactions of H, N, and O
atoms.17-19
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We have employed a new approach that combines a heated
supersonic nozzle20 with the FA-SIFT instrument21 (Figure
1). Thermal decomposition of a variety of organic com-
pounds in a pulsed supersonic nozzle produces clean, in-
tense beams of organic radicals or diradicals;22 typical
nozzle temperatures range from 300 to 1800 K with a short
pyrolysis time of about 30µs. The SIFT instrument was
developed to generate mass-selected ions in a helium
buffer gas (65 Pa or 0.5 Torr) free from their chemical
precursors. The high pressure flow tube environment allows
both the ions and radicals to be thermally equilibrated
(roughly 300 K) before they react; the occurrence of 104 to 105

collisions with the He buffer gas facilitates complete relaxation
of vibration except for small nonpolar diatomics.23 The flow
tube also provides a moderately long reaction time of roughly
10 ms.

In a recent note, we reported1 the first observation of ion
reactions with hydrocarbon radicals and diradicals using
the flowing afterglow technique. A simple radical, allyl
(CH2CHCH2), and a diradical,ortho-benzyne (o-C6H4), were
produced in a hyperthermal nozzle [eqs 1 and 2, where
∆ represents heat].

We demonstrated that these radicals react with the simple
gas phase ions, hydronium cation (H3O+) and hydroxide anion
(HO-).

Experimental Methods

Figure 1 provides an overview of the FA-SIFT instrument21

coupled with a hyperthermal nozzle.20,22H3O+ or HO- ions are
generated in the source flow tube by electron impact and ion-
molecule reactions (eqs 7-11). H3O+ ions are produced by
electron impact on He, generating He+ and metastable He*,
followed by charge transfer or Penning ionization of H2O with
He+ and He*; the resulting H2O+ reacts with H2O to afford
hydronium ions. HO- ions are generated by electron impact on
N2O to form O-, which further reacts with CH4 via hydrogen
atom transfer to form hydroxide ions.

Figure 1. SIFT instrument with a hyperthermal radical source.

CH2CHCH2 + H3O
+ f C3H6

+ + H2O (3)

CH2CHCH2 + HO- f no product ions (4)

o-C6H4 + H3O
+ f C6H5

+ + H2O (5)

o-C6H4 + HO- f C6H3
- + H2O (6)

H3O
+: He + e f He+, He* (7)

(He+, He*) + H2O f H2O
+ (8)

H2O
+ + H2O f H3O

+ + HO (9)

HO-: N2O + e f N2 + O- (10)

CH4 + O- f CH3 + HO- (11)

CH2dCH-CH2I + ∆ f CH2CHCH2 + I (1)
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The ions are then “SIFTed”, that is, mass selected with the
SIFT quadrupole mass filter and injected into the reaction flow
tube (7.3 cm inner diameter and roughly 1 m long) containing
a helium buffer gas (0.5 Torr,=300 K) flowing at a velocity
of about 95 m s-1. The SIFT injection produces a continuous
flow of ions (approximately 105 particles cm-3) in a stream of
helium. The ions are isolated from their chemical precursors,
and the flow tube environment allows them to be thermally
equilibrated (=300 K) before ion-radical reactions take place.21

Since the reaction flow tube in Figure 1 is 1 m long from the
radical source to the detection quadrupole mass filter, the gas
transit time is approximately 10 ms down the flow tube. The
ionic species (both the reactant and products) are detected using
the quadrupole mass spectrometer at the end of the flow tube.
The inset in Figure 1 shows pure HO- ions with no radicals
introduced, and with a very low background signal (less than 1
count s-1).

Figure 1 shows a radical source mounted on the flow tube
after the SIFT quadrupole mass filter. Streams of CH2CHCH2

radicals oro-C6H4 diradicals are generated through pyrolysis
of allyl iodide (CH2CHCH2I) and benzoyl chloride (C6H5COCl),
respectively. Allyl iodide or benzoyl chloride seeded in helium
(roughly 65 Pa in 8× 104 to 1 × 105 Pa or 0.5 Torr in 600-
800 Torr) passes through a pulsed valve (20-40 Hz) into the
resistively heated SiC nozzle (approximately 1× 103 Pa or 10
Torr). The pyrolysis products along with the He carrier gas
expand supersonically through the nozzle into the flow tube
for a duration of 1.3 ms.

To ensure that our heated supersonic jet is producing the
desired target radicals, we have mounted the radical source on
an instrument that can use infrared absorption spectroscopy or
photoionization mass spectroscopy (PIMS) to characterize the
resultant molecular beam. Figure 2 illustrates an overview of
the hyperthermal nozzle, photoionization source, and matrix
deposition system. Photoionization time-of-flight mass spec-
trometry and matrix isolation infrared spectrometry measure-
ments were employed to monitor the pyrolytic generation of
the allyl radical ando-benzyne. A detailed description of these
two techniques has been described elsewhere.22

The nozzle temperature has been measured with a thermo-
couple attached to the external surface. In the PIMS and matrix
isolation measurements, the actual pyrolysis temperature inside
the nozzle is approximately 200 K higher because of the
radiative heat loss from the SiC surface.22 When deployed on
the SIFT experiment (Figure 1), the nozzle surface will be
cooled by conductive heat transfer to the helium buffer gas (0.5

Torr). Therefore, the measured external nozzle temperature in
the SIFT experiment is about 200 K lower than those in the
PIMS and matrix experiments.

In the PIMS experiment in Figure 2, the ninth harmonic
(118.2 nm or 10.487 eV) of the Nd:YAG laser output has been
used to ionize the radicals emitted from the nozzle; ionization
energies for the allyl radical24,25 ando-benzyne26 are 8.153(
0.001 eV and 9.03( 0.05 eV, respectively. Figure 3 shows the
PIMS spectra that demonstrate the allyl radical production at
m/z 41 (CH2CHCH2

+) ando-benzyne production atm/z 76 (o-
C6H4

+) at the nozzle temperatures of 1200 and 1500 K,
respectively. The allyl radical ando-benzyne are detected at
m/z 41 (CH2CHCH2

+) andm/z 76 (o-C6H4
+), respectively. In

Figure 3A, the bottom trace (black) shows ions resulting from
ionization of allyl iodide via a room temperature nozzle. Peaks
at m/z 168 (C3H5I+) andm/z 41 (C3H5

+) arise from ionization
and ionization dissociation, respectively, of the precursor. The
top trace (red) shows the signal when allyl iodide is injected
via the hyperthermal nozzle at a nominal temperature of 1200
K. The precursor is completely decomposed and the C3H5I+

peak disappears, while peaks due to allyl radicals and iodine
atoms, CH2CHCH2

+ (m/z 41) and I+ (m/z 127), are present.
The two small peaks atm/z 54 and 67 arise from ionization
dissociation of 1,5-hexadiene, the recombination product of two
allyl radicals. In Figure 3B, the bottom trace (black) shows ions
resulting from ionization of benzoyl chloride via a room
temperature nozzle. Peaks atm/z 140 and 142 belong to the
precursor, C6H5COCl+, at natural chlorine abundance. The ion
C6H5CO+ atm/z105 arises from ionization dissociation of C6H5-
COCl. The feature atm/z 42 belongs to an added mass marker,
propene (C3H6

+). At a nominal temperature of 1500 K (top trace
in red), the precursor has largely decomposed to formo-benzyne,
shown atm/z 76 (o-C6H4

+). The persistent signal atm/z 105 is
attributed to ionization dissociation of the residual precursor
and not photoionization of C6H5CO radicals; there is evidence
for thermally enhanced ionization dissociation of the precursor.

Figure 2. Diagram of the hyperthermal nozzle, matrix deposition IR
system, and photoionization source.

Figure 3. Photoionization TOF mass spectra from hyperthermal nozzle
decomposition of (A) allyl iodide and (B) benzoyl chloride. Reference
spectra with the nozzle unheated (300 K) are also shown in the bottom
traces.
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Thermal cracking ofo-benzyne produces diacetylene and
acetylene;o-C6H4 + ∆ f HCtC-CtCH + HCtCH. Beside
the spurious noise signals, the peak atm/z 50 corresponds to
ionized diacetylene (HCtC-CtCH)+, while ionization of
acetylene (HCtCH) is not possible due to its high ionization
energy27 (IE ) 11.4 eV). The peak atm/z 122 is benzoic acid
(C6H5COOH)+, which is an impurity of the precursor generated
by the hydrolysis of benzoyl chloride. Small peaks atm/z 77
and 78 are attributed to phenyl radical (C6H5

+) and benzene
(C6H6

+), respectively, which may come from secondary reac-
tions of o-benzyne and/or thermal decomposition of benzoic
acid.

Our testing apparatus for the hyperthermal nozzle in Figure
2 is configured with a cold CsI window for vibrational
spectroscopy. In the matrix isolation IR spectrometry measure-
ment, the spectra are recorded with an MCT-A detector (4000-
600 cm-1, D* ) 5 × 1010 cm Hz1/2 W-1) in the IR spectrometer
(Nicolet Magna 550). Figure 4 is the IR spectrum of benzoyl
chloride (C6H5COCl) pyrolysis at 1600 K, which shows28 the
generation ofo-C6H4. Diacetylene (HCtC-CtCH) and acety-
lene (HCtCH), which arise from further thermal cracking of
o-C6H4, are also observed29 in the spectrum. Benzoic acid (C6H5-
COOH), an impurity of benzoyl chloride (C6H5COCl) generated
through hydrolysis, can be observed30 in the spectrum. Benzene
(C6H6), which may be produced from secondary reaction of
o-benzyne and/or from pyrolysis of benzoic acid (C6H5COOH),
is also detected.31,32 From the IR intensities ofo-benzyne,
acetylene, and benzene, we estimate the conversion efficiency
of C6H5COCl too-C6H4 is roughly 60( 10%. The IR spectrum
of the allyl radical (CH2CHCH2) generated from pyrolysis of
allyl iodide has been detected earlier.22,33 The conversion
efficiency of allyl iodide to allyl radical is estimated to be 90%
( 10%.

In the SIFT experiment, the hyperthermal radical source (SiC,
1 mm inner diameter and 2.5 cm long) is attached perpendicu-
larly to the SIFT flow tube near its upstream end (Figure 1 and
its inset). The nozzle tip is positioned 5 mm behind the inner
surface of the flow tube so that it does not disturb the buffer
gas flow while ensuring an efficient delivery and mixing of the
pulsed jet of radicals into the stream of helium.34,35 Figure 5
schematically shows the flow and reaction characteristics of ions
and radicals in the SIFT experiments when the radical pulse is
merged and mixed with the ion/He flow. Under the SIFT
experimental conditions, we estimate that approximately 3×
1013 CH2CHCH2 radicals oro-C6H4 diradicals are produced per
pulse based on the precursor conversion efficiencies of 90%
and 60%, respectively.22 These radicals, plus helium atoms, are
ejected from the nozzle for a total of (5-8) × 1016 particles
per pulse with a duration of roughly 1.3 ms.

Given the mass flow and duration of the pulsed gas, along
with the residence time (roughly 30µs) in the nozzle,22 the gas
pressure is estimated to be about 1× 103 Pa (or 10 Torr) inside
the heated SiC tube. Since the pressure difference between the
nozzle and flow tube (0.5 Torr) is low, the supersonic expansion
from the nozzle is fairly weak; the location of the Mach disc is
estimated to be 3-4 mm from the nozzle exit with a calculated
terminal Mach number of 6-7 (Figure 5).36 The Prandtl
relationship for shock recovery37 predicts the pressure to range
from about 1.3 to 80 Pa (or 1× 10-2 to 0.6 Torr) across the
Mach disc. The post-recovery pressure is only slightly higher
than the background pressure of helium, so that reexpansion of
the flow is also expected to be weak. Overall, the directional
flow of radicals is expected to persist no farther than 10 mm
from the nozzle exit. The weak expansion combined with the
close proximity of the nozzle to the main He stream ensures
that the radical pulse is rapidly mixed with the flow tube helium
and thermally equilibrated (approximately 300 K) before
radical-radical, as well as ion-radical, reactions initiate.

When a radical pulse with a duration of 1.3 ms is merged
and mixed with the continuous ion/He stream (flow velocity of
the buffer gas is roughly 95 m s-1), it generates a packet of
radical/ion mixture in He (Figure 5), where the ion-radical
reaction takes place as it flows toward the end of the reaction
tube. Each packet is [(1.3× 10-3 s) × (9500 cm/s)]= 12 cm
long and [(12 cm)× (π × (7.3/2)2 cm2] = 500 cm3 in volume.38

As the ion-radical packet moves along the flow tube, axial
diffusion of the radicals will expand the packet. However, we
have estimated35,39,40that diffusion of the radicals is small and

Figure 4. Matrix IR spectrum from thermal decomposition of benzoyl
chloride at a nominal temperature of 1600 K.o-benzyne along with
HCl and CO, the thermal decomposition products of benzoyl chloride,
are observed. Also present in the spectrum are diacetylene (HCtC-
CtCH) and acetylene (HCtCH), which are derived fromo-C6H4. A
small amount of benzoic acid (C6H5COOH) generated from hydrolysis
of benzoyl chloride (C6H5COCl) is detected in the spectrum. Benzene
that may arise from secondary reactions ofo-benzyne and/or thermal
decomposition of benzoic acid is also observed. The peak assignments28-32

(in cm-1) follow. The unknown bands (indicated with ?) may come
from impurities in the sample line or from the hot nozzle itself.o-C6H4

(b): 737, 849, 1041, 1054, 1392, 1448; C4H2 ([): 628, 3326; C2H2

(O): 737, 3298; C6H6 (0): 675, 1041, 1483, 1812, 1956, 3047, 3079,
3100; C6H5COOH (smiling face): 1067, 1088, 1171, 1349, 1753.
Unknown species (?): 943, 1240, 2664, 2815.

Figure 5. Schematic of the radical pulse mixing with the ion/He flow
to generate an ion/radical packet (or reaction zone).
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can be ignored. We estimate that the density of the allyl radical
or o-benzyne is roughly (3× 1013 radicals)/(500 cm3) = 6 ×
1010 radicals cm-3 in each packet. With a pulsed valve repetition
rate of 20 Hz, one packet is separated from the next one by
500 cm. Therefore, the duty cycle of the experiment is (1.3×
10-3 s) × (20 s-1) ) 0.026. An increase in the valve repetition
rate would not change the kinetic analysis, since it increases
the duty cycle41 of the experiment without changing the radical
density, and hence the reaction chemistry, in each packet. The
radical density can be changed by varying the precursor
concentration in the sample flask, which has been confirmed
experimentally. The He flow carries the packets 1 m down the
reaction flow tube to the detection quadrupole mass filter in 10
ms.

An estimate of signal intensities in ion-radical reactions can
be made as follows. For the reaction of H3O+ + CH2CHCH2

f products, the density of the allyl radicals isF(CH2CHCH2)
= 6 × 1010 radicals cm-3 after the radical/He gas pulse (1.3
ms duration) completely mixes with the ion/He flow. The ion
loss within the reaction zone follows pseudo-first-order kinetics
because the radical density is many orders of magnitude greater.
Suppose a duty cycle of 1, so that the radical flow is continuous.
Calling τ the ion/radical reaction time andI0(H3O+) the ion
intensity at the downstream end of the flow tube in the absence
of reactant neutrals, we assume the proton transfer to go at the
collision rate. Consequently, the bimolecular ion/radical rate
coefficient, kII(ion, radical), is 1.5× 10-9 cm3 s-1 and the
intensity of the H3O+ ions at the detection end I(H3O+) is given
by

The reaction time equals the gas transit time of 10 ms divided
by the factor of 1.6, because, on average, the ions travel 1.6
times faster than the buffer and neutral reactant gases due to
the hydrodynamics of the flow system.42 The equation is then
solved for (I/I0) ) exp[-(1.5× 10-9) (6 × 1010) (10 × 10-3)/
1.6] ) 0.57. This suggests that 43% of the H3O+ ions will be
converted to products. For the actual duty cycle41 of 0.026, the
expected conversion of H3O+ to products is then 1.1%. Though
direct measurements of H3O+ depletion are difficult, substantial
amounts of product ions are expected to be observed. If the
SIFT produces 10 000 H3O+ ions s-1, then the H3O+ depletion
) Σ(reaction products)= 0.011× 10 000. Consequently, we
anticipate about 110 counts s-1 of product ions, far exceeding
the instrumental detection limits. The biggest uncertainty in this
estimate is the density of the allyl radicals,F(CH2CHCH2).

Results and Discussion

Allyl Radical + H3O+. Figure 6 illustrates the products from
the reaction of H3O+ with allyl radicals produced at 1000 and
1100 K (eq 3). The bottom trace displays a reference spectrum
resulting from the reaction of SIFTed H3O+ and allyl iodide at
300 K. At room temperature, the high mass ion is the protonated
allyl iodide, [CH2dCH-CH2I, H]+ m/z 169, arising from
exothermic proton transfer: C3H5I + H3O+ f [C3H6I + ‚‚‚ H2O]
f C3H6I+ + H2O. The transient complex also undergoes
intracomplex elimination of hydrogen iodide to form C3H5

+-
(H2O) m/z 59: [C3H6I + ‚‚‚ H2O] f [C3H5

+ ‚‚‚ HI ‚‚‚ H2O] f
C3H5

+(H2O) + HI. Subsequently, C3H5
+(H2O) loses H2O to

yield C3H5
+ m/z 41. The peak atm/z 37 is H3O+(H2O) due to

clustering of the primary H3O+ ions with trace amounts of water
in the flow tube. Consideration of the kinetics finds that the
m/z 59 ion must derive directly from the transient complex;

clustering of the isolated CH2CHCH2
+ product ion with trace

water would produce am/z 59 signal smaller by orders of
magnitude.

At 1000 K (which is known from Figure 3 to produce the
allyl radical), the signal atm/z 42 (C3H6

+) is essentially the
sole product observed (=225 counts s-1) resulting from proto-
nation of the allyl radical (eq 3).1 In addition, there are still
traces ofm/z169 and 59 products due to the reaction of residual
precursor molecules. A small peak atm/z 83 is assigned to
protonated 1,5-hexadiene, [CH2dCH-CH2CH2CHdCH2, H]+,
where hexadiene is the product of allyl radical recombination.
Indeed, if we use a higher precursor concentration we observe
a substantial increase in the dimer (C6H11

+) signal relative to
the monomer C3H6

+ signal (nearly half of the C3H6
+ signal,

which also increased to more than 1000 counts s-1 at the
elevated concentration). At 1100 K, the precursor allyl iodide
is completely depleted, while unknown peaks are observed at
m/z 39, 41, and 133 due to species that are emitted from the
hot nozzle itself (see below).

The proton transfer reaction is 12 kcal mol-1 exothermic
based on the proton affinities (PAs) of the allyl radical (177.4
( 0.8 kcal mol-1) and water43 (165.1( 0.7 kcal mol-1). The
PA(CH2CHCH2) has been derived from the heat of formation
for propene,44 ∆fH298(CH3CHCH2) ) 4.8( 0.2 kcal mol-1 and
the adiabatic45 IE(CH3CHCH2) ) 9.73 ( 0.01 eV, giving
∆fH298(CH3CHCH2

+) ) 229.2( 0.3 kcal mol-1, which is then
combined with the heat of formation for the allyl radical,46

∆fH298(CH2CHCH2) ) 40.9( 0.7 kcal mol-1. The product ion
C3H6

+ is most likely [propene]+, which is about 7 kcal mol-1

more stable than [cyclopropane]+ (∆fH298) 236.8 kcal mol-1).27

The observed C3H6
+ signal of 225 counts s-1 at 1000 K is in

reasonable agreement with the above kinetic estimate. The
somewhat greater signal may be due to a higher conversion
efficiency of CH2dCH-CH2I f CH2CHCH2 and/or higher
detection sensitivity of C3H6

+. The agreement suggests that the
proton transfer reaction occurs at nearly every collision (k3

II )
1.49× 10-9 cm3 s-1) and that radical density and ion reaction
kinetics have been reasonably well characterized.

Allyl Radical + HO-. When HO- encounters allyl radicals
generated from the nozzle at 1000 K, the deprotonated allyl
radical, C3H4

- m/z40, was not observed within detection limits
(Figure 7). Instead, a minor peak was observed atm/z 81;
dimerization of allyl radicals to produce 1,5-hexadiene, followed
by deprotonation, will lead to CH2dCH-CHCH2-CHdCH2

-

Figure 6. SIFT mass spectrum for the reaction of H3O+ with allyl
radicals produced at 1000 and 1100 K (top 2 traces). The signal atm/z
42 (C3H6

+) results from protonation of the allyl radical, CH2CHCH2

+ H+. The bottom trace is a reference spectrum showing ions resulting
from the reaction of H3O+ and the precursor, allyl iodide.

I(H3O
+) )

I0(H3O
+) exp[-kII(ion, radical)F(CH2CHCH2) τ] (12)
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m/z 81. In the 300 K spectrum, them/z 167 peak is due to HO-

deprotonation of allyl iodide [∆acidH298(H2O) ) 390.3 kcal mol-1

and∆acidH298(allyl iodide)) 370.7 kcal mol-1]27 to yield CH2d
CH-CHI-. Them/z 127 peak arises from nucleophilic substitu-
tion (SN2) reactions of HO- at the allylic carbon of the precursor
to produce I- and CH2dCH-CH2OH. In both spectra,m/z 35
is HO-(H2O) resulting from HO- clustering with trace amounts
of water in the flow tube.

If the reaction is assumed to proceed solely via proton
abstraction and at the collision rate47 (kcoll ) 1.54× 10-9 cm3

s-1), the estimated intensity48 for the C3H4
- (m/z 40) signal is

90 counts s-1 at 1000 K. The noise level observed atm/z 40 in
Figure 7 corresponds to an upper limit of 2% efficiency for the
deprotonation reaction. Although the∆acidH298(CH2CHCH2) is
unknown, we conclude that the reaction CH2CHCH2 + HO-

f C3H4
- + H2O does not occur.

Since no product ions are observed, one might conclude that
CH2CHCH2 and HO- simply do not react. However, an
alternative explanation is that the allyl radical and hydroxide
ion are associatively or reactively detaching.

Associative detachment to produce allyl alcohol (37 kcal
mol-1 exothermic, eq 13a), or reactive detachment to yield allene
and water (20 kcal mol-1 exothermic, eq 13b) is consistent with
our observations. These processes are analogous to the reactions
of negative ions withatomic radicals2,19,49 and hence are
expected to be very efficient.

Thermal dissociation of CH2dCHCH2I will produce the same
amounts of allyl radicals and iodine atoms. It is intriguing to
ask why iodide anions are not observed despite the exothermicity
of the charge transfer reaction50 between I and HO- [EA(I) )
3.059 eV andEA(HO) ) 1.828 eV]. The collision rate47 for I
+ HO- is also calculated to be fairly large (kcol ) 1.31× 10-9

cm3 s-1). This could be explained by considering the state-
specific charge transfer cross sections for I+ HO-(V′ ) 0) f
I- + HO(V). In analogous exothermic charge transfer51 of
N2

+(V′) + Kr f N2(V) + Kr+(2PJ), the reaction is efficient only
when (i) the reaction is near energy resonant such that the energy
gap is small (|∆E| < 100 meV) and (ii) the associated Franck-
Condon factor is large. From the very similar internuclear

distances for HO (0.9697 Å)52 and HO- (0.9643 Å),53 formation
of HO(V ) 0) is expected to have a large Franck-Condon
overlap, whereas it is too highly exothermic by 1.231 eV. On
the other hand, reactions that form HO(V ) 2) and HO(V ) 3)
are more energy resonant (∆E ) -367 and +33 meV,
respectively) but the Franck-Condon overlaps would be small.
We compute the Franck-Condon factors for the HO-(V′ ) 0)
f HO(V) transitions using the spectroscopic constants52,53 and
the procedure of Nicholls.54 The values we find are 0.9988
(V ) 0), 1.09× 10-3 (V ) 1), 8.05× 10-5 (V ) 2), and 2.99
× 10-6 (V ) 3), substantiating the absence of I- product.

o-Benzyne+ H3O+. Figure 8 shows the reaction of H3O+

ions witho-benzyne produced at 1300 and 1400 K. The bottom
trace is a reference spectrum resulting from reaction of SIFTed
H3O+ and benzoyl chloride at 300 K. At room temperature, the
high mass ion is the protonated benzoyl chloride, [C6H5COCl,
H]+ m/z 141, 143 at natural chlorine abundance: C6H5COCl +
H3O+ f [C6H5COClH+ ‚‚‚ H2O] f C6H5COClH+ + H2O.
Fragmentation of the parent ion affords the acyl cation, C6H5-
CO+ m/z 105, and HCl.

At 1300 K, which is known to produceo-benzyne, the major
product is observed atm/z 77 (C6H5

+) which is derived from
protonation ofo-benzyne,o-C6H4 + H+ (eq 5). There are still
traces of the protonated precursor C6H5COClH+ m/z 141, 143
and its fragmentation product C6H5CO+ m/z 105. Thermal
fragmentation of benzoyl chloride produceso-benzyne, a small
amount of which further fragments:o-C6H4 + ∆ f HCtCH
and HCtC-CtCH. Acetylene27 (PA) 153.3 kcal mol-1) will
not proton transfer with H3O+ but diacetylene27 will ( PA )
176.2 kcal mol-1), giving the ion [HCtC-CtCH, H+] at m/z
51. The ion atm/z 79 is likely protonated benzene, [C6H6, H]+;
there is PIMS and matrix IR evidence for production of benzene
(C6H6

+ m/z 78) at high temperatures (Figures 3 and 4). One
might considerm/z77 and 79 to be a chlorinated species, C3H6-
Cl+, but the PIMS spectrum (Figure 3) and the matrix IR
spectrum (Figure 4) do not indicate the presence of C3H5Cl
radicals from the thermal dissociation of benzoyl chloride. The
peaks atm/z39 and 41 belong to unknown species arising from
the hot nozzle itself. At 1400 K, the precursor benzoyl chloride
is completely depleted, while unknown peaks are observed at
m/z 39, 41, and 133. These peaks are still present when the
pulsed valve is closed, confirming that they are due to species
emitted from the hot SiC nozzle.

The C6H5
+ product is likely to be the phenyl cation resulting

from addition of a proton to the triple bond ofo-benzyne.

Figure 7. SIFT mass spectrum for the reaction of HO- with allyl
radicals produced at 1000 K (top trace). No trace of the deprotonated
allyl radical, C3H4

- m/z40, is observed. The bottom trace is a reference
spectrum showing ions resulting from reaction of HO- and the
precursor, allyl iodide.

CH2CHCH2 + HO- f CH2dCH-CH2OH + e (13a)

f CH2dCdCH2 + H2O + e (13b)

Figure 8. SIFT mass spectrum for the reaction of H3O+ with o-benzyne
produced at 1300 and 1400 K (top 2 traces). The signal atm/z 77
(C6H5

+) results from protonation ofo-benzyne, [o-C6H4, H+]. The
bottom trace is a reference spectrum showing ions resulting from the
reaction of H3O+ and the precursor, benzoyl chloride.
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However, the assignment awaits direct measurement of the
proton affinity foro-benzyne. The reported43,55 PA(o-C6H4) of
201 kcal mol-1 is derived from an ion cycle including the heats
of formation for o-C6H4 and C6H5

+, where∆fH298(C6H5
+) is

apparently determined55 from the heat of formation56,57and the
adiabaticIE(C6H5)58 for the phenyl radical. The SIFT hyper-
thermal nozzle apparatus is capable of generatingo-benzyne
diradicals and their protonated species, which allows for direct
study of theo-benzyne proton affinity to examine this hypoth-
esis. Reactivity and CID studies of the C6H5

+ species would
also be enlightening.

The observed C6H5
+ signal is approximately 140 counts s-1

at 1300 K. This is in fair agreement with the 160 counts s-1

estimated with the assumption of an encounter controlled proton
transfer rate47 (kcol ) 2.59× 10-9 cm3 s-1). The small deficit
is likely due to loss of the benzoyl chloride precursor by
adsorption in the transfer line; frequent passivation of the inlet
system was necessary to maintain the stable C6H5

+ signal. The
lower conversion and higher fragmentation upon pyrolysis, and
mass discrimination againstm/z 77 in the detection mass filter,
may also contribute to the reduced signal. It is thus reasonably
concluded that exothermic proton transfer ofo-benzyne with
H3O+ proceeds at nearly every collision.

o-Benzyne+ HO-. Figure 9 displays the SIFT mass spectra
for the reaction of HO- with o-benzyne produced at 1300 and
1400 K. The bottom trace is the reference spectrum resulting
from reaction of SIFTed HO- and the precursor, benzoyl
chloride, at 300 K. At room temperature, the high mass ion is
the deprotonated benzoyl chloride, C6H4COCl- m/z 139, 141
at natural chlorine abundance: C6H5COCl+ HO- f C6H4COCl-

+ H2O. The large signal59 of Cl- (m/z 35, 37) results from
nucleophilic substitution by HO-: C6H5COCl + HO- f
[C6H5C(O)OH ‚‚‚ Cl-] f C6H5COOH + Cl-. Chloride ions
are derived directly from the complex since HCl (∆acidH298 )
333.4 kcal mol-1) is more acidic than benzoic acid (340.1 kcal
mol-1).27

At 1300 and 1400 K, the most important new signal is
observed atm/z 75 (C6H3

-, =15 counts s-1), which is assigned
to the product from deprotonation ofo-benzyne, [o-C6H4 - H+]
(eq 6). Benzoyl chloride is nearly depleted at 1400 K. Chloride
ions atm/z 35 and 37 must be derived from the deprotonation
reaction of HO- (eq 6) with a pyrolysis product HCl. Peaks at
m/z 25 and 49 are deprotonated acetylene, HCtC-, and
diacetylene, HCtC-CtC-, respectively. Acetylene27 (∆acidH298

) 379.0 kcal mol-1) and diacetylene27 (360.3 kcal mol-1) are
thermal cracking products ofo-C6H4.

Figure 10 shows the possibilities for reaction of HO- with
o-C6H4. A hydroxide ion can deprotonate benzyne to generate
the C6H3

- anion, or it can add to the hydrocarbon ring forming
the activated complex, C6H4OH-.

Deprotonation ofo-benzyne is exothermic since the gas phase
basicity27 of hydroxide (∆acidG298 ) 383.7( 0.3 kcal mol-1)
exceeds the reported acidity ofo-benzyne27,60 (372 ( 5 kcal
mol-1) by more than 10 kcal mol-1. More recent experiments
and extensive calculations suggest that the reported value for
the gas phase acidity is an overestimation; a better estimate for
∆acidG298(o-C6H4) is about 366 kcal mol-1 (∆acidH298 = 374 kcal
mol-1).61 Abstraction of a protonR to the triple bond must
occur; the â proton is predicted61 by electronic structure
calculations (MP4(SDQ)/6-31+G*//MP2/6-31+G*) to be sig-
nificantly less acidic by about 13 kcal mol-1. We estimate that
the proton abstraction channel to form theR-C6H3

- is exother-
mic by 16 kcal mol-1; see Figure 10.

The C6H3
- signal at 1400 K is only 15 counts s-1 as

compared to 115 counts s-1 expected from a collisional reaction
rate47 (kcol ) 2.71× 10-9 cm3 s-1) and a scaling factor.62 The
low intensity of the C6H3

- signal is also evident from the large
signals observed for Cl- ions (m/z 35, 37). Stoichiometrically,
the same amounts ofo-benzyne and hydrogen chloride are
formed from pyrolysis of the precursor, and the collision rate
for HO- + o-C6H4 is even greater than the rate47 for HO- +
HCl (kcol ) 1.96 × 10-9 cm3 s-1). This suggests that the
o-benzyne deprotonation is slower than the collision rate by
nearly an order of magnitude (k6

II = 10-10 cm3 s-1).
A slow deprotonation is an unexpected result because

exothermic proton abstraction is usually a barrierless process
that takes place at every collision.2 The only exception to this
rule is thermoneutral, identity proton transfer between carbon
acids and their conjugate bases, for which the transition state
energies can be similar to or higher than the energies of the
reactant pairs.63,64It might be possible that the proton abstraction
is rendered inefficient by the existence of a double well
potential65,66 or a dynamic barrier.67 These effects are known
to be minor.

Instead of reacting by proton abstraction, eq 6, the HO- ion
might rapidly add too-benzyne and form a highly activated

Figure 9. SIFT mass spectrum for the reaction of HO- with o-benzyne
produced at 1300 and 1400 K (top 2 traces). The signal atm/z 75
(C6H3

-) results from deprotonation ofo-benzyne. The bottom trace is
a reference spectrum showing ions resulting from the reaction of HO-

and the precursor, benzoyl chloride.

Figure 10. Energetics for the reaction of HO- with o-benzyne to form
ionic or associative detachment products.
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complex, (C6H4OH-)*. Such an adduct is likely to autodetach:
(C6H4OH-)* f C6H4OH + e. Consequently, no negative ions
would be formed and only thermal electrons would be observed.
Associative detachment might explain the low signal levels
observed for C6H3

-.
Consider the energetics of associative detachment (Figure 10).

Addition of the HO- ion to the triple bond to form the
o-hydroxyphenyl anion is very exothermic (57 kcal mol-1). The
heat of formation55,68,69 and singlet-triplet splitting70 for o-
benzyne are 105 kcal mol-1 and 37.5 ( 0.3 kcal mol-1,
respectively. A hydroxyl radical adds to the tripleto-benzyne
to form theo-hyroxyphenyl radical (o-C6H4OH•). The heat of
addition is taken as the C6H5-OH bond dissociation energy
for phenol [DH298(C6H5-OH) ) 112 kcal mol-1]46 leading to
∆fH298(o-C6H4OH•) = 40 kcal mol-1. ApproximatingEA(o-
C6H4OH•) asEA(C6H5) ) 25.3( 0.1 kcal mol-1 (1.096( 0.006
eV)71, we estimate the heat of formation for theo-hydroxyphenyl
anion to be about 15 kcal mol-1 and thus∆rxnH298(o-C6H4 +
HO- f o-C6H4OH-) = -57 kcal mol-1 (2.5 eV). If the binding
energy of the electron is 1.1 eV, the reaction exothermicity
generates an activated ion, [o-C6H4OH-]*, with energy (2.5 eV)
far in excess ofEA(o-C6H4OH•). Rapid electron detachment is
expected to ensue. If theo-hydroxy phenyl anion further
isomerizes to form a phenoxide ion (∆fH298 ) -38.3 kcal
mol-1),27 the reaction exothermicity (110 kcal mol-1, =4.8 eV)
exceeds the electron binding energy (2.253( 0.006 eV)71 even
more significantly (Figure 10).

Trapping and detection of thermal electrons in the flow tube
with electron scavengers such as SF6 could confirm the
assignments for the detachment reactions of HO- ions with the
allyl radical ando-benzyne diradical. If associative detachment
of hydroxide byo-benzyne can be demonstrated, it would be a
novel reaction channel for HO- ions2 that is facilitated by the
high energy content in the reactanto-benzyne. Alkynes, such
as acetylene, are simply deprotonated by hydroxide: HCtCH
+ HO- f HCtC- + H2O.

Conclusion

These initial investigations have demonstrated that a flowing
afterglow/SIFT device with a supersonic, hyperthermal nozzle
can be used for experimental investigations of ions with
polyatomic organic radicals and diradicals. A practical conse-
quence of this development is that one can undertake laboratory
studies of the ion chemistry that produces a large number of
interstellar organic radicals and diradicals. The observation that
negative ions reacting with organic radicals may have competing
proton transfer vs associative detachment channels is an
unexpected fundamental result.
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