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a b s t r a c t

A method for the study of reactions of open-shell neutrals (radicals) and radical cations is described.
Pyrolysis (25–1500 ◦C) of thermally labile compounds, such as, 1,5-hexadiene via a Chen nozzle yields a
seeded beam of reactive species in helium. The pyrolysis products are then analyzed by electron ionization
(EI) or reacted with stored ions. Electron ionization of the pyrolysis products of 1,5-hexadiene shows that
both the allyl radical and allene are generated. Reactions of benzene radical cations and the pyrolysis
eywords:
adical–radical cation reaction
llyl radical
romatic radical cation
hen nozzle
ourier transform ion cyclotron resonance
ass spectrometry

products of 1,5-hexadiene result in carbon–carbon bond formation. Those reactions of allyl radical with
the benzene radical cation yield the C7H7

+ ion of m/z 91, permitting an unusual entry into arenium ions.
The reaction of allene with benzene radical cation in contrast yields C9H10

+ and C9H9
+.

© 2008 Elsevier B.V. All rights reserved.
eaction mechanism

. Introduction

Free radicals are important chemical intermediates [1–3] and
re linked to biological damage in spongiform encephalopathies,
lzheimer’s disease, heart disease, and carcinogenesis [1,4,5].
lthough many elegant approaches are available to generate and
tudy radicals, thermal decomposition coupled with MS is time-
onored [6–9]. The coupling of a pyrolysis nozzle [10] with Fourier
ransform mass spectrometry (FTICR or FTMS) affords a new oppor-
unity to study the reactions of radicals and radical ions.

The ability to study reactions of gas-phase ions with radicals
nd other reactive species has applications in basic ion chemistry
nd extensions into free-radical damage to biomolecules. Further-
ore, there may be opportunities for conducting the reactions in

olution by using, for example, electrochemical oxidation and/or
asers to generate the reactive species. These prospects provide
ne motivation for our development [11]. Early mass spectromet-

ic approaches to studying radicals employed low-energy electrons,
aking advantage of the ability to ionize preferentially R•, given its
elatively low ionization energy relative to the appearance energy
f R+ formed as a fragment from a stable neutral molecule [12].

∗ Corresponding author at: Department of Chemistry, Washington University, One
rookings Drive, Box 1134, St. Louis, MO 63130, United States. Tel.: +1 314 935 4814;

ax: +1 314 935 7484.
E-mail address: mgross@wustl.edu (M.L. Gross).

387-3806/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2008.11.002
More recently, reports show the use of mass spectrometry (MS) for
the study of gas-phase radicals and their reactions. Most are stud-
ies of stable atomic radicals reacting with ions. There is, however,
a growing body of results on the reactions of polyatomic radicals
with ions and neutrals. Approaches to studying polyatomic radi-
cal chemistry vary from the use of free radicals directly to that of
distonic ions, in which the charge and the radical sites are sepa-
rated [13,14]. The latter species allow for the study of a radical by
mass spectrometry, taking advantage of the presence of the charge
site. Other approaches react ions with free radicals generated by
flash photolysis [15,16], corona discharges [17], or flash pyrolysis
[18]. Hydroxyl radicals generated in a corona discharge can react
with electrosprayed ions to study the structure of proteins [17].
Ions are often mass-selected to react with radicals generated by
flash photolysis [15,16], or pyrolysis [18]. The only example of the
direct study of ion–radical reactions is that reported by Kato et al.
[18] and involved the use of a hyperthermal nozzle to generate and
introduce radicals into a flowing afterglow selected ion flow tube
(FA-SIFT).

Here we report an approach whereby gas-phase free radicals
are prepared by pyrolysis of suitable precursors (compounds pos-
sessing a weak bond) and seeded in a supersonic beam of inert

carrier gas (He) [10,19]. This radical source coupled with an FT mass
spectrometer affords a means for forming and detecting free radi-
cals and examining their reactions with gas-phase ions. The most
notable advantages of this pairing are the high sensitivity and the
experimental versatility of ICR [20–25].

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:mgross@wustl.edu
dx.doi.org/10.1016/j.ijms.2008.11.002
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3.1. Generation of radicals

Certain thermally labile compounds make suitable precursors
for the generation of radicals. Common examples include diacyl
A.L. Russell et al. / International Jour

We are pleased to contribute this paper on ion chemistry to the
pecial issue for Charles L. Wilkins. Professor Wilkins and the senior
uthor began working together in 1969, and together we published
number of papers in ion chemistry and on the development of

nalytical FT ICR MS. Appropriately, our first joint paper had also
on chemistry as its subject [26].

. Experimental

.1. Instrumentation

The FT-ICR mass spectrometer was custom-built for analytical
ethod development [27] and consisted of a 1.2-tesla Varian elec-

romagnet, a 4.76-cm cell, and either a Nicolet 2000 (Madison,
I) or a MIDAS (Modular ICR Data Acquisition System, National

igh Magnetic Field Lab, Florida State University) data system. The
IDAS system consisted of a FT-ICR cell controller, an electron-gun

ontroller, and a PC running MIDAS software, version 3.18. The FT-
CR cell controller contained 8 DACS and 16 TTL switches and was
uilt in the Florida State University electronic shop.

The cell detector plates were 67% transmitting stainless steel
esh. The vacuum system consisted of a custom chamber pumped

y a Balzers 500 L/s turbo molecular pump backed by a two-stage
oughing pump. The chamber was equipped with a Series 9 pulsed
alve (General Valve, now Parker Pneutronics and General Valve/T
quared, Cleveland, OH), used for introduction of benzene, and
gas-inlet system. The pyrolysis nozzle, employed a 1 mm I.D.,

.5 mm wall thickness SiC tube (Hexoloy SA, Niagara Falls, NY). The
iC and the Al2O3 tubes were nested and cemented with ceramic
dhesive (903HP, Cotronics, Brooklyn, NY) into the mini-Conflat
ange. Electrical contact was provided by graphite disks (AXF-FQ
oco Graphite, Decatur, TX) and 0.127-mm tantalum-foil clips (Alfa
esar, Ward Hill, MA). The tube can be heated resistively to ∼1850 K.
he temperature of the nozzle was measured by a three-color opti-
al pyrometer focused through a window onto the exit end of the
yrolysis nozzle.

All chemicals were purchased from Sigma–Aldrich (St. Louis,
O) and degassed before use. Typical concentrations of the radical

recursor (1,5-hexadiene) were 80–300 ppm in helium with a final
acking pressure of ∼900 torr. Concentrations of 80–150 ppm 1,5-
exadiene were also used for experiments in which the pulsed gas
as directly electron ionized, whereas higher concentrations were
ecessary for the studies of reactions of stored ions and products of
he pyrolysis of 1,5-hexadiene.

.2. Theoretical calculations

Proposed reaction mechanisms with consequent structures of
ntermediates and the heats of formation/reaction were evaluated
nd calculated by molecular modeling of the precursor ions, pro-
osed intermediates, and products. The initial survey calculations
ere performed by using the PM3 [28,29] semi-empirical algo-

ithm (Spartan’02 for Linux, Wavefunction, Inc.). Further survey
nd second-stage calculations employed density functional theory
DFT), which requires less computational overhead than formal ab
nitio methods and yet incorporates dynamic correlation, has little
pin contamination [30–33] and usually performs adequately giv-
ng proper geometries, energies, and frequencies. DFT is part of the
aussian suites of programs, v98 [34] or v03 [35] (Gaussian, Inc.).

Minima and transition states were optimized to DFT level,

3LYP/6-31G(d,p), confirmed by vibrational frequency analysis.
onnections of transition states were confirmed by path calcula-
ions or by projection of the normal variable associated with the
maginary frequency. Single-point energy calculations were per-
ormed at level B3LYP/6-311 + G(2d,p)//B3LYP/6-31G(d,p) to which
Scheme 1. Electron ionization products of 1,5-hexadiene when pulsed through the
pyrolysis nozzle at room temperature (A) and at higher temperatures (B and C).

scaled zero-point and thermal-energy corrections for standard
temperature and pressure were applied [36]. Minima and tran-
sition states on core mechanistically relevant pathways were
then calculated by the Gaussian-3 method, G3B3 [37] using the
B3LYP/6-31G(d,p) geometries. The calculated energies are reported
as relative enthalpies in kcal/mol against the initial condensation
adduct. It must be noted that these calculations yield information
about the potential-energy surface, but ultimately fragmentation
patterns are determined by kinetic processes.

3. Results and discussion
Fig. 1. Thermolysis products of 1,5-hexadiene with increasing temperature of the
nozzle: (A) 22 eV and (B) 15 eV. m/z 39 ion: solid squares; m/z 40 ion: solid circles;
m/z 41 ion: solid triangles.
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Scheme 2. Reactions of benzene radical cation with allyl radic

eroxides and azo compounds. The compound, 1,5-hexadiene, rep-
esents another class; it decomposes into two identical allyl radicals
t sufficiently high temperatures, making it a good precursor for the
eactant.

The products of electron ionization (EI) of 1,5-hexadiene intro-
uced through the pyrolysis nozzle (Scheme 1) included the allyl
adical, as monitored by recording mass spectra as a function
f nozzle temperature (Fig. 1). Given that the molecular ion of
,5-hexadiene was too low in abundance to monitor the neutral
ompound, we chose instead the m/z 67 ion formed by methyl loss.
xperiments carried out at room temperature (no pyrolysis) show
he formation of an ion of m/z 67, which was formed directly from
he 1,5-hexadiene by low-energy EI (15–22 eV). As the temperature
f the pyrolysis chamber was increased, the relative amounts of m/z
9, 40 and 41 ions increased. We attribute the m/z 41 ion to be ion-

zed allyl radical, signaling its production in the pyrolysis. The m/z
0 ion is either a fragment of the m/z 41 ion or, more likely, ionized
llene, formed in the pyrolysis, or both. The m/z 39 ion is a fragment
probably cyclopropenyl) from either the m/z 41 ion (loss of H2) or
onized allene. Ionization by low-energy electrons (15 or 22 eV) was
ollowed by standard detection by FTMS.

At a temperature >800 ◦C, allyl radical production began, as seen
y the rise in the signal of m/z 41 ion. At higher temperatures
>850 ◦C), ions of m/z 40 appeared, suggesting a second process to

ake neutral allene or its isomer. Heating the nozzle resulted in a
oss of ∼90% of the absolute signal relative to when the nozzle is
ot heated. This change is attributed to a decrease in the time the
alve is open and a change in flow dynamics when the nozzle is hot.

Closed-shell R+ ions can be formed by both dissociative ioniza-
ion of the unreacted precursor in the neutral beam and ionization
f the free radical. Low-energy electron ionization avoided, or at

east reduced significantly, the former process, although fragmen-
ation channels can remain open at low ionizing energy if the
ppearance energies are sufficiently low. For example, both ions
f m/z 82 ion [IE(1,5-hexadience) = 9.29 eV] and its fragment ion of
/z 67 (AE = 9.35 eV) [38] are produced at low energy, either 15 or

2 eV (set as the voltage on the filament).
The difference in ionization energies between allyl radical and

llene is 1.5 eV allowing for the possible discrimination against
llene at low ionization energies. Fig. 1 shows the result of vary-
ng the ionization energy from 22 to 15 eV (although we could

se lower ionization energies, the signal-to-noise ratios were suf-
ciently low to compromise solid conclusion. It should be noted

hat ions of m/z 39 can be formed from the ionization of both allyl
adical and allene, the AE of ions of m/z 39 from allyl radical is
.45 eV whereas that from allene is 11.47 eV [38]. In addition, pyrol-
or allene (B). Reaction of allyl cation with neutral benzene (C).

ysis of 1,5-hexadiene requires 58.5 kcal/mol whereas pyrolysis to
allene + H2 requires 13.8 kcal/mol additional energy [38]. Thus, dif-
ferential formation of allyl radical relative to formation of allene
should be favored by temperatures nearer the threshold for pyroly-
sis (∼800 ◦C) as observed (Fig. 1). In addition, the production of m/z
39 tracks more closely the production of m/z 41 rather than m/z 40
which suggests that it is derived from m/z 41 by H2 elimination.

In an attempt to eliminate the presence of the ion of m/z 40 (pre-
sumably from the production of allene in the pyrolysis), two other
allyl radical precursors were tried, allyl iodide and allyl bromide.
Ions of m/z 40, however, were observed from both precursors. Allyl
iodide was shown to be a “clean” source of allyl radical with ∼90%
yield in similar experiments [18]. We observed with our setup, how-
ever, significant formation of ions of m/z 40 upon ionization of the
pyrolysis products of allyl iodide.

3.2. Reactions of radicals and radical cations

To test the feasibility of carrying out reactions of stored ions and
the radicals formed by pyrolysis, we chose the reaction of benzene
radical cation with allyl radical (Scheme 2). To reduce ambiguities
associated with potential reactions with neutral benzene, we car-
ried out a dual-pulse experiment. In the first pulse, benzene vapor
was introduced and ionized by a pulsed electron beam. The molec-
ular radical cation of m/z 78 was isolated and stored in the ICR trap.
A time delay allowed neutral benzene to be pumped away from the
ICR trap before introduction of the beam of allyl radicals. This delay
reduces significantly the possibility of any reactions between the
neutral benzene (or any other neutral precursor of a reagent ion)
and any ionized species that are produced by charge exchange. We
then pulsed the 1,5-hexadiene mixture through the pyrolysis noz-
zle and into the trap and allowed the products to react with the
stored benzene radical cations. Note that the electron beam was off
at this time, so there was no electron-ionization of the allyl radi-
cal or allene if present. A delay of 10 s followed the radical pulse so
that the helium could be pumped away and any ion–radical reac-
tions could occur. Mass analysis of products followed the reaction
delay. For the reaction of allyl cation with benzene, the order of
introduction in the dual-pulse experiment was inverted.

Scheme 2 shows possible reactions of the benzene radical cation
with either the allyl radical or allene, as well as the reaction of

allyl cation with neutral benzene. The dual-pulse experiment was
designed to eliminate ambiguities arising from this third possible
reaction (Scheme 2C).

The results (Fig. 2A) of the reaction of benzene radical cation
with 1,5-hexadiene when no heating was applied to the nozzle



A.L. Russell et al. / International Journal of Mass Spectrometry 287 (2009) 8–15 11

F adiene
n l radic

s
e
i
1

(
o
o
m
b

ig. 2. Dual-pulse ion-neutral reaction between benzene radical cation and 1,5-hex
eutral benzene (C). Reaction of d6-benzene radical cation and allyl radical (D). Ally

how that the stored benzene radical cation underwent charge
xchange (charge transfer) with the neutral 1,5-hexadiene result-
ng in m/z 82 and 67 ions. Heating the nozzle to a temperature of
000 ◦C led to the formation of ions of m/z 91, 117, and 118 (Fig. 2B).

To study the reaction of the allyl cation and neutral benzene

Fig. 2C), we generated the allyl cation by EI of allyl bromide. Ions
f m/z 39, 79, 81 and 131 originate from allyl bromide and can be
bserved in the absence of benzene. Not only was a stable ion of
/z 119 produced but also ions of m/z 91, 115 and 117 when neutral

enzene was present.
(A), or allyl radical (B). Reaction of allyl cation (generated from allyl-bromide) with
al was generated by pyrolysis of 1,5-hexadiene.

Comparison of the spectra in Fig. 2B and C shows two ions were
formed: those of m/z 91 and 117 for the reaction of benzene radical
cation with allyl radical and the reaction of allyl cation with neutral
benzene. The simple adduct of the benzene radical cation and allyl
radical would be an ion of m/z 119 (C9H11

+); however, under our

experimental conditions, this adduct is not seen and must not be
stable. The formation of the m/z 91 ion is explained for both reac-
tions by a loss of C2H4 from the initially formed adducts. The m/z
118 ion was not produced in the reaction of the allyl cation and
neutral benzene. It is also an unlikely product in the reaction of the
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cheme 3. Mechanism for the loss of ethylene from C9H11
+ (m/z 119). Relative ent

tate, IDC = ion–dipole complex). Sites and fates from d6 labeling are shown in red.

llyl radical and the benzene radical cation, most likely formed via
n arenium ion; its production needs further investigation.
The results of the reaction of d6-benzene radical cation with 1,5-
exadiene (Fig. 2D) are ions of m/z 124, 123, 122 and 96. Comparison
f the spectra in Fig. 2B and 2D shows that the m/z 118 ion shifted
o m/z 124, a shift of 6 u, owing to the six deuteria on the benzene

ig. 3. Reaction of benzene radical cation with pyrolysis products of 1,5-hexadiene
s a function of temperature.
s �2Hf , �2Hrxn, �2H‡ in kcal/mol, were calculated by G3B3 theory (TS = transition

ring. The ion of m/z 91, however, shifted only by 5 mass units. The
initial adduct formed in the allyl radical/d6-benzene radical cation
reaction would be an ion of m/z 125, indicating that the ethylene
expelled to form an ion of m/z 96 contained one of the deuteria of
the benzene radical cation.

3.3. DFT calculations and mechanism

Scheme 3 shows a proposed mechanism for the loss of ethy-
lene from the reactions of allyl radical with benzene radical cation
and allyl cation with neutral benzene as based on DFT calculations.
The proposed mechanism is consistent with the results from d6-
benzene labeling. The enthalpies of formation of benzene radical
cation and allyl radical are calculated to be 26.8 kcal/mol greater
than for formation of benzene and allyl cation, which compares
favorably with 26.4 kcal/mol from empirical reference data [38].
Likewise the enthalpies of formation of benzyl cation and ethylene
are calculated to be18.3 kcal/mol less than that of benzene and allyl
cation, a figure identical to reference data [38]. Both set of reactants
possess sufficient energy in their enthalpies of formation to drive
the reaction to afford loss of ethylene.

The m/z 119 adduct from the reaction of an allyl radical and the
benzene radical cation gains access to the energy surface in a novel
and different, more highly energetic way than via the traditional
reaction of a carbocation with a neutral aromatic molecule to give
a Wheland intermediate [39,40].

Common losses from conventionally prepared C9H11
+ species

are of H2, CH4, C2H4, C3H4 and C6H6 with the ethylene loss domi-
nating; it accounts for 90–95% of the metastable-ion fragmentation
from monosubsituted benzene C9H11

+ ions. Once the hydrogen
(deuterium) shifts from the benzene ring to the side chain, all of
the side-chain hydrogen atoms become ultimately equivalent in the
eliminated ethylene. Classic mass spectrometric studies by Uccella
and Williams [41] showed that all of the possible monosubstituted
benzene structures for C9H11

+ can and do interconvert at rates

faster than decomposition when the ions have sufficient internal
energy to fragment. Both carbon-13 and deuterium labeling of the
side chain show equivalence of the side chain hydrogen and car-
bon atoms. As shown in Fig. 2C, we observe loss of H2, 2× H2 and
C2H4 from the C9H11

+ species formed in the reaction of benzene
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ig. 4. Reaction of allene with the benzene radical cation gives m/z 118 and 117 ions.

nd allyl cation; however, for the more energetic preparation of
9H11

+ by the reaction of the benzene radical cation and allyl rad-
cal, only loss of C2H4 occurs (Fig. 2B) (the m/z 118 and 117 ions

ere later shown to have another origin). Note that the pathway
or the C9H11

+ species to lose ethylene, as represented in Scheme 3,
nvolves only a facile proton transfer via transition state TS2–3 and
wo facile hydride transfers via transition states TS1–2 and TS3–I,
eading to spontaneous, homolytic CC bond cleavage and ethylene
oss. Such a series of steps can by significantly promoted by addi-
ional internal energy of the initial C9H11

+ precursor (for further
etails of the immediate potential surface, see the Scheme in the
upplementary Data).

We monitored the products of the reaction of allyl radical and
enzene radical cation by recording mass spectra as a function of
ozzle temperature (Fig. 3). Experiments carried out at room tem-

erature showed the formation of ions of m/z 67 and 82. Heating
he nozzle to a temperature of 800 ◦C afforded an ion of m/z 91;
dditional heating gave rise to the ions of m/z 117 and 118. The for-
ation of an ion of m/z 91 tracks well with that of the m/z 41 ion

Fig. 1), whereas the formation of m/z 117 and 118 ions tracks with

ig. 5. Reaction of furan with 1,5-hexadiene (A) and allyl radical (B). For (A), the
ozzle was pulsed but not heated. For (B) the nozzle was pulsed and heated (800 ◦C),
roducing neutral allyl radical, which reacted with thiophene radical cation to give
/z 81 ion.
Mass Spectrometry 287 (2009) 8–15 13

that of the m/z 40 ion, suggesting the ions at m/z 117 and 118 have
their origin with allene rather than directly with allyl radical.

We then carried out the reaction of neutral allene with the ben-
zene radical cation (Fig. 4); this reaction gives ions of m/z 117 and
118 but not one of m/z 91.

3.4. Reactions of radicals with other aromatic radical cations

We expanded these studies to include the reactions of other
radical cations with allyl radical; both thiophene and furan radi-
cal cations reacted, whereas pyridine and toluene radical cations
did not. The reactions of thiophene and furan radical cations led to
an [M+13]+ product formed by the loss of ethylene from the initially
formed adduct, analogous to the m/z 91 ion formed in the reaction
with the benzene radical cation. The spectrum in Fig. 5A shows
the result of 1,5-hexadiene reacting with the stored furan radical
cation. Heating the nozzle to a temperature above 800 ◦C showed
an increase in the amount of protonated furan (m/z 69), and the
reaction product [M+13]+ (m/z 81) (Fig. 5B).

Hydrogen radical transfer did not occur in the reaction of ben-
zene radical cation and allyl radical; however, it was the dominate
product in the reaction of furan radical cation. The reaction with the
thiophene radical cation also shows only the formation of [M+13]+

(m/z 97) (Fig. 6B) arising by loss of ethylene from the initial complex.
These reactions are novel, providing more evidence for the reaction
of radicals with radical cations. Expanding the scope of these reac-
tions to include closed-shell ions of biomolecules would also be of
interest and relevance in biology.

3.5. Experimental timing for the radical–radical cation reaction
It is of importance to establish whether the reactions occurring
in this system happen on the first pass of radicals through the FT
ICR trap, or if the radicals pass through the trap, collide with the
walls and/or with other neutrals, before diffusing into the trap and

Fig. 6. Reaction of thiophene with 1,5-hexadiene (A) and allyl radical (B). (A) The
nozzle was pulsed but not heated. The unreacted thiophene radical cation is of m/z
84. (B) The nozzle was pulsed and heated (800 ◦C), producing neutral allyl radical,
which reacted with thiophene radical cation to give the m/z 97 ion.
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Fig. 7. Double resonance experiment to measure the time-dependence of product form
sequences show the ejection of reactant benzene ions at increasing times with respect to

Fig. 8. Ion production as a function of delay time in a double-resonance experiment:
(A) at 920 ◦C and (B) at 1190 ◦C.
ation. The top sequence shows the experiment format. The second through fifth
the super sonic beam.

reacting. The latter could present an opportunity for the radicals to
rearrange or fragment. To test, we monitored the reactions of ben-
zene radical cation with the pyrolysis products of 1,5-hexadiene
while temporally ejecting the benzene radical cation from the trap,
effectively quenching the reaction as a function of time (Fig. 7). If
the reactant ions are ejected prior to the super sonic beam pulse,
no reaction can occur. If the neutral radicals react on the first pass,
then the maximum product abundance will occur promptly. If, how-
ever, the reactions have a time offset, this would indicate that the
radicals react after passing through the trap, colliding with vacuum-
chamber walls and other neutrals, and then diffuse back into the ICR
trap.

Fig. 8 shows the result of this “double resonance” experiment
for the reaction of the benzene radical cation and the 1,5-hexadiene
pyrolysis products. The ions of m/z 67 and 91 were seen at the begin-
ning of the pulse, whereas the ions of m/z 117 and 118 were shifted
to a later time. These results indicate that the ions of m/z 67 and 91
were generated during the first pass of the radical beam through
the trap, whereas the other products, particularly the m/z 117 and
118 ions, were formed after the radicals had collided with other
molecules or the vacuum-chamber walls. It is also possible that
allene was formed from allyl in these collisions.

4. Conclusion

The reactions of radicals and radical ions can be conducted by
the approach of Kato et al. [18] and the one we introduce here, and
they are uncomplicated by the effects of charge on the reactivity
of the radical. The use of an FT ICR instrument makes the method

widely available to many laboratories in which ion chemistry is
investigated.

Although the velocities of the stored ions and the radical beam
are mismatched, the reaction still occurred, indicating that the
translational energy of the allyl radicals was thermally damped,
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orrecting this mismatch in energy may be accomplished by

ncreasing the translational energy of the stored ions by either excit-
ng their cyclotron motion or by SORI, affording “softer” collisions
etween the ions and radicals and better reaction yields.
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