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Kinetics of Chemical Ionization in Shock Waves:
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Abstract—An experimental study of ionization in hydrogen azide decomposition and methane oxidation in
shock waves is reported. In both cases, the kinetics of chemical ionization changes significantly upon the
replacement of argon with helium as the inert diluent gas. The diluent effect is explained in terms of the hypoth-
esis that the reactions responsible for chemical ionization proceed via the formation of an excited intermediate
complex. Calculations using kinetic schemes of the ionization processes are carried out.
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Chemical ionization, which was discovered in
flames [1-3], is an overequilibrium phenomenon. The
nonequilibrium nature of ionization was established not
only for hydrocarbon flames, but also for some other
(ammonia [4, 5], cyanogen [6], etc.) flames and for the
relaxation zone behind a strong shock wave in air [7].
This phenomenon is brought about by very exothermic
reactions, such as the recombination of atoms or radi-
cals. The formation of strong chemical bonds in these
reactions yields an amount of energy close to the ion-
ization potential of the recombination product. These
reactions were indeed observed and received the name
of associative ionization.

Some authors note the effect of the inert diluent gas
on the rate of chemical ionization in various systems.
Information concerning this issue is scarce and contra-
dictory. This effect was observed first by Young and
John [8]. Studies of chemical ionization in mixtures of
nitrogen atoms and oxygen atoms demonstrated that
the ionization rate in a helium medium is almost
300 times lower than the ionization rate in argon. The
authors only report this fact without providing any
explanation. The diluent gas effect on the ionization
rate and on the intensity of UV radiation was also stud-
ied for the reaction between acetylene and oxygen
atoms at room temperature in a helium medium, which
was replaced partially or completely with other diluents
[9]. It was found that the saturation current changes
upon the replacement of helium with another diluent.
The efficiency of diluents increases in the order

H, <He < Ar<N, < CO < CF, < CO,.

As compared to the ionization rate in helium, the ion-
ization rate in H, is 10 times lower and that in CO, is
20 times higher. The general scheme of the process sug-
gested in that study allows the observed dependences to
be explained qualitatively under certain assumptions,

but it suffers from lack of specificity. The diluent gas
effect on the sensitivity of the flame-ionization chro-
matographic detector was studied in [10, 11]. It was
observed that the detector current depends on the inert
gas added to the gas stream. The efficiency of inert
gases was found to increase in the order

He < Ne < CO, <N, < Ar< CO < Kr < Xe ~ CF,.

Note that this order differs significantly from the order
reported in [9]. The authors discovered that the effi-
ciency of the diluent increases as its thermal conductiv-
ity decreases and made an attempt to explain the
observed effect in terms of the temperature difference
due to the difference in heat losses. However, in the
authors’ opinion, the magnitude of the effect appeared
to be too high.

The effects of Ar, Ne, N,, and H,O on ionization in
the acetylene—oxygen flame were studied using a Lang-
muir probe [12]. It was demonstrated that the introduc-
tion of an additive into the flame exerts a marked effect
on the total number of electrons in the combustion
zone. In order to explain this effect, the authors
assumed that the first stage of the associative ionization
reaction yields either the excited radical CHO* with an
excitation level close to the continuum boundary or the
ion CHO™ and an electron executing finite motion near
the ion. The collision of this complex with molecules
having a negative electron affinity results in ionization.
Colliding with molecules with a positive electron affin-
ity, the complex dissociates into neutral species.

It is clear from the above-quoted works that the dilu-
ent gas affects the ionization characteristics of various
flames. However, based on these data, it is impossible
to make an unambiguous conclusion as to the cause of
this effect. All of the above data were obtained for
flames, and the ionization kinetics was not studied.
There has been a study of the ionization kinetics in the
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Fig. 1. Temperature dependences of the electron yield in
HNj3 decomposition in (/-3) argon and (4, 5) helium. HN3
concentrations: (/, 4) 0.5, (2, 5) 1.0, and (3) 2.3%. The
points represent experimental data, and the straight lines
represent the data calculated using the kinetic scheme
(table) for argon and helium.

decomposition of hydrogen azide in shock waves under
conditions such that there were no problems arising
from complicated gas dynamics, transport phenomena,
and temperature gradients [13]. It was observed again
that the replacement of argon with helium as the diluent
gas raises the ionization rate almost by one order of
magnitude. For explaining this effect, it was assumed
that the associative ionization reaction responsible the
ionization process in this system yields an excited inter-
mediate complex.

The study reported here continues the above-cited
study [13]. Here, we use more experimental data,
including information concerning the effect of the dilu-
ent gas on the ionization rate in methane oxidation in
shock waves.

EXPERIMENTAL

Measurements were made behind reflected shock
waves in the shock tube described in [14]. For hydrogen
azide, the temperature range was 1670-2300 K and the
pressure range was 0.4-2.3 atm. For methane-contain-
ing mixtures, experiments were performed at 2150-
3150 K and atmospheric pressure. Thermodynamic
parameters of the mixtures behind the reflected shock
wave front were derived from incident shock wave
velocity data in the one-dimensional shock tube
approximation using reference data [15]. The gas tem-
perature and pressure were determined with an error no
larger than 1.5 and 5%, respectively. In the experimen-
tal study of the ionization kinetics, we used the follow-
ing mixtures: 0.5, 1.0, or 2.3% HNj; + argon; 0.5 or
1.0% HNj; + helium; 0.6% CH, + 2.4% O, + argon or
helium.
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Fig. 2. Temperature dependences of the maximum ioniza-
tion rate in HN3 decomposition. The designations are the
same as in Fig. 1.

We measured the electron concentration as a func-
tion of time, n.(f), and the frequency of collisions
between an electron and a species of the surrounding
gas using a microwave interferometer with a double-
wire line as the probe. Double-wire lines are known to
afford a fairly high space resolution of 3—-5 mm. The
error in the measured electron concentration did not
exceed 30%. A description of the interferometer is
presented elsewhere [16]. For hydrogen azide, we addi-
tionally measured the intensity of UV radiation from
excited NH radicals (A’IT, — X*%") at a wavelength of
A =337.5 nm.

By processing experimental profiles according to
the procedure suggested in an earlier work [13], we
determined the characteristic parameters of the time
dependence of the electron concentration, namely, the
maximum ionization rate (w,,,) and the maximum
electron yield per methane or hydrogen azide mole-
cule (M) For methane-containing mixtures, we
additionally determined the induction period (7,;); for
hydrogen azide, the maximum intensity of UV radia-
tion from excited NH radicals (AT, — X°Z ) at A =
337.5 nm (J,,,y)-

RESULTS

Figures 1-6 show the temperature dependences of
the parameters characterizing the experimental electron
concentration profiles. Initially, we will consider the
experimental data obtained for argon as the diluent gas.
It is clear from Fig. 1 (data points /—3) that the electron
yield per reacted HN; molecule in argon increases with
increasing temperature, and the corresponding activa-
tion energy is 19 kcal/mol. At T = 2250 K, the electron
yield is 3.3 x 1075, At the same temperature, the elec-
tron yield per carbon atom has a smaller value of
2x 107 (Fig. 4), and the temperature dependence of
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Fig. 3. Temperature dependences of the maximum intensity
of radiation from the NH(A’T1,) radical at A = 337.5 nm in
HNj5 decomposition. The designations are the same as in
Fig. 1.
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Fig. 5. Temperature dependences of the maximum ioniza-
tion rate in 0.6% CH4 + 2.4% O, mixtures. The designa-
tions are the same as in Fig. 4.

the electron yield in this case implies an apparent acti-
vation energy of 30 kcal/mol. The ionization rate in
HN; decomposition is well above the ionization rate in
methane oxidation. For example, the maximum ioniza-
tion rate at 2250 K is 1.7 x 10' cm= s7! for the 0.5%
HNj; + Ar mixture (Fig. 2) and 7 X 10'* ¢cm= s7! for the
0.6% CH, + 2.4% O, + Ar mixture (Fig. 5, data
points /). The ionization process in HN; decomposition
begins immediately after the arrival of the reflected
shock wave front at the measurement cross section. In
methane oxidation, ionization takes place after some
Vol. 50  No. 2
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Fig. 4. Temperature dependences of the electron yield in
0.6% CH, + 2.4% O, mixtures with (/) argon and (2, 3)

helium. The points represent experimental data; the straight
lines represent the data calculated using the kinetic scheme

reported in [27] for (/) argon, (2) helium with k?f; =15x%

10713 cm?/s, and (3) helium with k?ﬁi =6.5x 10713 cm?s.
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Fig. 6. Temperature dependences of the induction period of
ionization in 0.6% CHy + 2.4% O, mixtures. The designa-
tions are the same as in Fig. 4.

time delay (Fig. 6, data points /). Note that the ioniza-
tion rate in HN; decomposition peaks at nearly the
same time as the intensity of radiation from excited NH
radicals (A1, — X°T"). Figure 2 (data points /-3)
presents the temperature dependence of the
Wona/[HN3]? ratio observed for argon-diluted mixtures.
This ratio best characterizes the observed dependence
of the ionization rate on the hydrogen azide concentra-
tion in the initial mixture. Similar behavior is shown by
the temperature dependence of the J,,,/[HN;]* ratio
(Fig. 3).
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The replacement of argon with helium changes all
of the parameters considered, as is clearly demon-
strated in Figs. 1-6. The electron yield from HNj;
decomposition in the helium-diluted mixtures is
~2.5 times higher than the electron yield observed for
the argon-diluted mixtures (Fig. 1). In the case of meth-
ane oxidation, the replacement of argon with helium
raises the electron yield by a factor of ~1.8 (Fig. 4). The
ionization rate in HN; decomposition increases by
nearly one order of magnitude (Fig. 2), while the radi-
ation intensity increases by a much smaller factor of 1.3
(Fig. 3). An increase in the ionization rate upon the
replacement of argon with helium is also observed for
methane oxidation, but this effect is somewhat weaker
than in the case of HN; decomposition: the ionization
rate increases by a smaller factor of 3.5 (Fig. 5). This is
accompanied by a shortening of the induction period of
ionization (Fig. 6).

DISCUSSION

Let us first consider the diluent effect on ionization
in HN; decomposition. An earlier analysis of experi-
mental data for this process [13] provided strong evi-
dence in favor of the ionization and excitation mecha-
nism based on the following reactions:

HN; + M —» NH(a'A) + N, + M, 1))
NH(a'A) + NH(a'A) — N,H, +e, (ID)
NH(a'A) + NH(a'A) — NH(A%TT,) + NH(X3X). (1I0)

It was demonstrated earlier that HN; decomposition in
shock waves (reaction (I)) above 1200 K proceeds via a
spin-allowed channel, yielding the singlet electroni-
cally excited radical NH(a'A) [17].

In a previous work [13], we presented qualitative
considerations suggesting that the marked effect of the
inert gas diluent on the ionization rate is due to reaction
(II) proceeding via the formation of the intermediate
excited complex N,H3 . Let us consider this phenome-

non in greater detail.

Obviously, the diluent gas effect on the ionization
rate can be due to the change in the concentration of
reacting NH(a'A) radicals that arises from changes in
their formation and disappearance rates or to the direct
participation of diluent molecules in reaction (II). Since
the electronically excited radical NH(a'A) is involved
in reaction (II), there is good reason to assume that the
effect of the diluent is due to the fact that argon and
helium quench the excited state with different efficien-
cies. At first glance, the observed effect is in qualitative
agreement with these considerations. Suppose that the
disappearance of the NH(a'A) radical is mainly due to
the quenching of excitation via the collision of this rad-
ical with an atom of the diluent:

NH(a'A) + M — NH(X’Z") + M. av)

By consideration of the two consecutive reactions (I)
and (IV), we obtained an analytical expression for the

concentration of NH(a'A) radicals as a function of
time. From this expression, we found that the integrated
electron yield in reaction (II) is

=3

k2 J[HN(alA)]zdt -
0

) N s
~ [HN;]

2 [M] k 1+%

i ey

where ¥ = k,/k,.

It follows from relationship (1) that the electron
yield must be inversely proportional to the gas pressure
and proportional to the initial HN; concentration. In
fact, no dependence of the electron yield on the initial
HN; concentration or pressure was observed in our
experiments (Fig. 1). Furthermore, the NH(a'A) disap-
pearance rate in HN; photolysis in argon depends only
on the HN; concentration even when it is as low as
0.1% [18], indicating that the electronic excitation of
NH(a'A) is quenched only weakly by processes involv-
ing argon.

This analysis demonstrates that the reactions involv-
ing the diluent in argon and helium either make approx-
imately equal contributions to the formation of the
NH(a'A) concentration profile or, more likely, are
insignificant. Therefore, the effect of the diluent gas on
the formation and disappearance of NH(a'A) radicals
cannot account for the changes in the ionization rate
caused by the replacement of one diluent by the other.

For this reason, in order to explain the observed dif-
ference between the ionization rates, we will assume
that the diluent is directly involved in reaction (II). If
this is the case, the reaction will proceed via the forma-
tion of an intermediate complex, specifically, the

excited radical N,H5 with an excitation level close to

the continuum boundary or the ion N,H; and an elec-
tron executing finite motion near this ion, just as was
assumed in [12].

Consider the following scheme of the associative
ionization of species A and B through the formation of
the electron-excited intermediate complex AB*:

(a) A + B == AB¥,
V-a

(b) AB* . AB™,

V)
(c) AB* + M~ products,

(d) AB*+ M 4o AB* + ¢~

In scheme (V), reaction (a) describes the collisional for-
mation of the complex and its spontaneous decomposi-
tion into the initial reactants; reaction (b) is the deacti-
vation of the complex by the conversion of its elec-
tronic excitation into the vibrational-rotational
excitation of AB; reactions (c) and (d) describe, respec-
tively, the deactivation and ionization of the complex
upon its collision with a particle of the surrounding gas.

KINETICS AND CATALYSIS  Vol. 50
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In the quasi-steady-state approximation for the AB*
concentration, we obtain the following expression for
the ionization rate:

YaYd [M]
w, = [A][B] : (2
Yb"‘Y-al + Vet Y4 [M]
Yo + Y-
In the high-pressure limit, when
Yc + Yd
= <~ [M]>1, 3
YotV )
the ionization rate appears as
YaYd
w, = [A][B] = ke[ Al[BI; 4
_——vy it “)
forG <1,
we=[AIBIE =k [AIBIMI. (5)
Yo+ 7o

Since no pressure dependence of the ionization rate
was observed in our experiments (Fig. 2), it should be
accepted that the case of high pressures (expression (4))
actually takes place. Accordingly, the effect of diluent
gas replacement is due to the fact that the ratio of the
rate constant of ionization (Vd) to the rate constant of
deactivation (Vc) takes different values for collisions of
the complex with different particles.

It can be assumed that the intermediate complex has
the structure of the so-called Rydberg state, in which
the entire excitation energy is accumulated in one of the
electrons. There are indications that the Rydberg state
plays a significant role in recombination [19] (opposite
to ionization), including dissociative recombination
[20] (opposite to associative ionization).

The excitation energy of the outer electron of a Ryd-
berg molecule is close to the ionization potential, and,
therefore, this electron has a low kinetic energy
(<1 eV). Owing to the Ramsauer effect, argon has an
anomalously small electron scattering cross section at
low collision energies (~1 eV). The Ramsauer effect in
helium is not pronounced.

The difference between the electron scattering cross
sections of argon and helium was clear in our experi-
ments. The frequency of collisions between electrons
and surrounding gas species at atmospheric pressure,
measured with a microwave interferometer, is V,, =
(1.5+0.4) x 10'° 57! for argon and has a larger value of
Vie = (8 £3) x 10'% 57! for helium. The scattering cross
sections estimated from these measurements are G,, =
(6.1 +1.5)x 107! cm? for argon and 65, = (3.3 £ 1.3) X
1075 ¢cm? for helium. If both reaction (Vc¢) and reaction
(Vd) occur via the scattering of the outer electron of the
excited transition complex on atoms of the surrounding
gas, it is possible to estimate the total values of their
rate constant in different gases:

in argon,

KINETICS AND CATALYSIS  Vol. 50 No.2 2009

(Ve + Yo)ar = 2.4 X 1071 cm’/s; (6a)

in helium,

(Ve + Youe = 2.9 x 1071% cm/s. (6b)

The above analysis provided a qualitative under-
standing of the ionization mechanism in HN; decompo-
sition. Based on this understanding, neglecting the
insignificant effects of the reactions involving second-
ary decomposition products at high temperatures, it is
possible to construct a comparatively simple kinetic
model for excitation and ionization by limiting the con-
sideration to the minimum of the NH(a'A) formation
and disappearance reactions above 1700 K. As the tem-
perature is decreased below 1700 K, the reactions
involving secondary decomposition products play a
progressively more significant role, greatly complicat-
ing the overall process.

The corresponding kinetic scheme is presented in
the table, which lists preexponential factors for argon
and helium (A4, cm?/s; for reaction no. 9, s™) and activa-
tion energies (£, kcal/mol) defined as k = A ,(~E/RT).

This kinetic model is not considered to be complete.
The rate constant of reaction no. 1 (HN; decomposi-
tion) was obtained by extrapolation of lower tempera-
ture data [17] (for helium, the constant was multiplied
by a factor of 2.5 [21]), and the rate constant of reaction
no. 2 was taken from [22]. The rate constants of the
other reactions included in the table were fitted to the
experimental electron concentration and radiation
intensity profiles and their temperature dependences. It
is accepted that the radiation intensity is proportional to
the rate of reaction no. 14. An analysis of the depen-
dences of the ionization parameters for HN; decompo-
sition on the gas pressure and on the concentration of
the initial compound led us to conclude that associative
ionization takes place via mechanism (V) at high tem-
peratures (G > 1). The lifetime of the electronically
excited intermediate complex N,HY is 1% = 1/k; =
0.3 us. Shortening this time by one order of magnitude
brings the criterion G to a value of ~ 1. This means that
the complex should have a rather long lifetime. There is
evidence that the Rydberg states of molecules can be
fairly stable in some cases [23-26]. With the rate con-
stants of reaction nos. 8 and 9 obtained under the
assumption that relationships (6) are valid, the ioniza-
tion process takes place in the high-pressure regime
(G > 1). The effective ionization rate constant deter-

mined from Eq. (4) is k& =87 x 10~ exp(—Es/RT) cm/s

for argon and k. = 3.5 x 10713 exp(—Es/RT) cm?/s for
helium, where E5 = 30 kcal/mol is the activation energy
of reaction no. 5.

The corresponding set of equations was solved
numerically for the following conditions: 7' = 1750-
2250 K, P = 0.5-2.5 atm, and initial HN; concentra-
tions of 0.5-2.5%. Good agreement with experimental
data (points) was attained for the calculated tempera-
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Kinetic model of ionization and excitation in HN; decomposition

A, cm3/s
No. Reaction E, kcal/mol
argon helium
1 HN; + M —= NH(a'A) + N, + M 3.2x 107 8.0x 107 40
2 HN; + NH(a'A) — products 9.0x 10713 0
3 NH(a'A) + M — NH(X?Y) + M 5.0x 1071 40x 1071 0
4 NH(a'A) + NH(a'A) — products 8.0 x 10712 0
5 | NH(a'A) + NH(a'A) —= N,Hj 3.0% 10712 30
6 N,H, — NH(a'A) + NH(a'A) 3.0x 10* 0
7 N2H§ — products 3.0 x 106 0
8 N,H; +M — products + M 23 x 1071 2.5x 10710 0
9 N2H>2k +M—N,H; +e +M 7.0 x 10713 3.3 x 10 e 0
10 N,H, + e — products 2.0x 1077 0
11 2NH(a'A) —= NH(A’TL,,) + NH(X’Z") 3.5x 107 11.5
12 | NH@A,) — NH(X?Y) 1.0x10° 0
13 NH(ATL,) + M — NH(X’Z) + M 5.0x 1074 4.0x 1074 0
14 NH(A’TL,) + M — NH(X?Z") + M + hv 1.0x 1071 1.5x 1071 0

* The rate constant is represented as k = Aexp(—E/kT).
#% The dimension of A for reaction no. 9 is s

ture dependences of M, and w,,, (straight lines in
Figs. 1 and 2). Because of the relativeness of the radia-
tion intensity measurements, the calculation was locked
on experimental data so that the maximum values of the
calculated and observed radiation intensity were equal
for the 0.5% HN; + Ar mixture at 7 = 1850 K. In the
other calculations, the resulting conversion factor
between the calculated rate of reaction no. 13 and the
radiation intensity was the same. The solid lines in
Fig. 3 represent calculated temperature dependences of
Jmax- As the initial HN; concentration and the pressure
were varied by a factor of 5, the calculated temperature
dependences of the ionization profile parameters dif-
fered by at most 25%. Figures 1-3 plot the dependences
averaged over all calculations.

Thus, although the kinetic model in question is
approximate, it provides a good description for the ion-
ization and excitation kinetics in hydrogen azide
decomposition in argon and helium media.

The formation of ionized products in hydrocarbon
combustion is due to the associative ionization reaction

CH+O — CHO*+e¢". (VD)

As distinct from the radical NH(a!A), which appears in
the first step of HN; decomposition, the radical CH
results from a long sequence of reactions. The kinetic
scheme of ionization in methane combustion [27],
which is based on the methane combustion mechanism
[28], contains tens of reactions involving particles of

the diluent gas. The scheme is in good agreement with
experimental kinetic data for the ionization of meth-
ane—oxygen mixtures in argon (Figs. 4-6).

We will use the scheme suggested in [27] to evaluate
the effect of the diluent gas on the parameters of ioniza-
tion according to reaction (VI). However, the literature
contains no rate constant data for reactions involving
diluent gas particles in helium. For this reason, we will
assume that the rate constants of all of these reactions
change in proportion to the change in the collision fre-
quency upon the replacement of argon with helium.
Accordingly, the rate constants increase by a factor of
2-2.5. The ionization parameters calculated using this
change of rate constants are plotted in Figs. 4-6
(curves 2). It can be seen in Fig. 6 that the change in the
calculated induction period of ionization is nearly equal
to the observed change. At the same time, although the
calculated temperature-dependent maximum electron
yield (Fig. 4) and maximum ionization rate (Fig. 5)
increase, the calculated changes are smaller than the
observed changes. Firstly, this result suggests that the
above change of the rate constants accounts correctly
for the changes occurring in methane oxidation upon
the replacement of argon with helium, because the cal-
culated and observed changes in the characteristic
times are equal. Secondly, it can be assumed that reac-
tion (VI) yields the electronically excited intermediate
complex CHO*, similarly to reaction (II). The effective

KINETICS AND CATALYSIS  Vol. 50
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rate constant of reaction (VI) will then be kfffc =1.5x%

107"* cm¥/s for argon (as in [27]) and k?f: = 6.5 X

107"* cm?/s for helium. The temperature dependences
of the ionization parameters calculated in terms of the
kinetic scheme presented in [27] with the rate constant

kgc? are shown in Figs. 4-6 (curves 3).

CONCLUSIONS

We have considered two examples illustrating the
dependences of the chemical ionization kinetics in
shock waves on the nature of the inert diluent gas. In
both cases, we were able to simulate this phenomenon
quantitatively under the assumption that the associative
ionization reactions responsible for ionization yield an
excited intermediate complex. Since it was possible to
describe two different associative ionization reactions
in unified terms, it can be assumed that the formation of
the excited intermediate complex is a common feature
of associative ionization reactions. However, in order to
verify this hypothesis, it is necessary to understand the
physical mechanism responsible for the fact that the
electron during the reaction is mainly in the bound, not
free, state. In addition, there is a macrokinetic effect
because of the difference between the complex ioniza-
tion and complex deactivation rate constant ratios in
collisions with different species. In order to find out the
cause of these differences, it is necessary to study the
dynamics of these collisions.
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