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Results of measurements performed on a stationary NO-H20 afterglow are reported in this
paper. The gas mixture was contained in a large, gold-plated, cylindrical chamber in which

the NO was ionized by means of krypton resonance radiation. The ions from the afterglow
were sampled through an electrically insulated orifice and were quantitatively detected by
time-resolved mass spectrometry. For NO+ ions reacting in NO-H~O mixtures at 295 K, the

product-ion mass spectrum is dominated by NO and its hydrates, NO ' nH20, and by

hydrated hydronium, H30+ ' nH20. The sequence of reactions leading to these products has
been determined, and the rate constant for the three-body conversion of NO to NO ' H20

+ +.
has been measured to be (1.5+0.5) &&10 cm /sec. Bounds for several other rate constants
in the reaction sequence have been obtained. The ions H30+ ~ 2H)O, H30 '3H)O, and H30+

'4H20 observed in the afterglow are of the same family as the hydronium ion H30+ and its
hydrates H30+ ~ H20 and H30+ ~ 2H20, which are prominent in the D region of the ionsphere.
Reaction sequences similar to the one reported in this paper, which involve multiply hy-
drated atmospheric ions, may be an important contributors to the production of the hy-
drated hydronium observed in the ionosphere.

I. INTRODUCTION

Recent rocketborne mass spectrometer observa-
tions'~' of the positive ions in the D region of the
ionosphere have established that water- clustered
ions (e. g. , H,O nH, O) may play a decisive role'
in D-region chemistry. In addition to the water-
clustered hydronium series, which is frequently
observed in the laboratory, 4 several groups have
recently reported mass spectrometric detection of
water clusters on NO+, ' 'NO+„' NO, , '02, ' '
0, ' and 0, ions. In none of these cases have
the rate constants for cluster forrrration been re-
ported.

One reason for which these clustered ions are
important is that the presence of a loosely bound
neutral on an ion generally increases the ion-
electron dissociative recombination coeff icient.
For example, Biondi and co-workers"~" found
the dissociative recombination coefficients of both
N~+ and NO+ ~ NO to be about a factor of 5 larger
than those of N2+ and NO+, respectively. The
formation of clusters on atomic ions may increase
the recombination coefficient by several orders of
magnitude, since dissociative recombination chan-
nels are opened to compete with radiative, colli-
sional radiative, or dielectronic recombination.

Since the presence of these clusters may have a
significant effect on the chemical kinetics of the
lower ionosphere, we have initiated a program to
investigate water-clustering mechanisms for posi-
tive and negative ions of atmospheric interest. In
this program the measurements are made by
means of a stationary afterglow apparatus. This

paper reports the formation mechanisms and rate
constants for production of NO H,O ions in photo-
ionized NO-H, O mixtures. In addition, results are
presented concerning the formation of the H30 'H20
series in NO-H, O mixtures under conditions where
the initial ionic species is NO, and direct photo-
ionization of H,O is energetically impossible.

II. EXPERIMENTAL

The basic apparatus employed in these experi-
ments is the photoionization stationary afterglow
instrument described previously, "and only a brief
account of the apparatus will be presented here. A
schematic diagram of the apparatus is shown in
Fig. l.

The afterglow cavity is an ultrahigh-vacuum bake-
able gold- coated —stainless- steel cylinder 18 in.
diam and 36 in. long. Information on the individual
ion species in the plasma afterglow is obtained by
means of time-resolved mass spectrometry of the
ions which pass through a 0. 60-mm-diam sampling
orifice in the cavity wall. The sampling orifice is
contained in a plate which is contoured to the shape
of the cavity wall and electrically isolated from
the wall. In this investigation the plate potential
was set -100 mV negative with respect tothe wall. "

+
The primary NO ions are produced by photo-

ionization of NO with krypton resonance radiation
(123.6 and 116.5 nm) from a pulsed microwave
powered discharge lamp. The lamp is coupled to
the afterglow cavity through a 1-mm-thick MgF,
window which transmits approximately 50'%%uo of the
radiation at these wavelengths. The MgF2 trans-
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III. DATA ANALYSIS

If the dominant loss processes for NO ions in
dilute H,O-NO mixtures are ambipolar diffusion
and the reactions
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then, for a fundamental mode distribution in a
cylindrical cavity of radius R cm, the NO density
in the afterglow may be expressed by"

FIG. 1. Schematic diagram of stationary afterglow
apparatus.

D p
[NO (x, t)]=[NO+(0, 0)]Z,2.405m/R) exp', -

&&&
t

mission cutoff at -115 nm precludes the possibil-
ity of direct photoionization of H,O (threshold 98.4
nm} in the NO-H, O mixtures. Initial ion densities
were varied below 10' cm-' to ensure that ionic
recombination losses contributed negligibly to the
ion decay.

The monopole mass filter has excellent resolu-
tion and sensitivity so that one can calibrate the
control settings for ions up to m/e & 100 mH/e by
counting mass peaks in a spectrum created by
operating the spectrometer as a residual gas an-
alyzer. In addition, the chemical identification
of reaction products containing H,O was verified
by substitution of D,O and H2" O.

The NO and H,O pressures in the cavity were
measured with a capacitance manometer. The NO
and H,O were added separately to the cavity with-
out premixing. Normal H,O concentrations were
0. 1—5. 0%, with the remainder of the gas being
NO. The procedure utilized is as follows: With
the cavity evacuated, H,O is admitted through a
variable leak valve, and a dynamic equilibrium is
established between H,O entering the cavity and
H,O being pumped out. through the ion sampling
orifice. Since the cavity time constant is long
compared with the capacitance-manometer time
constant, the H20 equilibrium pressure can be
directly measured. After the H,O pressure has
equilibrated, NO gas is added to obtain the de-
sired total pressure. Measurements are taken in
a time short compared to the cavity pumpout time
in order to avoid possible changes in gas composi-
tion. In spite of these precautions, the H20 pres-
sure following addition of NO is greater than the
equilibrium H,O pressure prior to addition of NO.
This increase appears to be due to desorption of
H,O from the cavity walls upon addition of NO.
The increase, while representing an H,O desorp-
tion of only a fraction of a monolayer, is a signi-
ficant fraction of the total H,O pressure and must
be accounted for by means of differential H,O
pressure measurements, as described in Sec. III.

—(k, NO 't) —(k, [NO][H,O]t)

= v +k, [NO] [H,O] . (4)

For negligibly small H,O concentrations, vNO is
the observed NO+ loss frequency in pure NO, a
quantity which has been measured previously. '
A plot of v- vNO as a function of [NO][H,O] will
indicate the dependence of the reaction on the NO
and H,O pressures, and from this information
one can evaluate the rate constant k,. As a result
of H,O desorption from the cavity upon addition of
NO, it proved advantageous to observe changes in
the NO+ loss frequency as a function of changes in
H,O concentration at fixed NO concentration. If
two H,O concentrations [H,O], and [H,O], are both
small compared with [NO], then the change in NO

loss frequency, b, v, is given by

Av = k, [NO] ([H,O], —[H,O],]
= k, [NO]A[H, O] . (5)

where[ ]denotes number density in cm-', [NO
(0, 0)]is the initial axial number density, p is the
total pressure, and A is the characteristic diffu-
sion length of the afterglow cavity The. quantities
k, and k, are reaction rate constants (units of cm'/
sec}, and D~ is the NO ion-electron ambipolar
diffusion coefficient. It is also assumed in the
derivation of Eq. (3) that there are no sources of
NO ions during the afterglow.

It can be shown that, under proper experimental
conditions, "the count rate of the sampled, mass-
analyzed NO ions is directly proportional to the
NO volume number density. If the reciprocal
time constant of %he exponential NO decay is de-
noted by v, then

D p
+ k,[NO]'+ k, [NO] [H,O]

A2p
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Since, in each case, H,O is first added to the cav-
ity to the desired pressure, and H,O equilibrium
with the cavity walls is established, the differen-
tial measurement provides approximate cancella-
tion of the H,O description which occurs upon
addition of NO. Most of the data reported here
were taken in this fashion, although for [H,O]/[NO]
~ 0. 04, the rate constants calculated from either
direct or differential water pressure measure-
ments were in agreement.

IV. EXPERIMENTAL RESULTS

In pure NO, at 295 K the dominant positive ions
are NO and the NO NO dimer. The dimer is+ +

formed from NO in a three-body reaction with a
rate constant'2 of (5 + 1)x 10 "cm'/sec. Upon
addition of a small amount (-0. 1%) of H,O to the
NO, the NO H,O ion becomes a prominent ion
in the afterglow. However, at these low H,O con-
centrations the major source of NO H,O is from
the reversible reaction

NO 'NO+H20 NO 'H20+NO .
k~

This conclusion is based upon the following obser-
vations: (i) [NO+] in continuous irradiation did not
appreciably change upon addition of trace amounts
of H, O. (ii) [ NO NO] decreased markedly upon
addition of H, O, and the sum of [NO+ ~ NO] and
NO+ ~ H,O] following addition of H, O was equal to

[NO+ ~ NO] prior to H, O addition. (iii) Upon addition
of H, O the NO+ loss frequency did not change suffi-
ciently to account for more than a small fraction of
the NO ' H,O being formed directly from NO+.

(iv) The NO+ NO and NO+' H, O afterglow decays had
the same decay constants, which, together with ob-
servation (ii), imply that equilibrium concentra-
tions were established between these two ions.

Figure 2 shows typical afterglow decay curves
for NO NO and NO+ H,O ions at an H,O partial0

pressure of 1 mTorr and NO pressure of 100
mTorr. From the observation that these two ions
appear to reach an equilibrium in -10 msec, and
the known H,O concentration, it follows that
k &10 "cm'/sec. Moreover the reverse res, c-

+ +tion, conversion of NO ~ H,O to NO ~ NO, must
also be occurring, although the rate constant k,
must be - 10 ' k,. Also shown in Fig. 2 are typi-
cal afterglow decays for NO and NO+ 2H, O, the
latter becoming more important as water concen-
tration is increased.

The loss frequency obtained from the data in
Fig. 2 provides one of the two loss frequencies
required for the differential mater-concentration
rate-constant measurement described in Sec. III.
The results of a number of such measurements
are shown in Fig. 3 in which 4v for NO is
plotted as a function of [NO] 6 [H,O] . The depen-
dence is linear and implies a rate constant of
1.5 x 10 "cm'/sec for the reaction

NO +H20+ NO NO H20+NO.

It is also necessary, however, to demonstrate that
hv is linear with both [NO] and 6[H,O] . Figure 4
depicts hv/[NO] as a function of 6 [H,O]; the depen-
dence is indeed linear, and together with the
linearity with [NO]4[H, O] establishes linearity of
hv individually with both [NO] and L[H,O]. These
data were all taken using the differential H,O-
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FIG. 3. Variation of NO loss frequency as a function

of the product of NO and H20 pressures.

pressure measurement described, previously.
However, direct measurements using the analysis
implied in Eq. (4) yielded identical results for
H,O pressures greater than -4 mTorr. For lower
H,O pressure, desorption of H,O from the
cavity walls upon addition of NO increased the H,O
concentration. appreciably above the measured

+concentration and caused the NO loss frequency
to appear too large. The reaction rate constant
with argon substituted for NO in reaction (2) was

~ NO
k

OI-
E

W

LIJ
CL

O .4

also crudely measured. The rate constant so de-
termined did not differ appreciably from that mea-
sured with NO as the third body. All measure-
ments were made at temperatures near 295 K.

The major uncertainty in the determination of
k2 is the H,O-pressure measurement. The ac-
curacy of the determination of [H,O] at pressures
greater than 4 mTorr is estimated to be +20%.
The uncertainty increases with decreasing[H, O]
until for pressures less than 0. 5 mTorr wall de-
sorption makes the measurements only qualitative.
Since k2 can be determined from the higher water-
pressure data, only the 20% uncertainty enters
into the result. Other uncertainties in the data
from this apparatus have been discussed previ-
ously, "and add another + 12% to the uncertainty.
Thus, the value for k2 has been determined to be
(1.5 + 0.5) && 10 "cm'/sec.

The addition of water to the afterglow cavity
also produced two families of positive ions at
M/e =18, 36, 54 and 55, 73, 91. Through iso-
topic substitution (e. g. , D,O for H,O and H, "'0
for H, "0) the 55, 73, 91 seIluence has been veri-
fied to be part of the H,O nH, O sequence. Em-
ploying the same isotopes, the ions in the 18, 36,
54 family were shown to contain 0 and H in the
proper abundance to be consistent with the inter-
pretation' that these ions are H,O, H,O .OH, and

H30 ' OH H,O. This investigation, however, did
not yield any direct information on the structure
of these molecular ions. The development of
these two families of ions as a function of NO and

H,O pressure is depicted in Figs. 5 and 6. The
dominant production of NO H 0 from NO 'NO+ +

+ . 2

and not from NO is evidenced by these data.
Figure 7 depicts the afterglow behavior of a

number of these ions at an NO pressure of
50 mTorr and an H,O pressure of 4. 0 m Torr. It
should be noted that an equilibrium appears to be
established between masses 55, 73, and 91. Also,
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at early times in the afterglow, recombination loss
is evident in this family of ions. Masses 36 and 54
are another family of ions which appear to be in
equilibrium. Mass 18 (H,O ) is not thought to be
produced through gas-phase chemistry as are the
other ions. Instead, it is believed that 18 (H,O )
is produced by chemistry involving the ions and
the water-coated chamber wall. This conclusion
is based on the following observations. (a) The
abundance of mass 18 (H,O ) depends strongly on
the past exposure of the chamber walls to water
vapor. (b) Masses 19 (H,O ) and 27 (H,O H,O),
which would be produced through gas-phase chemi-

+cal reactions of H,O with water, are absent.
(c) The mass 18 (H,O afterglow decay tracks the
prominent ions 48 (NO H,O) and 66 (NO 2H,O)
(not shown in Fig. 7 for simplicity).

Whenever equilibrium is established within a
family of ions, it causes difficulties with quanti-
tive interpretation of the decays. Such difficulties
arise because the decay is not simply characteris-
tic of the ionic loss processes, as there are obvi-
ously sources available for most ions at all times
in the afterglow.

Several points concerning the data need to be
made. First, the immediate source of the ions
H,O OH, H,O 'OH H,O, and the seriesH, O 'nH, O
would appear to be NO+'nH, O. The original source,
however, of all the ions observed is NO+; this
point was demonstrated by the conspicuous absence
of all ionization when NO was replaced by argon in
the chamber. The substitution of argon for NO
also verified that the water-ion sequence was not
formed through direct photoionization of water
molecules. Neither does the water-ion sequence
come directly from NO, because the observed+

loss frequency of NO under all conditions is ac-
counted for by reactions (1) and (2) and ambipolar

diffusion. Finally, our observations indicate that
+the NO nH, O series of ions all have an unknown

but fast loss channel open at times when the
H,O nH, O series is observed.

The H,O+ nH, O ions observed all have loss fre-
quencies very close to the expected diffusion loss
frequency. Any charge transfer between these
ions and NO must be proceeding with a rate con-
stant at least three or four orders of magnitude
slower than the gas kinetic rate constant. This
result indicates that the charge transfer process
between HSO nH, O (n =2, 3) and NO is probably
endothermic.

The H,O ~ H,O ion is not observed in our appa-
ratus, although the ion is commonly observed in
air discharges. It is possible that these ions are
formed in our apparatus, but are lost by charge
transfer to NO. Since in our apparatus an ion
undergoes typically 10' or more collisions before
reaching the wall, any ion with a fast two-body
loss process involving NO would be unlikely to
survive long enough to reach the sampling orifice.
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The NO H,O ion can be formed both in a two-
+

body reaction between NO NO and H,O and a
three-body reaction involving NO, H,O, and a
third body. The three-body rate constant is
(1.5 a 0. 5) x 10-"cm'/sec with NO as the third
body. Only the three-body reaction is likely to
be of atmospheric importance. The ion observed
by Narcisi at m/e =48 with his D-region mass
spectrometer is very likely NO H,O.

It has been recognized for some time that a seri-
ous energetics problem arises" in attempting to
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NO +NO+NO NO 'NO+NO, (7)

NO +H20+NO~
NO 'H20+NO,

NO NO+ H20

NO 'nH20+H20+(M) -NO '(n+1)H20+ (M),
n=1, 2 (10)

NO ' (n+2)H, O+ H,O H,O ' (n+1)H,O+ HNO2,
n=1, 2 (ll)

HSO (n+ l)H,O+H20+ (M)-H, O .(n+2)H20+ (M),
m=1, 2 (12)

In reactions (10) and (12), (I) is used to indicate
that we have no direct information regarding
whether or not a third body plays an important role
in these reactions.

A further separate confirming observation that
the reactions are proceeding as indicated in Eqs.

account for the presence of large numbers of H,O
and H30 .H,O ions in the lower D region of the
ionosphere. Essentially, some mechanism in-
volving prominent atmospheric ions is required
to produce H30 and its hydrates. A reaction
sequence which involves H,O fails because of the
charge transfer channels open to N, and 0,. It
has been postulated'4 that these ions are produced
by photoionization of neutral water clusters by
radiation longer than 121.6 nm. Our results in-
dicate that it is also possible to produce at least

+portions of the H,O nH, O sequence by means of
water-clustered NO ions. The following sequence
is proposed" as the mechanism by which H,O+ nH, O
are produced in this experiment.

(7)-(12) is that the neutral product of (11),HNO2,
has been detected. HNO» like H,O, readily at-
taches to negative ions such as NO, and HCO, .
In this experiment the ions of NO, nHNO, and
HCO, nHNO, (n=0, 1, 2) are quite prominent for
H,O pressures around 5 mTorr in NO at 0. 5 Torr.
Similar clustering of HNO, to some positive ions
has recently been observed, but not to the extent
observed for negative ions. Tests have been per-
formed to ensure that the HNO, is not being pro-
duced through the reaction

NO+ N02+ H20 -2HNO2

as suggested by Kerbarle et al. ' The negative-ion
measurements will be discussed further in a subse-
quent publication.

Recently, Fehsenfeld and Ferguson' have found
that O~+ reacts with H,O in a manner similar to
that of NO+ NO [Eqs. (7)—(12)]. Perhaps the
most significant difference between the NO+ and
0,+ reactions with H,O is that only two clustered
water molecules on 0~+ are required to open a
channel for producing hydronium, whereas four
water molecules are required in the case of NO+.
The 0, reaction sequence should be of greater
importance in D-region chemistry, primarily be-
cause of the shorter reaction chain involving
02+ ~ nH20. The reaction sequence (7)—(12) illu-
strates the manner in which the hydrated hydronium
ions are produced in this laboratory apparatus.
While the mechanism is also operative in the
D region, it appears that, as far as D- region
kinetics are concerned, the most important clus-
tered ion in this sequence is NO+ H,O and that the
830+ nH, O ions are produc ed primarily through
0+
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