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The formation of SO by gas phase ion-molecule reactions

O. Mohler, T. Reiner, and F. Arnold
Max-Planck-Institut fiir Kernphysik, P.O. Box 10 39 80, D-6900 Heidelberg, Germany

(Received 27 May 1992; accepted 26 August 1992)

A flow tube apparatus was used to investigate the formation of SO5 ions by gas phase ion—
molecule reactions. The reactions studied in an N, buffer gas at 2.5 hPa pressure and room
temperature (298 K) included SO, and O, reactions with O;", O3, CO3, SO;, and SO3 as
well as their hydrates. Reaction rate constants were measured and the major product chan-
nels were identified for most reactions. The free energy changes for the hydration reactions of
805, SO;, and SO5 were derived from equilibrium constant measurements. The present in-
vestigations clearly show that SO5 ions are formed in the gas phase by the association of O,
to SO; and by the switching reaction of SO; H,0O with O,. An effective binary rate constant

of 2.0x 107! cm® s~! was measured for the association reaction at 2.5 hPa N, and the rate

constant of the switching reaction was 5.0 10!

cm®s~!, Also the reaction of O3 H,O with

SO, probably yields SO5 by a switching process having a rate constant of 1.8 X 10~°

cm® s, The heat of formation of SO5 was estimated to be less than —715 kJ/mol. The
present results have implications to the negative ion chemistry of the atmosphere and are im-
portant for measurements of atmospheric SO, concentrations by chemical ionization mass

spectrometry.

INTRODUCTION

Negatively charged sulphur oxides play an important
role both in the aqueous phase and in gas phase atmo-
spheric processes. Within cloud droplets, the dissolved
oxysulphur anions HSOj3 ', SO;7, SO, ", and SO5 are known
to be important intermediates in the oxidation mechanisms
of sulphur(IV) species.'® The sulphate anion SOZ~, that
is the main contributor to the acidity of rain drops, is the
terminal species of these oxidation processes. The aqueous
phase oxidation of atmospheric sulphur(IV) is not yet
fully understood. For example, the SO5 ion was observed
in solutions but little is known about its role in the oxida-
tion processes. It is thought to be produced by the reaction
of SO; with O,.* Gas phase ion-molecule reactions involv-
ing oxysulphur anions may influence the atmospheric ion
chemistry. In the troposphere, Mdhler and Arnold® ob-
served, for example, negative ion species with masses 64,
80, 96, and 113%1 amu that may be identified as SO,
SOy, SO;, and SO5 .

Very recently, it was found at our laboratory that the
formation of SO5 ions by gas phase ion—-molecule reactions
may be used to measure the concentration of atmospheric
sulphur dioxide.%’ Sulphur dioxide is an important species
in the atmospheric sulphur cycle. It has both natural and
anthropogenic sources.®"!! In the stratosphere, it is photo-
oxidized to H,S0,, and therefore contributes mainly to the
formation of the stratospheric aerosol layer.'>'> In the
present work we have investigated the formation of SOs
ions by gas phase ion—molecule reactions. The results are
important for our novel atmospheric SO, measurements,
In this paper, we focus on the measurements of reaction
rate constants and product ion distributions. The implica-
tions to SO, detection will be discussed elsewhere.’

Little is known about the gas-phase ion chemistry of
SO;5. Vacher etal'* have investigated the stability of
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SO;5 (SO,), clusters formed in SO,~0, mixtures. The ki-
netics of some ion-molecule reactions involving SO, ,
SO, and SO; have also been investigated previously.'>!®
The SO, ion is, e.g., produced by the reaction

0O; +80,-80;, +0,, (1)
whereas the reaction
05 (H,0),+S0, - products (2)

yields SO} ions at least for n=1.1% Albritton et al.'® inves-
tigated the O~ transfer reactions

O; +80,-80; +0,, (3)
COj +S0,-80; +CO, (4)

at different energies and in different buffer gases. The mea-
sured rate constants decreased with increasing kinetic en-
ergy of the ions but did not depend on the kind of the
buffer gas (He and Ar) at pressures in the range between
0.17 and 0.6 hPa.

The present paper reports flow tube investigations of
the kinetics of reactions (1) to (4) at thermal energy and
at a buffer gas pressure of 2.5 hPa N,. These reactions were
studied to check the consistency of our results with the
previous measurements mainly made in He and Ar buffer
gases at pressures less than 1 hPa. Some new information
on reaction channels and product ions were obtained. Ad-
ditionally, we studied the following reactions:

CO; H,0+-80,— products, (5)
0O; H,0+ S0, - products, (6)
0; (H,0),+ S0, products, (N
SO; +0;+N;~SO5 +N,, (8)
S0; H,0+0,-505 +H,0, 9)

© 1992 American Institute of Physics 8233
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FIG. 1. Flow tube apparatus with ion source, reactant gas inlets, and
mass filter device.

SO; +0,+N,~S0; +Nj,. (10)

These reactions are particularly important for atmospheric
SO, detection by SO5 formation.

EXPERIMENT

The experimental technique used for the present mea-
surements rests on the flowing afterglow technique devel-
oped by Ferguson et al.'” The apparatus was already used
for previous kinetic studies and was described in detail by
Mohler and Arnold.! It is briefly reviewed here, empha-
sizing the modifications made for the present studies. The
experimental setup (Fig. 1) mainly consists of the flow
tube, the ion source, the quadrupole mass spectrometer,
and the pumping system. All ion—molecule reactions were
studied in an N, buffer gas passed through the flow tube at
a pressure of 2.5 hPa with a mean velocity of 63 m/s. A
roots blower pump maintained the gas flow. Ions and re-
actant gases were added through several inlet ports di-
rected with or against the buffer gas flow. Reactant and
product ions enter the quadrupole mass spectrometer
through a small sampling orifice (diameter 0.2 mm) lo-
cated in the center of a conically shaped entrance elec-
trode. The ions are focused into the mass spectrometer at
low axial energies by an additional quadrupole lens. They
are detected by a channel electron multiplier operated in
the pulse counting mode. A gas pressure of less than 5
% 107° hPa in the mass spectrometer was maintained by a
large turbo molecular pump.

The reactant ions O;", 057, and CO; were produced
selectively with the capillary tube ion source (CIS) devel-
oped in our laboratory and described by Mdhler and Ar-
nold."® To produce O; and O3, the CIS was operated with
a gas composed of gas flows of 1.5 slm (liter per minute at
standard temperature and pressure) Ar and 0.1 slm O,.
When an additional flux of only 3 sccm (cm® per minute at
standard temperature and pressure) CO, was added, the
ion chemistry within the capillary tube of the CIS altered,
resulting in a selective production of CO; ions. Thus ac-
curate comparison between O;, O3, and CO;3 reactions
was achieved simply by switching on and off the CO, flux
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without changing any other experimental parameter. The
source gas flow was about 13% of the N, buffer gas flow.
Therefore, the total buffer gas in the reaction zone of the
flow tube was composed of 86.6% N,, 12.6% Ar, and
0.8% O,. If CO, was added to produce COj3 ions, its —
contribution to the gas flow was less than 0.1%.
_Hydration of the reactant ions was achieved by adding

" water vapour through an inlet port located upstream from

the ion source. The water concentration in the flow tube
was about 1.5X 10 cm 3. Within the first few cm down-
stream from the ion inlet, a hydration equilibrium of O5,
O3, and CO3” was achieved. For the O3 (H,0), ions, the
measured relative abundances of about 2% for n=0 and
n=1, 70% for n=2, 25% for n=3, and less than 1% for
n=4 agreed well with the results of equilibrium calcula-
tions based on thermochemical data.!”® The hydrate ion
abundance of 05 (H,0), was 3% for n=0, 52% for n=1,
449 for n=2 and less than 1% for n=3. For the
COj3 (H,0),, ions, the measured abundances were 23% for
n=0, 70% for n=1, and 7% for n=2, also in good agree-
ment with theoretical data.’®

By switching the water flux on and off, the reactions of
the core ions and the hydrate ions could easily be com-
pared to each other. The O3 ions are partly hydrated
within the CIS before entering the flow tube. The H,O
impurity of the CIS gases was about 1 ppm. Without any
additional water in the flow tube, the CIS produced about
35% O3 and 65% O3 H,O. The hydration of O3 in the
CIS is due to the high pressure of about 50 hPa. No ther-
mochemical data on the formation of O3 H,O was found in
the literature. Once entered the flow tube, no further hy-
dration of O3  was observed. Thus the reactivity of O3 and
O3 H,0 could be studied independent of each other. For
the O, and COj ions, the hydration in the CIS was ob-
served to be less than 10% and 1%, respectively.

The reactant gas SO, was added 12.5 cm downstream
from the ion inlet port using a gas mixture of 100 ppmV
SO, in N,. The N,/SO, addition was controlled by a mass
flow controller. The SO, concentration in the reaction zone
of the flow tube was calculated from the known reactant
and buffer gas flows and the pressure. The reaction rate
constants were derived from the exponential decrease of
the reactant ion count rates (4~ ) with increasing SO, con-
centration (SO,)

) 50y,
n(A—)o__ Atr( 2);

(11)
where (47 ), is the measured ion signal at zero SO, flux, k4
is the rate constant for the reaction of 4~ with SO,, and ¢,
is the residence time of ions in the reaction zone, measured
by electrically pulsing the ion swarm in the flow tube. The
residence time was 9.7 ms for the SO, reactions. For the O,
reactions, £, was only 5.9 ms due to the smaller distance
between the O, port and the mass spectrometer. The ratio
v/vg of the ion velocity v; and the mean gas velocity v, in
the flow tube was 2.1 in our experiments. For other flow
tubes used in flowing afterglow and SIFT apparatuses, v/
v, ranges between 1.6 and 2225
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Two sets of experiments were carried out to investigate
reactions (4) and (5). In the first one (exp. 1), the CO;5
ions were produced as described above. In the second (exp.
2), an oxygen reduced environment was chosen in the CIS.
The CO; ions were produced selectively in a source gas
composed of 1.3 sim Ar and 3 sccm CO,. The O, impurity
in the source and buffer gases was less than 0.5 ppm. Ion
hydration was achieved as described above. The oxygen
reduced CIS gas composition was also chosen to investi-
gate reactions (8), (9), and (10). The COj5 ions produced
by the CIS were converted into SO3 via reactions (4) and
(5). The SO, concentration in the flow tube was about
5% 10" cm~>, In addition to COy, the CIS produced O;
ions with a relative abundance of 3%. These ions were
converted into SO, by reaction (1). The O, reactant gas
was added 72 cm downstream the SO, inlet port. At this
position, more than 99% of the original CO; and O; ions
had already been converted into SO; and SOj, respec-
tively. A similar procedure as for the SO, concentration
was applied to determine the O, concentration in the flow
tube.

The estimated uncertainty of our k values is about
% 30% for the SO, reactions of COj3’, O5, and O3, mainly
resulting from the uncertainties of the reactant gas concen-
trations in the flow tube and the mean residence time of the
ions in the reaction zone. The rate constants for the SO,
reactions of hydrated ions are uncertain by about +=40%.
For the rate constants of O, reactions, an error of +50%
was estimated.

RESULTS AND DISCUSSION
S0, reactions

In a first set of experiments (exp. 1), reactions (1) to
(7) were investigated. The reactant ions were prepared as
described above with the ion source gas mainly composed
of Ar (94%) and O, (6%). The measured decrease in the
count rate of the reactant ions with increasing SO, concen-
tration, (SO,), is shown in Figs. 2 to 4. The count rates
follow the expected decline [cf. Eq. (11)] except for values
less than about 100 s~'. The enhancement at the lowest
count rates is probably due to fragmentation of product
ions during ion sampling in the mass spectrometer. The
product ions and their possible fragmentation channels are
discussed in a later section.

Using Eq. (11), the reaction rate constants were de-
rived from the slopes of the least square fits to the experi-
mental data. The results of the fits are also shown in the
Figs. 2 to 4. The measured rate constants are summarized
in Table I. Our data agree well with previously measured
rate constants also given in Table I. It should be men-
tioned, that the previous measurements!>'® were made in
He and Ar buffer gases at pressures between 0.17 and 0.6
hPa using the NOAA flowing afterglow (FA) and flow
drift tube (FDT) systems whereas our measurements were
made in an N, buffer gas at a slightly higher pressure of 2.5
hPa. Nevertheless, at least reactions (1) to (3) should be
comparable in these systems. They occur on almost every
collision and should, therefore, have no strong dependence
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FIG. 2. Decrease of the measured ion signals vs the SO, concentrations in
the flow tube for the reactions of O7 and O; (H,0),; with SO,.

on the buffer gas composition and pressure at thermal en-
ergies. Collision rate constants, calculated from the theory
of Su and Chesnavich?' based on trajectory calculations,
are also shown in Table I. According to Ridge,22 this the-
ory most closely reflects the experimental data on unit ef-
ficiency ion—molecule reactions.

Albritton ez al.' studied the reactions (3) and (4)
both in He and Ar buffers and at different pressures (see
notes in Table I). They found no dependence of k; and &,
neither on the kind of the buffer gas nor on the pressure.
Our k; and k, are slightly larger, but agree well with the
previous data within the measurement uncertainty. This
result supports the finding that, at least at thermal ener-
gies, the rate constants of the O~ transfer reactions (3)
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FIG. 3. Decrease of the measured ion signals vs the SO, concentrations in
the flow tube for the reactions of O3, 05 H,0, and O3 (H,0), , with SO,.
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FIG. 4. Decrease of the measured ion signals vs the SO, concentrations in
the flow tube for the reactions of CO; and CO; (H,0),, with SO,. For
COy, the results of both experiment 1 and experiment 2 are shown. The
slopes of both curves agree qmte well with each other as should be ex-
pected.

and (4) do not depend on the pressure and the kind of the
buffer gas as would be expected. Our measured k¢ and &4
are also close to the collision rate constants. The rate con-
stant k; was derived from the decrease of O; H,O and
05 (H,0), being the major ions when water was intro-
duced into the flow tube. The resulting effective rate con-
stant kg=1.73%x10"% em®s™! is very close to k¢ Both
hydrate ions were equally abundant and contributed to the

Mohler, Reiner, and Arnold: Formation of SOz

measured decline to the same extent. It can therefore be
concluded that the rate constant for O3 (H,0), should be
around 1.7x107° c¢m? s~!. The measured k,=1.6X10~°
cm®s™! was derived from the count rate decrease of
0; (H,0), (74%) and O, (H,0); (26%), and therefore
gives the effective rate constant for the reactions of both
ions. Fahey et al.'® measured a rate constant of 1.7 10~°
cm®s™! for the SO, reactions of both O; H,O and
O, (H,0),. Both, k; and k, agree well with the previous
data and are close to the collision rates.

The rate constant ks was derived from the measured
keg=1.14%10"° cm®s~! for the CO; (H,0), ions (n
=0,1,2). The relative abundance of the reactant ions
(23% for n=0, 70% for n=1, and 7% for n=2) did not
significantly vary with the SO, concentration because a
permanent hydration equilibrium of the reactant ions is
established during their reaction with SO,. This equilib-
rium is due to the large water concentration of 1.5 10%°
cm™3 compared to a maximum SO, concentration of*6.0
% 10" ¢cm 3. Thus the measured kg can be corrected for
the relative contribution of the CO; reaction to get the
rate constant for CO3 H,O. The resulting ks=1.4x107°
cm*s™~! clearly shows, that reaction (5) is a fast exother-
mic switching reaction occuring on almost every collision.
This result is particularly important for atmospheric SO,
measurements based on reaction (5).6’7

Reactions (1), (3), and (4) mainly yield the products
specified in Table L.'>'® During experiment 1, O, was
present in the flow tube due to the O, contained in the CIS
gas and, therefore, most of the expected primary products
SO, and SO3 were converted into SO; and SO5 by O,
association reactions. These O, reactions have been studied
separately in experiment 2 and will be discussed below. In

TABLE 1. Reaction rate constants. The reactant ions were produced selectively within the source gas mixtures Ar/O, and Ar/0,/CO, (exp. 1) and
Ar/CO, (exp. 2, no O, source gas, O, only added as reactant gas). The present measurements were made in a 2.5 hPa N, buffer gas at room temperature

(298 K).
Rate constant & (cm?s™!) Collision
Present work Previous rate k2
Reaction exp. 1 exp. 2 work (cm?® s™1)
1 05 +80;° — 8057 +0, 2.0(—9)° R 1.9(—=9)° 2.0(—-9) .
2 05 (H,0),3+80, - products - 1.6(—9)¢ 1.7(—9)° 1.6(—9)f
3 05 +S0, - SO7+0, 1.9(—9) B 1.7(=9)% 1.7(=9)
6 057 H,0+80, — products 1.8(—9) ’ 1.6(—9)
7 057 (H,0),+80, - products 1.7(—=9) - ) 1.5(—9)
4 CO;3 +80, - 80740, 4.8(—10) 4.7(—10) 3.5(—10)" 1.6(—9)
4.0(—10)}
5 CO7 H,0+8S0, — products 1.4(—9) 1.4(—-9) 1.5(—9)
8 S0; +0,+N,  — SO;+N, 2.0(—12)) 6.2(—10)
9 S0;H,0+0, - 805 +H,0 5.0(—11) ° 6.0(—10)
10 SO; +0;+N, - SO7 +N, 1.0(—12) 6.4(—10)

2From trajectory calculations after Su and Chesnavich (Ref. 21).
®Notation: 1.9(—9)=1.9%x 107,

°Fahey et al. (Ref. 15), flowing afterglow, 0.5 hPa He, 303 K.
9Effective rate constant for n=2,3.

€AsS, but at 207-304 K (r=2), 207210 K (n=3).

For n=2.- -

8Albritton et al. (Ref. 16), ﬂowmg afterglow (0.5 hPa He) and flow drift tube (0 32-0.6 hPa He, 0.17-0.27 hPa Ar), thermal energy.

f‘Albntton et al. (Ref. 16), flowing afterglow measurement.
"Albritton et al. (Ref. 16), flow drift tube measurement.
JEffective binary rate constant, 2.5 hPa N,, 298 K.
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that experiment the source gas was oxygen reduced and O,
was added directly into the flow tube as a reaction gas.

When the reactions of hydrated ions were studied in
experiment 1, the primary product ions also reacted fur-
ther with O, and additionally became hydrated very rap-
idly. For reaction (2), SOy (H,0), (n=0,1,2) were the
terminal product ions. Concerning the reaction of O, H,O
with SO, both reaction channels

0; H,0+80,;~80; +H;0(AH%=—328 kI/mol) (2a)

~S0; H,0+0,[AHY

=15 kJ/mol+AH°(SO; --*H,0)]  (2b)

are  exothermic if the  hydration enthalpy
AH(SO; ---H,0) is less than — 15 kJ/mol. The enthalpy
change of the reactions, AH%, are calculated from the heats
of formation of the ions® and the neutrals.?* Reaction (2b)
may be followed by the switching reaction

SO; H,0+0,~S0; +H,0[AH%
= —341 kJ/mol—AH°(SO; ---H,0)].
(12)

However, it seems likely that SO, is directly formed by
reaction (2a)."> Oy (H,0), probably reacts via

05 (H,0),+S0,-S0; H,0+H,0[AH%
= —256 kJ/mol+AH°(SO; -+ -H,0)]
(2¢)

~S0; +2H,0(AH%= —256 kJ/mol).
(2d)

Both reactions are exothermic.

The mechanisms of reactions (4) and (5) were studied
in more detail in a second set of experiments in an oxygen
reduced environment in the flow tube (exp. 2). Under
these conditions, O, reactions of reactant and product ions
could be neglected. The variation of the COj; signal with
the SO, concentration [reaction (4)] is shown in Fig. 4
together with the results of exp. 1. The rate constants k,
and k5 measured in exp. 2 both agree well with the results
of exp. 1 (Table 1).

The CO35 and CO; H,O ions may react via

CO; 450,805 +CO,(AH%= —196 kJ/mol) (4a)

~S0; +CO(AH%= —56 kJ/mol), (4b)

8237

CO; H,0+80,-S0; H,0+CO,[AH%
= —137 kJ/mol+AH°(SO;5 - -H,0)]
(5a)
~S05 +H,0+CO,(AHY

=-—137 kJ/mol) (5b)

—~S0; H,0+CO[AH%
=3 kI/mol+AH%(SO; ---H,0)], (5¢)

but mainly SO3™ and SO3; (H,0), were observed to be the
product ions. Due to the fast product ion hydration, no
relative abundances of reaction channels (5a) and (5b)
could be measured. The reaction channels (4b) and (5c¢)
contribute less than 1%. The enthalpy change of reaction
(5¢) is uncertain by the unknown hydration enthalpy of
SOy H,0.

O, reactions

To investigate the O, reactions (8), (9), and (10), the
reactant ions SO5 and SO; were prepared as described in
the experimental section. A controlled O, flow was added
at a position, where already 99% of the original CO;” and
O; source ions have been converted into SO, and SO; by
reactions with SO,. The measured rate constants are com-
piled in Table L.

For the association reaction (8), an effective binary
rate constant k3=2.0X 10~'2 cm® s~! was measured at an
N, buffer gas pressure of 2.5 hPa and a temperature of 298
K. A ternary association rate constant k{>=3.0x10-2°
cm®s~! can be derived assuming that reaction (8) is not
yet saturated at our experimental conditions. In the case of
saturation the derived k> is a lower limit to the true as-
sociation rate constant. The O, association to SO, was
observed to have an effective binary rate constant k;,=1.0
%1072 em?s~! being close to kg (Table I). The corre-
sponding ternary rate constant is 1.5 10~ em®s™!, pro-
vided that reaction (10) is not in the high pressure limit.

The exchange reaction (9) is significantly faster than
the association reaction (8). Nevertheless, the measured
rate constant is about a factor of 10 lower than the calcu-
lated collision rate (Table I). The major product ion of
reactions (8) and (9) is SO;5". Other product ions were not
observed and should not be expected. For example, the
formation of SO; by the reaction of SO; with O, is en-
dothermic by about 150 kJ/mol. The exothermicities of
reactions (8) and (9) are uncertain by the unknown heat
of formation A fHO (SO5) and the hydration enthalpy
AH°(SO5 - -H,0). Because reaction (9) should be exo-
thermic or at most may be slightly endothermic, one ob-
tains A H°(SO5 ) <[—601 kJ/mol+AH’(SO;5 - -H,0)]
from the known A H°(SO;)=-—601 kJ/mol (Lias
et al.?®). If reaction (9) is in fact slightly endothermic, this
limit has to be increased by the amount of the endother-
micity. For the hydration reaction SO; +H,0
+M=5S0;5H,0+M only the free energy change AG’=

—24.7 kJ/mol is known. Assuming an entropy change of
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TABLE II. Measured abundance ratios R,=[X"(H,0),1/[X~ (H,0),_,] and equilibrium constants K, ,
of hydrated jons and derived free energy changes —AGS_; , of the corresponding hydration reactions

X~ (H,0),_+H,0+N,=2X"~ (H,0),+N, at a temperature of 298 K.

—AGS_, (kI/mol)

fonX~- -~ = R, K., (atm™) Present work Previous work®

SOy n=1 0.67 #0.15 "1.3£0.5(4)° 23.51.0 24.7
n=2 0.025£0.01 5.0+2.0(2) 155+10

SOy n=1 1.0 *=0.2 2.00.5(4) 24.7£1.0 21.3
n=2 <0.01 . <200 <13.0

SO5 n=1 0.05 +0.01 "1.0+0.3(3) 17.2+1.0 )

*Fehsenfeld and Ferguson (Ref. 25); measured in a flowing afterglow system at 7=296 K.

®Notation: 1.30.5(4) = (1.3£0.5) X 10*

about — 100 kJ/mol being typical for the hydration of ions
similar to SO57, e.g., CO3 or NO3j ,19_ the enthalpy change
of the above reaction becomes about —55 kJ/mol.

No reliable data on the stability of SO5 ions can be
derived from the present kinetic studies. However, frag-
mentation studies of mass selected SO5 ions made at our
laboratory using a triple quadrupole mass spectrometer’

showed that the collisional induced dissociation of SO3™ is

less effective than, e.g., that of the hydrated ions CO3; H,0,
NO; H,0, and HCO; H,0. The hydration enthalpies of
these ions are around 60 kJ/mol. The SO3 ion was ob-
served to be the major fragment ion of SO; giving rise to
the assumption, that the SO;3 :*-O, binding may be more
stable than the water binding of the above ions. We may
therefore conclude that the heat of formation of SOj3 is
probably less than —715 kJ/mol.

Hydration of SO37, SO, , and SO was also observed.
The measured abundance ratios R,=[X"(H,0),l/
[X7(H,0),,_1] of the hydrated ions are shown in Table II.
The ratios have been corrected for the known mass dis-
crimination of the mass spectrometer. The correction fac-
tor was less than 1.2. The measured ratio may also be
effected by fragmentation of the hydrated ions when they
are focused into the rod system of the mass spectrometer.
However, the field strength between the ion inlet orifice
and the rod system was quite low due to the quadrupole
lens and thus the effect of fragmentation on the measured
R values is less than about 15%.

The abundance ratios shown in Table II reflect the
equilibrium values of ion hydration in the flow tube within
the given uncertainties. To establish that the hydration
equilibrium was achieved, the hydration of O3, CO;3, and
NO; was investigated under the same conditions. The
known thermochemical data for the hydration of these ions
was used to calculate the expected hydrate ion abundances.
The results agreed well with the measured abundances (cf.
Experimental section). The equilibrium constants K.,
=R,/ (H,0) [(H,0) is the known water concentration in
the flow tube] and the mean free energy change —AGg_l,,,
of the corresponding hydration reactions are also given in
Table II. Our AG® value for the hydration of SOj3 is close
to a previous result.”’ For the hydration of SO; we got a
somewhat higher value. The equilibrium constant for the
association of the second water molecule is markedly re-
duced compared to the first for both SO;” and SO; . For

the hydration of SO5 we measured —AG’=17.2+1.0kJ/
mol. This value is significantly lower than the correspond-
ing result for SOz and SO, .

SUMMARY AND CONCLUSIONS

The present investigations clearly showed, that SO5 is
a stable ion in the gas phase. Various negative ion reactions
yielding SO5; and SO; were investigated. The measured
rate constants for the SO, reactions of Oy, Oy (H,0),3,
05, and COj agree fairly well with previous results. The
measured rate constants of the SO, reactions of
07 (H,0)¢,3 O3 (Hz0)q,1,2, and CO3 H,0 are very close
to the collision rate k. The data also agree well with the
;Y2 dependence of k,, where i, is the reduced mass of the
reactant ion and the SO, molecule. The precision of the
measured SO, reaction rate constants is about +10%.

The SO, reactions of CO3 and CO3; H,O are particu-
larly important for atmospheric SO, measurements by a
method recently developed at our laboratory and described
in-detail elsewhere.®” The method relies on the conversion
of CO5 ions into SO5™ ions. This conversion was found to
be a two-step mechanism. The major product ions of the
first reaction step are SO; and SO3 H,0. These ions fur-
ther react with O, forming SO5 . An effective binary rate
constant of 2.0X 1072 cm®s~! was measured for the O,
association to SOz at an N, buffer gas pressure of 2.5 hPa.
For the switching reaction of SO; H,0 with O, the mea-
sured rate constant is 5.0 107! ecm?® s~1. Probably, the
SOj5 ion is also formed by the reaction of O3 H,O with
SO,. The rate constant for this reaction is 1.8 107°
cm’ s, Because O, was present in the flow tube when this
reaction was investigated, the SO5 ions being the major
terminal product ions may have been produced also by
primary SO; formation and subsequent O, association.
The formation of both, SO;” and SOy, by reaction (6) ‘are
exothermic processes.

" The present results also have implications for the ion
chemistry of ambient negative ions in the lower atmo-
sphere. The hydrates of O, , O3, and COj3 are known to
play a major role in the first steps of the ion-chemical
evolution in the lower atmosphere.® O;” and Oj ions are
converted rapidly into CO3 (H,0), by reactions with CO,,
O;, and H,0. The COj hydrates further react, e.g., with
NO, NO,, and HNO;. Because SO, normally is less abun-
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dant than CO,, O;, and H,0, it should not compete with
the fast reactions of these gases with O; and O; . How-
ever, in the upper troposphere the abundance of SO, is
similar to the abundance of the the nitrogen compounds
and should therefore be considered as a possible reaction
partner for the further conversion of CO; hydrates. Pos-
sible reactions of the SO5 hydrates with other trace gases,
e.g., those having large gas-phase acidities like HNO;,
H,S0,, or HCN should be examined in the laboratory.
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