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Abstract

Temperature and pressure dependent decomposition kinetics,6FH$,SOy), (x = 1-3) cluster ions were measured in a quadrupole
ion trap mass spectrometer. The kinetic data were analyzed with a master equation model to obtain the decomposition energies and energy
transfer parameters for channels leading to elimination of sulfur trioxide and in some cases sulfuric acid. The ion cluster structures, vibrational
frequencies and bond enthalpies were calculated ab initio at the HR/&@!) level of theory. The calculated bond energies agree well with
the experimental results.
© 2003 Published by Elsevier B.V.
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1. Introduction tion model to obtain the decomposition energies. Ab initio
calculations (HF/6-3+G(d)) of the cluster ion geometries,
Cluster ions of the form HE;~ (H2SOy) have been de-  vibrational frequencies, and energies were also performed.
tected in the stratosphefg], and have been used to infer
limits on stratospheric Sfconcentrationg?]. Laboratory
studies by Arnold et al. indicate that $®onds strongly 2. Experiment
to HSO; 7 (H2SOy), and that the kinetics of Sfcluster-
ing to HSQ;™(H2SOy), are near the high-pressure limit 2.1, Part |: decomposition
[3] in 0.38 Torr of He. However, the absolute stabilities
of these clusters are unknown. Accurate knowledge of the The kinetics of HSO7~(H2SQy), (x = 1-3) cluster ions
cluster stabilities would significantly reduce the uncertainty were studied with a flow reactor ion source coupled to an ion
in the derived stratospheric 3@oncentrations. We have trap mass spectrometer. This experimental setup has been
measured rate coefficients for the thermal decomposition of described previously4]. H,SO, vapor was generated by
HS;07~ (H2SQy), ion clusters £ = 1-3) as a function of  flowing about 15 STP cAs 1 (STP= 273K and 760 Torr)
pressure (0.05-4mTorr He) and temperature (303-433K)of Helium over hot (60C) liquid concentrated 50, held
in a quadrupole ion trap. Decomposition channels leading in a stainless steel reservoir. The$0; vapor was added
to elimination of sulfuric acid and sulfur trioxide are ob- to a total flow of about 110 STP &s~! of Helium in the
served. The kinetic data were analyzed with a master equa-flow reactor and reacted with electrons produced upstream
by a hot Iridium filament. The pressure in the flow reactor
was typically about 0.9 Torr. The main negative cluster ions
* Supplementary data associated with this article can be found, in the produced were HS£ (HoSOy), (x < 5) with a few percent
Onlige versiona_at doiiﬁO-1$16I+/jl-ij?r’f(1)s?;2£§73.51§1-(;0‘f1- L.305.467-5622 of HS,077 (H2SOy),.. SGs has an appreciable vapor pressure
* Corresponding author. Tek:1- - - , Tax-1- - - . H H
Errail agdr%eg srosen@al n0aa.gov (S. ng o+ over the hot HSO, liquid, aljd prgsumably the S@lusters
nlovejoy@al.noaa.gov (E.R. Lovejoy). are produced by S@reactlpn with the HS@ (H2SOy),
! present address: Institute for Atmospheric Physics, Becherweg 21, Clusters. To enhance the signals of the larger clusters (
University of Mainz, 55099 Mainz, Germany. 2), the pressure in the flow reactor was increased to about
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Fig. 1. Experimental set-up. Flow reactor ion source coupled to an ion
trap mass spectrometer.

4Torr. lons were sampled through a 0.25mm aperture at
the downstream end of the reactor, and focused into the ion
trap by a set of four electrostatic lenses. The voltage on
the first lens was controlled to gate ions into the trap. The
experimental setup is shown in Fig. 1.

The experimental scheme used to measure the kinetics of
thermal decomposition was as follows. lons were accumu-
lated for a fixed period of time (typicaly 10-100ms), and
a single mass was selected by applying afiltered noise field
(FNF) across the endcaps [5]. Following accumulation, the
ions were held in the trap for a variable reaction time, then
scanned out of the trap to generate a mass spectrum. Kinetics
were measured by monitoring the reactant and product ion
signals as afunction of the reaction time. First order decom-
position rate coefficients were derived from the exponential
decay of the signal as a function of reaction time. The first
order rate constants were measured for different pressures
(0.05-4 mTorr) and temperatures (303433K). Varying the
flow of UHP He into the trap chamber controlled the pres-
surein thetrap. The flow from the ion source reactor consti-
tuted from 4 to 14% of the total flow into the ion trap cham-
ber. Fig. 2 shows an example of a measurement of the de-
composition of the HS,O7~(H2S04)2 ion cluster (mass 373)
and the appearance of the two fragments HSO4 ™~ (H2S04)2
(mass 293) and HS;O7~ (H2S04) (mass 275). The subse-
guent decomposition of HS;07;7H2S04 to HSO4 H2S0O4
(mass 195) is aso observed.

2.2. Part Il ligand switching

The kinetics of the bimolecular ligand switching reaction
HSO4™ (H2S04)2 + SO3 — HS077H2S04 + H2S04 (1)

were also measured in the ion trap. HSO, ™ (H2S04)2 was
selectively trapped and SOs was added directly to the ion
trap chamber with the main Helium flow. The SOs vapour
was drawn from areservoir of solid SOz and passed through
a heated needle valve into the main ion trap Helium flow.
The SO3 concentration was measured by monitoring the
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Fig. 2. Thermal decomposition (7 = 312K and P = 0.42mTorr) of
HS,07~ (H2S04)2 cluster ion (mass 373, (H)) to yield HSO4~ (H2S04)2
(mass 293, (@)) and HS,0;~(H2S04) (mass 275, (A)). The subsequent
decomposition of HS,0;H2S04 to HSO,~H2S04 (mass 195, (¥)) is
observed at longer times. Fits to the data are shown as solid lines.

decay of SF¢~ intheion trap and using arate coefficient of
1.1 x 10~° cm? per molecule per second for the reaction [3]

SFg™ + SO3 — FSO3™ + SFs 2

SF¢~ was generated in the ion source reactor by adding
SFg downstream of the iridium filament. The ligand switch-
ing kinetics (reaction (1)) were measured at a constant trap
pressure of 0.5 mTorr He and for arange of SO3 concentra-
tions (1 x 108 to 3 x 10'° moleculecm—3) and temperatures
(303453K).

2.3. Analysis of the data

Cluster bond energies were derived from a master equa-
tion analysis of the therma decomposition kinetics, as de-
scribed previously [6]. The thermal decomposition kinetics
are described by the following equation:

d R o0 o0
U e Pl — MY P — kil @)
=1

—— =z
dr j=1

where z is the second-order collision rate constant for the
bath gas He + reactant [7], and P; ; is the probability that a
collision between the reactant and the bath gas changes the
internal energy of thereactant from statej to statei. Collision
transition probabilities were calculated with an exponential
energy up model [6]. kyni; is the first-order unimolecular
decomposition rate constant of state i. Input parameters to
the model are the bond energy Egp, the Helion energy trans-
fer parameter 8, and the ab initio vibrational frequencies
and rotational constants. Experimental data and the best fit
master equation predictions for the reaction

HS,07 H2S04 + He — HSO, H2S04 + SO3 + He  (4)

are shown in Fig. 3.
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Fig. 3. First order rate coefficients for HS,0;~H2SO4 cluster ion decom-
position as a function of temperature and pressure. The solid lines are
calculated with the master equation model for Eg = 25.1kcal mol— and
B = 1.16kcal mol 1.

A chi squared (x2) analysis was used to find the best fit
of the master equation model to the experimental data.

(kly g (Eo, B. T, P) — kLo (T, P))°
XP(Eo, )= Y Mot 02 D T e 5)
T,P

o

where kéxp(T, P) is the experimental first-order thermal de-
composition rate constant at temperature T and pressure
P, and k{; 4y (Eo. B, T. P) is the first-order thermal decom-
position rate constant calculated with the master eguation
model for bond energy Eg and energy transfer parameter S.
Chi-sguared contours are plotted as a function of Eg and S
in Fig. 4. The minimum on the chi-squared surface gives the
best fit bond energy and energy transfer parameter. It was
assumed that the standard deviation (o) of the measured rate
constants was 10% of k.

For the clusters HS;077(H2S04), (x = 2 and 3), two
decomposition channels were detected:

HS;O07™ (H2S04) + He — HSO4™ (H2SO4) . + SOz + He
(6)

HS;077 (H2S04) + He
— HS;077 (H2S04) x—1 + H2SO4 + He (7)

In this case the master equation model was modified by
expressing the unimolecular rate constant (Eg. (3)) as the
sum of the unimolecular rate constants for two different
channels

kuni,i = ka,uni,i + kb,uni,i (8)

where kg yni i and kp_yni ; arethe uni-molecular rate constants
of reactant state i to decompose to channels a and b, re-
spectively. The unimolecular rate constants were evaluated
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Fig. 4. Chi-sguared contour plot of the master equation calculations
for the HS;077H2SO4 decomposition. The minimum chi-squared gives
Eo = 25.1kcal mol~1 and g = 1.16 kcal mol 2.

as described previously [6] using the ab initio vibrational
frequencies and rotational constants appropriate for the two
channels.

The first-order thermal decomposition rate constants for
each channel are averages of the unimolecular rate constants
over the steady state distribution of the reactant:

ké = Zka,uni,if$,i (9)

kt]) = Zkb,uni,if$,i (20

where fss; is the fractional steady state population of the
reactant in state i. The branching ratios for each channel are
then:
ks ko
a = —_—, =
kL + k) k& + ki

(11)

The branching between the two product channels is most
sensitive to the bond energy difference between the two
channels, which in this case is less than 1kcal mol—1. The
two channel master equation hasthreeinput parameters: Eqs,
Eop and 8. The best-fit parameters were evaluated by mini-
mizing chi-squared, as before.

The kinetics of the ligand switching reaction (1) were
measured as a function of temperature. The rate constant for
displacement of HoSO4 by SO3 increased with temperature,
suggesting that the reaction was endothermic as written. By
assuming that the sum of the forward and reverse rate con-
stants is equal to the collision rate constant [7], the reverse
rate could be estimated. The equilibrium constant, given by
the ratio of rate constants, was derived as a function of tem-
perature. A van't Hoff plot of the temperature dependence
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5 30 I % * 110 ;0 tions involving hydrogen-bonded ligands (e.g., H2SO4 +
| = HSO4 7 (H2S04), <> HSO4 (H2SO04),+1). Arnold et al.
3.2 § s :_ report rate coefficients for the association reactions
I SO3 + HSO47 (H2S04), < HS077 (H2SO4), that are
34T L . 1 6 close to the collision rate coefficient in 0.4 Torr He, show-
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Fig. 5. Temperature dependence of the kinetics and equilibrium con-
stant for HSO4~ (H2S04)2 + SO3 — HS,077H2S04 + H2S04. The solid
squares are the logarithm of the equilibrium constant. The line is a fit
to the data giving AH = 3.2kcal mol~1 and AS = 2.7camol~tK-1 at
Tave = 393K. The open diamonds are the experimental rate constant for
the forward reaction.

of the equilibrium constant is presented in Fig. 5. This anal-
ysis yields estimates for AH® and AS® for reaction (1).

2.4. Quantum chemistry calculations

ab initio calculations were performed at the HF/6-31+-G
(d) level of theory. Diffuse s and p shells were added to
the second and third row atoms in order to improve the
representation of the anion intermolecular hydrogen bonds
[8]. The primary goal of the calculations was to determine
the vibrational frequencies and the moments of inertia of
the optimized molecular structures for use in the master
equation analysis. Corrections for basis set superposition
error [8,9] and electron correlation energies [8,10,11] were
not performed. Vibrational frequencies were scaled by 0.89
[6,12,13] for the calculation of thermochemical properties
and for use in the master equation model. All of the quantum
chemical ab initio calculations were performed using the
GAMESS software package [14] and the geometries were
constructed and the GAMESS output was visualized with
the MOLDEN software [15]. The geometry optimizations
were performed with a maximum energy gradient tolerance
of 1 x 10~° hartreeBohr~1 or better.

Table 1

ing that there are not significant barriers for these reactions
[3]. The absolute error in the experimental bond energies
is estimated to be about 1kcal mol~1 [6]. The experi-
mentally derived bond energy is for most cases within
1.5kcal mol~1 of the ab initio calculated bond energy. For
HS,07~(H2S04)», the difference is about 3 kcal mol .

Analysisof the temperature dependence of theforward re-
actionHSO4~ (H2S04)2+S03 — HS,07 HSO4+H2S04
yields an estimate for the reaction enthalpy. The van't Hoff
plot shown in Fig. 5 gives AHgg,,c = 3.2kcal mol~1 and
ASSg3k = 2.7kcal mol ~? for the ligand switching reaction.
An uncertainty of 2 kcal mol 1 is assigned to the reaction en-
thalpy becauseit is based on the unsubstantiated assumption
that the reverse reaction proceeds at the collision rate, and
the measurement covers arelatively small range of tempera-
ture. The enthalpy change measured for the ligand switching
reaction,

HSO4 ™ (H2S04)2 + SO3 — HS;07 H2S04 + H2S04
AH® = 3.2+ 2.0kcal mol~* (12)

may be compared with values derived from measured bond
enthalpies. Values listed in Egs. (12)—(18) are evaluated for
atemperature of 298 K. The reaction enthalpy for (12) may
also be derived from the difference in the measured H>SO4
and SO3 bond enthalpies in HS;O07~ (H2S04)2:
HSO4™ (H2S04)2 + SO3 — HS07™ (H2S04)2

AH® = —23.0 4+ 1.0kcal mol 1 (13)

HS077 (H2S04)2 — HS,077 H2804 + H2S0;4,
AH® = 23.2+ 1.0kcal mol 1 (14)

Bond energies and energy transfer parameters derived from master equation analysis

Reactant cluster Loss of SO3 Loss of HySO4
Eo (exp) B (kcal mol—1) E, (calc) Eo (exp) B (kcal mol—1) E, (calc)
(kcal mol—1) (kcal mol—1) (kcal mol—1) (kcal mol—1)
HS,077H2S0O4 25.1 1.16 25.8 Not observed 27.6
HS;077 (H2S04)2 22.8 1.00 195 23.4 1.00 20.6

HS,077(H2S04)3 20.3 0.74 18.8 211 0.74 20.5
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Table 2

Ab initio results for al geometries calculated

Isomer Egec (kcal mol—1) Eqec (hartrees) Ezp (kcal mol—1) S50815 (cal mol~1K)
SO3 —390303.98 —621.98846 7.65 61.28
H2S0,42 —438032.82 —698.04876 23.74 71.10
HSO,~P —437717.14 —697.54607 16.50 71.90
HS,07~ —828062.17 —1319.59996 26.38 91.30
HS,077H2S0;4 (d) —1266115.08 —2017.68111 51.19 128.69
HS,077H2S04 (b) —1266118.09 —2017.68592 51.31 129.65
HS,077H2S0;4 () —1266122.20 —2017.69247 51.45 131.70
HS,077H2S04 (d) —1266123.96 —2017.69528 51.78 122.97
HS,077(H2S04)2 (a) —1704172.41 —2715.76933 76.57 161.88
HS,077(H2S04)2 (b) —1704172.79 —2715.769%4 76.49 167.20
HS,077(H2S04)2 (€) —1704178.50 —2715.77904 76.84 158.12
HS,077(H2S04)3 (a) —2142232.78 —3413.86237 101.89 193.44
HS,077(H2S04)3 (b) —2142232.83 —3413.86245 101.83 198.40

Eaec: €lectronic energy. Ezp: zero point energy.
2From [4]. Note error in S reported in [4] has been corrected.
b From [4].

net : HSO4™ (H2S04)2+4 SO3 — HS,077 HaS04+4 Ha SOy,
net: AH® = 0.2 + 1.4kcal mol 1 (15)

The enthalpy of reaction (12) may also be derived from the
difference between the H2SO4 binding in HSO4~ (H2S04)2
[6] and the SO3 binding in HS;O7~H2S04

HSO4, H2S04 + SO3 — HS;07 H2S0y,
AH® = —25.3+ 1.0kcal mol 1 (16)

HSO4™ (H2S04)2 — HSO4 H2S04 + H2S04,
AH® = 27.4 4+ 1.0kcal mol 1 (17)

net : HSO4™ (H2S04)2+ SO3 — HS;077 H2S04+ HoSOg4,
net: AH® = 2.1+ 1.4kcal mol 1 (18)

This comparison shows that the results agree within the
estimated error. A weighted average value of the three
results is; AH® = 1.6 + 0.9kca mol~1. Applying simi-
lar thermodynamic cycles one derives reaction enthalpies
for HSO4~(H2S04),+S03 — (H2S04),—1+H2S04 of
AHSggc = 2.3 & 1.0kcamol™!, AH5p, = 06 =+
1.0kcal mol~! and AHSgg = 1.3 & 1.4kecal mol~2, for

x =1, 3 and 4 respectively.

Fig. 6. Structure of HS,O7~.

The ab initio results for all the measured cluster ions and
their isomers are listed in Table 2. The geometries of the
calculated clusters are shown in Figs. 6-9, molecular struc-
tures, moments of inertia, and vibrational frequencies are

(a) 8E = 8.3 kcal mol’’

(b) 8E = 5.4 kcal mol™

(¢) 8E = 1.4 keal mol

(d) 8E =0 kcal mol™

Fig. 7. Structure of HS,0; H2SO4, SE is the difference in the total
energy, Eiwt = Edec + Ezp, relative to the most stable isomer.
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(a) 8E = 5.8 kcal mol™

(b) 8E = 5.4 kcal mol’

(c) 8E = 0 kcal mol

Fig. 8. Structure of HS;O7~ (H2S0x4),. SE is the difference in the total
energy, Ewt = Eedec + Ezp, relaive to the most stable isomer.

available as Supplementary Information. The results of the
ab initio calculations show that the coreion in these clusters
isHS,O7~, the negativeion of pyrosulfuric acid. Four struc-
tures of HS,O7~H2SO4 were calculated. The cyclic struc-

&

(b) 8E = 0 keal mol™

(a) 8E = 0.1 kcal mol™

Fig. 9. Structure of HS;077(H2S04)3. SE is the difference in the total
energy, Ewt = Edec + Ezp, relative to the most stable isomer.

ture with H,SO4 forming three favorable hydrogen bonds
to HS;O7~ is the lowest in energy. The linear structures
7 (@) and (b) have the highest energies. The next larger
cluster HS,O7~ (H2S04)2 shows the same trend. The cyclic
structure, Fig. 8(c), with the core ion HS;O;~ and one
H-bond between neutral H,SO4 ligands has the lowest elec-
tronic energy and entropy. Two nearly degenerate cyclic iso-
mers of HS;07~(H2S04)3 are shown in Fig. 9. Structure
9(a) is generated by adding one H2SO,4 to the most sta-
ble HS,0;7(H2S04)2 isomer (Fig. 8(c)), and 9(b) is con-
structed by bridging two H>SO4 molecules across HS,07~
in the most stable HS,O7~H2S04 structure (Fig. 7(d)).

A comparison of the experimentally derived bond en-
ergies of SOz and H2S04 to the HSO4~ (H2S04), cluster
ions [6], shows that H,SO,4 is only bonded 2.5, 1.2 and
1.5kcal mol 1 stronger than SOz for x = 1, 2 and 3, respec-
tively. Reaction enthalpies for HS;07~ (H2SO4) . + H2O —
HSO4~(H2S04),+1 may be derived from a combination of
the thermodynamic data reported in the present study and
previous work [4]. For example, the experimental reaction
enthalpy for the neutral reaction [16]

SOz + H20 — H2S04,
AHjgg = —23.3kea mol 1 (19)

combined with

HS,077 H2oS04 + H2S04 — HSO4™ (H2S04)2 + SO3,
AHjgg x = —1.6kca mol 2 (20)

gives the net reaction

HS;077 H2S04 + H20 — HSO4™ (H2S04)2,
net : AHjggx = —24.9kcal mol 2 (22)
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Similar logic applied to the reactions HS;07;~ (H2S04) . +
H20 — HSO4™ (H2S04) 41 (x = 0, 1, 2, 3) yieldsreaction
enthalpies of —25.0, —24.9, —23.9 and —24.6 kcal mol 1,
for x = 0, 1, 2, 3 respectively. Curtius et al. [4] did not
observe the elimination of HO from HSO4~ (H2SO04),
thermal decomposition, even though for y = 1 and
2, H2O dimination appears to be the lowest energy
path. This may suggest that there is a significant bar-
rier to H,O elimination from H»SO4 in these clusters,
similar to that observed in free H2SO4 (reaction 19)

[17].

4. Summary

The temperature and pressure dependence for the thermal
decomposition of HS;077(H2S04), (x = 1-3) were mea
sured in a quadrupole ion trap. Bond energies were derived
from the decomposition kinetics using a master equation
model. The SO3 bonding to the HSO4~ (H2S04), (x = 1, 2,
3) ionsisstrong and only slightly weaker than that of sulfuric
acid to the same cluster ions. The ligand switching reaction
HSO4™ (H2S04)2 + SO3 — HS077 (H2S04)1 + H2S04
was also studied as a function of pressure and temperature.
Ab initio calculations yield information on the structures,
vibrational frequencies, moments of inertia and entropies
of these clusters. The ab initio calculations show that SOz
reacts with HSO,~(H2S04), ions to produce cluster ions
based onthe HS,O7~ ion rather than HSO4 . Abinitio bond
energies agree, in most of the cases, within 1.5kcal mol—1
of the experimental results. A detailed analysis of strato-
spheric SO3 concentration based on our results is beyond
the scope of the paper and will be presented in a separate
publication.
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