4950 J. Phys. Chem. A997,101,4950-4953

Kinetics and Thermodynamics of the Gas Phase Reaction SO- NH3 + N, <
H3NSOs; + N
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The kinetics of the gas phase reactionsSONH; + N, <= H3NSO; + N, were studied with a flow reactor
coupled to a chemical ionization mass spectrometer for detection pAS®OHNSO;. The rate coefficient
for the association reaction $@ NH3 + N, was measured as a function of temperature {ZBM K) and
pressure (2680 Torr of Ny). Analysis of the S@decay and BNSO; appearance at higher temperatures
yielded rate coefficients for #lSO; decomposition and the enthalpy of the reactions SONH3 < H3NSOs:
AH3gex = —24 £ 1 kcal mol?,

Introduction of H3NSG;. The implications of these results to the understand-

ing of the atmospheric chemistry of;NSQ; are discussed.

The dominant loss mechanism for $i@ the atmosphere is
reaction with gas phase water to produce sulfuric &cidThe . .
association reaction of SOwith ammonia (eq 1) typically Experimental Section

The kinetics of the reaction of SQvith NH3; were studied

SO+ NH; +M < H,NSO, + M 1) by monitoring the concentration of $@t the exit of a laminar
flow reactor as a function of the contact distance betweefn SO
accounts for less than 1fof the SQ loss in the atmosphefe. and NH,. SO; was monitored with chemical ionization mass
H3NSO; appears to have an unusually strong affinity for H ~ SPectrometry. The reactor was a Pyrex cylinder 50 cm long
SOy, and it has been proposed that the associationsbiS@; with a 1.62 cm internal diameter. The temperature of the reactor
and HBSOy may be an important step in the formation of aerosol Wwas controlled by CirCUlating temperature-regulated fluid thI'OUgh
in the atmosphere despite the low concentrations Hf$0s.4 copper tubing soldered to an insulated copper sleeve surrounding

The stability of HNSO is not well established. High-level the reactor. The reactor temperature was measured with a

calculations by Wong et al. predict thagS0; is bound by thermocouple mo_unted on the end of a movable_inlet. The
about 19 kcal mol® relative to NH, and SQ5 Lovejoy and temperature gradient was lessnhaK along the reaction zone

Hansoff report that the BN—SO; bond enthalpy is greater than for the conditions of the. present V\.IO.I’k.. SWas genera}ted near

20 kcal mot?, based on the observation of exponential; SO the end of the movable inlet by oxidizing $6n a hot nichrome

decays in excess NHat room temperature. filament in the presence of D as described previousty.
The theoretical work by Wong et Bpredicts that gas phase Ammonia was added to the reactor at the upstream end along

. . J Y : with the main flow of N. Mixtures of NH; in N, were prepared
H3sNSG; is a zwitterion with significant electron donation from . .
the N to S leading to a large dipole moment of 6.6 D. Wong et in 12 L Pyrex bulbs by adding measured pressures of altd

al5 also predict that gas phaseMSO; has a significantly longer N.. The reactor pressure was measured with a capacitance
’ . manometer an flows were m red with m flow meters.
(about 0.1 A) N-S bond than the solid form. Canagaratna et anometer and gas flows were measured with mass flow meters

al® have measured the microwave spectrum of gas phase H The mass flow meters were calibrated with a wet test meter or
NSOs and find that the structure agrees very well with the by measuring the rate of change of pressure in a calibrated

theoretical predictions of Wong et alThey also confirm that volume.

HsNSG; is a zwitterion with about 0.4 electrons transferred from The CIMS |on—molecer re:_;tctor was operated at 5 Torr with
NtoS. about a 0.1 s contact time with the $@actor effluent. S©

Shen et al. reported the first kinetic measurements for the was detected by using the following reactibhs
reaction SQ+ NHs. They measured a rate coefficient of (6.9 _ _
+ 1.5) x 1071 cm® molecule? st in 1—2 Torr of He with a NO; HNO; + SO;— NO; SO, + HNO, (2)
flow reactor and photofragment-emission detection 0f;.SO
Lovejoy and Hanscohhave recently reported measurements of and
the pressure dependence of the association rate coefficient and
observation of the ENSO; product. SiF,” + SO,— FSO,” + SiF, (3)
In the present work, the kinetics of the loss of 50 the
presence of Nklare measured as a function of temperature
(280—343 K) and pressure (280 Torr of Nb). At elevated
temperatures (383402 K) the decomposition of #SG; is 3 _
observed, and equilibrium constants for reaction 1 are measured. NO; HNO; + H;NSO; — H,NSO; HNO; + HNO;  (4)
These data yield the temperature dependence of thetSIH;
reaction near the low-pressure limit and the heat of formation  |njtial SO; concentrations in the neutral flow reactor ranged
from about (+-10) x 10° molecule cm3. The NH; concentra-
€ Abstract published ilAdvance ACS Abstractdune 15, 1997. tion was typically at least 50 times larger than S|Gso that

H3sNSGO; was detected by using
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Figure 1. First-order rate coefficient for SOoss as a function of
[NH3] and temperature. Circles 280 K, 41.4 Torr. Squares 301 K,
41.0 Torr. Triangles= 334 K, 40.6 Torr.

TABLE 1: Summary of SO3; + NHj3 Rate Coefficients

[NH3]max kP (L0712 cm?
p(N2) 2 (102 molecules no.ofk  molecule?
(Torr) T(K) (cms?) cm3) measmnts s
20.5 280 391 53 7 2.76 (0.06)
20.1 298 423 81 8 1.90 (0.10)
21.1 317 445 124 9 1.34(0.14)
202 317 441 118 6 1.3%0.08)
205 341 472 133 8 0.870.05)
414 280 197 19 8 4.58 (0.16)
41.0 301 214 43 8 3.16 (0.06)
410 319 237 72 7 2.30 (0.14)
40.6 334 240 68 6 1.70 (0.08)
400 343 247 88 6 1.47 (0.10)
81.3 280 100 4.9 6 8.2 (0.3)
79.8 300 107 7.1 7 5.04 (0.34)
80.4 320 113 13 8 3.47 (0.22)

a Average reactor flow velocity? 95% confidence levels for precision
are indicated in parenthesésSiks~ reagent ion.

the SQ loss was pseudo first order in $0The Reynolds
number for the neutral reactor flow was about 75.

Results and Discussion

Rate coefficients were measured by monitoring the concen-
tration of SQ at the exit of the flow reactor as a function of
the contact distance with NHor a range of NH concentrations.
The NG;~HNO; reagent ion was used for the majority of the
measurements. At temperatures below 350 K the &@ays

were exponential, as expected for a first-order process, and as

observed previousl. First-order S@loss rate coefficients were
extracted from the decays by using the Brown algorithfirst-
order rate coefficients are plotted as a function of the concentra-
tion of NH3 for a range of temperatures in 40 Torr of kh
Figure 1. The slopes of these plots yield the effective second-
order rate coefficients for SO+ NHs. All of the measured
association rate coefficients are listed in Table 1. The quoted
errors are the 95% confidence levels for precision only. The
overall uncertainty in the rate coefficients is estimated to be
+20%. The room temperature rate coefficients measured in
this work are in excellent agreement with the previous measure-
ments of Lovejoy and Hansdrut are about 100 times smaller
than the original measurement by Shen et &eterogeneous
loss of SQ, possibly related to the relatively high levels of $O
may have influenced the Shen et’aheasurement.
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whereky(T) = K%YT/300) " andk.(T) = KXYT/300) ™. A fit
of the k(M,T) data (Table 1) to eq 5, including the previous
measurementst 295 K, gived® = (3.6 % 0.4) x 10~ cnp
molecule? s, KX = (4.3 + 1.2) x 10~ cm® molecule®
s andn = 6.1+ 1.0, withmfixed equal to zero. The errors
reflect an estimated 20% uncertainty in the measured rate
coefficients. The fit results changed by less than 10% fer O
m < 3. The assumption that the high-pressure limiting rate
coefficient is independent of temperature (ira. = 0) is
reasonable considering that the high-pressure limit rate coef-
ficient is large at room temperature and the temperature
dependence df. is generally weak (see, for example, ref 10).
At temperatures above 380 K the unimolecular decomposition
of H3NSG; into SG; + NH3 competed efficiently with the
association reaction, and the $@ecays were not simple
exponentials (see Figure 2). For these conditions thedgCay
and HNSO; appearance were modeled to extract the rate
coefficient for decomposition of #SO;. The kinetics were
modeled with the following mechanism

SO; + NH; + M < H,NSG;, + M (ki k) (6)
SO, +wall— (k%)
O Ky @)
H,NSO, + wall— (k)  (8)
For this mechanism [S§pand [HsNSO;] are described by
_[SG4o
[SOJ =S @+ c)exp@t) — (b + cexpbr)]  (9)
and
NH,][SO
[HNSOJ = W{exp(at) —expbt] (10)
where

a= 0.5[(c* — 4¢)"* — d
b= —0.5[(d” — 46)'? + d]
c=k+ K"
d=KINHgl +k + G2+ k"
e = KAKINHS] + Ko+ K

The SQ decay and BNSO; appearance were fit simulta-
neously to these equations wifixed at the value extrapolated
from the lower temperature data. The reaction time was
calculated using the relationshtp= z/(1.7v) wherez is the
reaction distance andis the average flow velocity. The rate
coefficient for SQ wall loss was fixed at the value measured
in the absence of Ni This value was always within 10% of

The pressure and temperature dependence of the rate coefthe diffusion-limited value, implying that the SQeaction

ficient for a three-body reaction may be described by the Troe
formalismi©

probability with the reactor wall was greater than10 The
nonlinear regression variables included the first-ordgd$0;
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Figure 2. SO; and HNSG; signals (NQ-SO; and HNSO;"HNO3)
as a function of reaction distance and [jlHReactor conditionsy =

288 cm s?, 393 K, 40.0 Torr of N. Squares: [NH = 9 x 1013
molecule cm?. Circles: [NH] = 1.8 x 10" molecule cm?®. Solid

lines are fits to the data as described in the text. Fit results are listed

in Table 2.

TABLE 2: Summary of SOz + NH3z +Nz < H3NSO; + N,
Equilibrium Measurements

ke (10-13 ¢ [INH3] AH®
p(N2) molecule* (10" molecule v k (kcal
(Torr) T(K) s cm3) (cms?) (sH mol™
40.8 393 7.4 5 281 44 -24.0
40.8 393 7.4 9 281 41-24.1
40.8 393 7.4 18 281 38—-24.1
40.4 402 6.5 12 295 97—-23.8
40.4 402 6.5 12 295 94-23.9
40.4 402 6.5 25 295 117-23.7
40.0 393 7.3 18 288 41-24.1
40.0 393 7.3 9 288 37-24.2
40.3 383 8.3 9 279 22—-24.1
40.3 383 8.3 6 279 20—-24.1
40.3 383 8.3 2 279 21—-24.1
40.6 393 7.4 10 280 33-24.3
40.6 393 7.4 14 280 38-24.1
40.6 393 7.4 19 280 39-24.1
40.6 393 7.4 13 280 40—-24.1
79.1 383 13 9 138 33-24.1
79.1 383 13 19 138 48 —23.8
79.1 383 13 5 138 35-24.0
79.1 383 13 14 138 47 —23.8
41.0 393 7.4 9 272 36—24.2
41.0 393 7.4 14 272 41-24.1
41.0 393 7.4 5 272 35-24.2

decomposition rate coefficienk, the HNSO; wall loss
(K,SVA), and the CIMS sensitivity for S{xelative to HNSGs. A
set of experimental S£and HBNSGO; profiles and the simul-

taneous fits to eqs 9 and 10 are presented in Figure 2. All thethe lower troposphere for clean conditions.

Lovejoy

TABLE 3: Predicted H3NSO; Decomposition Lifetimes for
Tropospheric Conditions

pressure ki (L0 cm? H3NSO; decomp

(Torr)  T2(K) moleculels™) k(s lifetime (s)
760 281 2.2 9 1073 110
405 254 2.3 1.1x 104 9100
195 222 25 1.4 107 7 x 10°

2 0n the basis of a model atmosphere fof #0in March (ref 15).

rameters and scaled vibrational frequenéieEhe entropies of
SG; and NH; were taken from the literatufé. These values
yielded an entropy change for the formation gN$G; (reaction

1) of —0.036 kcal mot! K™% for 250 K < T < 400 K.
Calculations also showed that the change in heat capacity for
reaction 1 is negligible for 300 k T < 400 K (AC,| < 1 cal
mol~1 K1), so thatAH® is essentially independent of temper-
ature between 300 and 400 K.

In the equilibrium experiments, data were taken in the
entrance and mixing region immediately downstream of thg SO
moveable source (see Figure 2). It should be noted that at lower
temperatures Sflecays were linear in this region, even though
the radial velocity and concentration gradients are not expected
to be fully developed until about-510 cm downstream of the
inlet.12 On the basis of the poorly defined reaction time at short
reaction distances, the uncertainties in the measured equilibrium
constants are estimated to be about a factor of 2. This yields a
reaction enthalpy for S&+ NH3z <> HaNSO; of AHSgex = —24
+ 1 kcal molt and a heat of formation for #lSO; of AHf298
= —129.6+ 1.0 kcal mot?, where the standard state is 1 atm.
This experimental tN—SQO; bond enthalpy is about 4 kcal
mol~! larger than the theoretical valSe.

Atmospheric Implications

The lifetime of HNSO; with respect to unimolecular
decomposition for several conditions of pressure and temperature
characteristic of the troposphere are listed in Table 3. Other
potential atmospheric loss processes fogNBO; include
scavenging by aerosol and clustering wits8,. The hetero-
geneous reaction probability fosNSQs is probably near unity.

In this case the lifetime of NSO; with respect to aerosol
scavenging will range from seconds in clouds to many hours
in clean air'® Assuming a very efficient reaction with,BO;*

and ambient [HSQy] ranging from 16 to 10/ molecule cm?3,14
yields a lifetime of HNSO; with respect to clustering with
H,SOy of about 16—10* s. This analysis shows that the
unimolecular decomposition of NSO is most important in

In the free

equilibrium measurements are summarized in Table 2. The ratetroposphere the dominant loss processes fgN$0O; are

coefficient for wall loss of HNSO; was consistently about 40%

probably scavenging by aerosol and clustering wii$@h. In

less than the diffusion-limited value, implying that at these order to understand the role ofsNSG; in the nucleation of

elevated temperatures the wall reaction probability feN&O;
was reduced and/or evaporation ofNEO; was important. The

fitted wall loss rate coefficients for SO varied by less than
about 20% for the range of NHconcentrations used in this

work. The CIMS sensitivities for INSO; and SQ were a
function of the concentration of HNQOn the ion—molecule

atmospheric particles, the kinetics of production and decomposi-
tion of clusters of the form ENSOs(H,SOy)x are needed.
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