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The rate constants for the reaction ofS03 with H20 in He and in N2 were measured at total 
pressures from 1-10 Torr in a flow tube at room temperature. The concentration ofS03 was 
monitored by photofragment emission produced by 147 nm excitation. Dependencies of 
apparent reaction rates on wall conditions and reaction tube sizes were investigated. At total 
He pressures of 1-10 Torr, a value of (5.7 ± 0.9) X 10- 15 cm3/s was obtained for the upper 
limit of the homogeneous gas phase reaction rate constant. This rate value is more than two 
orders of magnitude lower than the previously published value, but it is consistent with the 
theoretical calculation provided in this paper. 

I. INTRODUCTION 

Acid rain is a major problem in atmospheric chemistry. 
The release of sulfur compounds into the air with their sub­
sequent oxidation and conversion to sulfuric acid is recog­
nized as the principal cause of acid rain; and S02' produced 
by the combustion of fuels and by volcanic eruptions, is the 
major sulfur-containing species in polluted air. A reasonable 
chain mechanism for the oxidation of S02 to sulfuric acid 
has been proposed by Stockwell and Calvert l

•
2 as 

S02 + OH + M ..... HOS02 + M, (1) 

HOS02 + 02-+H02 + S03' 

S03 + H20 ..... H2S04 , 

(2) 

(3) 

The chain is continued by the reaction of H02 with NO 
to reform OH. By the Stockwell-Calvert mechanism, the 
amount of sulfuric acid formed is proportional to the 
amount of S02 released. An important step in the mecha­
nism is the reaction of S03 with H20, which may occur in 
the gas phase and/or on the surfaces of aerosol particles. The 
rate constants of both routes could be important in assessing 
acid rain formation. Unfortunately, the rate constant for re­
action (3) is not well established.3 Only one value has been 
reported: a rate constant of 9 X 10 - 13 cm 3 / s was obtained by 
Castleman et al.4 using a mass-spectroscopic method to 
monitor the decay ofS03 in a very fast flow study. This rate 
constant4 is surprisingly fast for a reaction between two sta­
ble molecules. However, the rationale for such a fast rate was 
provided. 5,6 The reaction proceeds via a vibrationally excited 
adduct (H20'S03) which rearranges spontaneously to 
H2S04 Y The product (H2S04 ) and adduct (H20'S03) 
geometries and the reaction energy surface were calculated 
by CNDO/2 methods5

; and the results supported the vibra­
tionally hot molecule reaction thesis. In their calculationS, 
an adduct stabilization energy of 15.2 kcallmol (relative to 

a) Present address: Dalian Institute of Chemical Physics, Dalian, People's 
Republic of China. 

b) Also, Department of Chemistry, San Diego State University. 

S03 + H20) and an activation energy barrier for adduct 
rearrangement to sulfuric acid of 3.3 kcallmol were ob­
tained. RRKM calculations based on these frequencies and 
energetics for the spontaneous reaction rate constant of the 
adduct (i.e., vibrationally "hot" by 11.9 kcal/mol) gave rate 
constants more than three orders of magnitude faster than 
collisional stabilization rates at reaction pressures (0.01-0.1 
Torr). The problem of very fast homogeneous gas phase re­
action rates between S03 and H20, therefore, appeared to be 
well resolved. However, recent and more accurate ab initio 
calculations 7 find that energy barriers between the S03 . H20 
adduct and sulfuric acid are significantly higher (Le., be­
tween 23 and 31 kcallmol, depending on the level of calcula­
tion ). Hence, the thesis of vibrationally hot adduct molecule 
reactions is now less credible, and this in tum suggests that 
the rate constant of reaction (3) may be much slower than 
the original m.easurements indicated. 

It has been pointed out that kinetic measurements of 
reaction (3) could be seriously affected by heterogenous re­
actions with adsorbed water on the walls.3 Remeasurements 
of the kinetics of reaction (3), therefore, are of considerable 
interest. In addition, because of the energy barrier changes as 
indicated by the ab initio results, recalculations of the 
RRKM spontaneous reaction rates of the vibrationally ex­
cited S03 . H20 adduct molecules are also needed. 

In studying S03 gas phase kinetics, the handling and 
detection of S03 present major problems. Both S03 and 
H2S04 are very corrosive; and, moreover, S03 reacts with 
water on walls and grease in joints to produce acidic prod­
ucts which attack O-rings and metals. It also reacts on the 
optical windows. These difficulties are best minimized by 
keeping S03 concentrations as low as possible. We have re­
cently developed a simple and very sensitive detection meth­
od which is applicable to kinetic studies. The method, vacu­
um ultraviolet (VUV) stimulated photofragment emission 
(PFE)8, has been applied previously to the study of the 
H02 + 0 3 reaction kinetics,9 and has now been applied to 
the study ofthe S03 + H20 reaction. When S03 is excited 
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FIG. 1. Schematic diagram of experimental apparatus. 

by VUV photons at wavelengths shorter than 160 nm, it 
dissociates into SOr + 0, and then emits light from the S02 
(D IBI and b 3B1-X IA 1 ) systems. The fluorescence cross 
section8 at 147 nm is about 1.5X 10- 19 cm2

• With this PFE 
detection method, S03 can be detected at concentrations as 
low as 1010 molecules/cm3. 

In this paper we report new and quite different results 
on the kinetics of the S03 + H20 reaction, including the 
effects of heterogeneous wall reactions on the kinetics. We 
also report RRKM calculations of the spontaneous reaction 
rate constants of the S03 . H20 adduct as well as transition 
state estimates of the reaction (3) bimolecular rate constant. 
The calculated result is compared with experimental values 
obtained here and in the prior study. 

II. EXPERIMENTAL 

The schematic diagram of the experimental apparatus is 
shown in Fig. 1. The flow system consisted of a Pyrex cylin­
drical flow tube (2 in. outer diameter, 37 cm in length) with 
a concentric movable inlet (0.25 in. outer diameter Pyrex 
tube) in conjunction with a gas cell. To minimize surface 
effects, the outside of the inner inlet tube and the inside of the 
larger flow tube were coated with halocarbon wax. In some 
studies directed toward the investigation of wall effects a 
smaller (1 in. outer diameter) reaction tube was used both 
with and without halocarbon wax coating. The gas cell was a 
( 3 in. outer diameter) stainless steel six -way cross. The reac­
tion tube was connected vertically to the gas cell in order to 
avoid the accumulation of H2S04 acid on the tube walls. A 
mechanical pump with a cold trap was used to drive the gas 
flow and S03 was de~ected by monitoring the S02 fluores­
cence from its 147 nm photolysis (i.e., by PFE). The light 

source was an Xe resonance lamp sealed with a MgF2 win­
dow. The light entered the gas cell through the MgF2 win­
dows in a direction perpendicular to the reaction tube. A gas 
filter (1 % ofCH4 in Ar at atmospheric pressurelO

) was used 
to cut off the 129.5 nm line ofthe Xe lamp. The light source 
intensity was monitored with a CsI photodiode (Hama­
matsu R1l87). The inside surfaces of the MgF2 windows 
were constantly flushed by He to prevent deposits of S03 
and H2S04 , 

S02 fluorescence from excitation of S03 was detected 
with a cooled photomultiplier tube (EMI 9558QB) at a di­
rection perpendicular to both the light source and the reac­
tion tube. A bandpass filter (Hoya U-350) transmitting in 
the 300-390 nm region was used to isolate the S02 emission 
bands. The signal from the PMT was processed by a photon 
counting system (ORTEC), and the experimental data of 
carrier gas flow rate, total gas pressure, light source intensi­
ty, and fluorescence intensity were simultaneously recorded 
by a microcomputer. To confirm that the observed signal 
originated from the photodissociation of S03' the fluores­
cence was dispersed using a 0.25 m (Kratos GM 252) mono­
chromator. 

Water vapor (at room temperature) was mixed with 
either He or N2 by bubbling the carrier gas through distilled 
water which was repeatedly degassed at liquid nitrogen tem­
perature and stored in a stainless steel container. To achieve 
the desired concentration, the gas stream was further mixed 
with carrier gas before entering the reaction tube. The car­
rier gas flow rate was controlled by a mass flow controller 
(MKS), total pressure in the flow tube was monitored by a 
capacitance manometer, and total flow rate in each experi­
mental run was measured by the pressure rise rate in a 
known volume. [H20] was calculated from the gas mixing 
ratio and was confirmed by the absolute [H20] value mea­
sured by photofragment emission. That is, the OH(A-X) 
emission intensity by the 129.5 nm photolysis of H20 in He 
was calibrated with that of pure water as shown in Fig. 2. In 
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FIG. 2. Comparison of [H20] determined by mixing ratio (square) and 
pure water (dot). [H20] measured by the OH (A-X) fluorescence intensity 
by photolysis of H 20 at 129.5 nm. 
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FIG. 3. Dispersed fluorescence spectra produced from the 147 nm photoly­
sis ofS03 in buffer gas N2• (a) without water and (b) with water vapor of 
10" molecules/em3

• The monochromator resolution was 3.3 nm. Total 
pressure was 1.8 Torr with [SO,I-l014 molecules/em'. (c) same as (a) 
except with an optical filter (Hoya U-3S0) placed in front of the monochro­
mator entrance slit and the buffer gas being He. 

the calibration procedure, the gas filter between the Xe lamp 
and the gas cell was changed to pure Ar or N2 for transmis­
sion of both 129.5 and 147 nm lines. The threshold wave­
length for the production ofOH (A) from photoexcitation of 
H 20 is 137 nm. lI 

Stabilized S03 (99%, Aldrich) was prepared as de­
scribed in a previous paper.8 S03 vapor was diluted in He or 
N2 and stored in a 5 t'Pyrex reservoir. Buffer gases of He 
(99.999%) and N2 (99.999%) were used as delivered with­
out further purification. 

III. EXPERIMENTAL RESULTS 

A. Detection of S03 

The VUV excitation of S03 produces excited S02 from 
the fragmentation process, 8 

S03 + hv-SO! + O. (4) 

To exclude the possibility of emissions from some sources 
other than SO!, the PFE spectrum obtained from the VUV 
excitation of S03 in N2, as shown in Fig. 3(a), was com­
pared to that8 of pure S03' They were similar. The broad 
semicontinuum is the singlet system and the structure is the 
triplet. When H20 was added to the flow tube, the emission 
intensity decreased, but the emission spectrum was essential­
ly unchanged as shown in Fig. 3(b). These results indicate 

that there is no additional emission from reaction products 
ofS03 + H20, that is, SOr is the sole emitter. 

It is known that reaction (3) leads to sulfuric acid aero­
sol formation under certain conditions,12 and that aerosol 
particles can scatter the visible light (450-600 nm) from the 
Xe lamp. Thus, a filter (U-350) was used to cut off tltis 
portion of light. When the filter was placed in front of the 
monochromator, the emission spectrum was modifieq as 
shown in Fig. 3 (c). This filter was then placed in front of the 
PMT in the kinetic measurements to ensure that the ob­
served emission originated solely from PFE. Also, the con­
centrations of both S03 and H20 were limited to such low 
levels that aerosol scattered light was not noticeable. Thus, 
there was no interference to the PFE signal by scattered 
light. 

The PFE intensity is described by 

If = CO'f[S03]Io exp( - ~ O';nJ )/( 1 + r ~ n;k;). 

(5) 

where C is the detection efficiency, O'f is the fluorescence 
cross section, 10 is the light source intensity, I is the effective 
path length of the light source from the MgF2 window to the 
center of the PMT view region, r is the radiative lifetime of 
the excited SO!, n; is the concentration of a species i, 0'; is the 
absorption cross section of the species at 147 nm, and k; is 
the quenching rate constant of SO! by the species. 

TheabsorptioncrosssectionsofH20andS03 at 147nm 
areO.6MbIl (1 Mb = 1O-ls cm2) and 22Mb,s respectively, 
while the absorption cross section of H2S04 is not known. 
The path length from the MgF2 window to the PMT view 
region was about 13 cm, however, since the optical path was 
flushed by He, the effective optical path length was estimat­
ed to be less than 2 cm. Thus the light attenuation, represent­
ed by the exponential term in Eq. (5), is actually negligible. 
The denominator in Eq. (5) represents the reduction of the 
PFE intensity by the quenching of various gases. This term 
was held constant by maintaining all the gas concentrations 
constant. The relative concentration of S03 in the gas cell 
under these conditions is thus proportional to the PFE inten­
sity. 

In the experiments, initial concentrations of S03 were 
chosen on the order of 1012 molecules/cIll3 so that a reasona­
ble signal-to-noise ratio could be maintained, even when 
[S03 ] was decreased by a factor of 10 by reaction with wa­
ter. The [S031 values were determine4 from the S03/He 
mixing ratios and also by the PFE intensities. In each mea­
surement, all experimental parameters (linear flow velocity, 
total pressure, concentrations of reactants, and lamp intensi­
ty) were kept constant, except for the reaction time which 
was changed by moving the position of the S03/He injector 
tube. Since all the gas pressures, light attenuation and 
quenching factor were kept constant in each measurement, 
the decay in 1/ was solely due to the decay of [S03) as a 
result of its reaction with water. 

B. Reaction rate constant 

The relative [S03 ] was measured as a function of reac­
tion time for a fixed [H20]. When [S03] < [H20], the de-
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FIG. 4. Fluorescence intensity vs reaction distance. The total pressure was 
1.55 Torr with He as buffer gas. The 2 in. outer diameter reaction tube was 
coated with halocarbon wax. The linear flow velocity was 52.3 cm/s, and 
the [H20] is in units ofmolecules/cm3

• 

cay of [S03] can be represented by the pseudo-first-order 
(PSFO) approximation. The PSFO decay rate K is given by 

(6) 

where k3 is the bimolecular rate constant of reaction (3), v is 
the linear flow velocity of reactants, and z is the reaction 
distance from the tip of the movable injector to the detection 
point of S03' Typical plots of In (If) vs z for [H20] = 0, 
3.23 X 1014, and 6.87X 1014 molecules/cm3 in He are shown 
in Fig. 4. Linear plots were observed for a wide range of 
[H20] (5X 1O\3_10IS molecules/cm3). Thus one can con­
clude that (1) th~ PSFO approximation holds under the 
experilllental conditions, and (2) the interference of the 
[S03] measurement by other light, for example, possible 
emission from VUV excitation of H 2S04 and possible aero­
sol scattered light, is negligible. Typical PSFO decay rates vs 
[H20] are shown in Fig. 5 for He buffer gas and in Fig 6 for 
N2 buffer gas. Experimental parameters are listed in Table I; 
data set 1 for He and data set 9 for N2• In the figures, each 
data point represents the average K value, the error bar is the 
standard deviation, and the straight line is the least square 
fit. The rate constant of reaction (3) is obtained from the 
slope of the plot. The intercept of the plot represents the loss 
rate ofS03 at the walls, which is approximately equal to the 
wall loss rate measured before introducing H 20 into the re­
action tube. The experimental data for various measure-

-, 
'" 

6r---r---.---.---,---,----r---.---r--~ 

4 

2 

4 6 8 

FIG. 5. Pseudo-first-order decay rates K vs [H20] in He. Experimental 
parameters are listed in Table I, data set 1. 

ments are summarized in Table I. The average reaction rate 
constant and error analysis are discussed below. 

The flow velocity used in this experiment is quite slow 
because of the small reaction rate constant, and this slow 
flow velocity makes the experimental condition approach 
the applicable limitation of flow tube technique. 13 It thus 
requires examining the possible effectsl3 of axial pressure 
gradient, radial concentration gradient, velocity gradient, 
and back diffusion. Based on the formula derived by Kauf­
man,13 the axial pressure gradie~t and velocity gradient are 
small in all measurements; therefore their effects on the mea­
sured reaction rate constants are negligible. In data sets 1 
and 2 listed in Table I, the flow velocities are so small that a 
correction for the back diffusion is needed. This correction 
may increase the reaction rate constants for data sets 1 and 2 
to values about 20% higher than those given in Table I. The 
corrected high values are more in line with other data mea­
sured at high flow velocities that do not require the correc­
tion of back diffusion. The radial concentration gradient for 

8r-----r-----~----,-----_r----_r----_, 

OL-____ L-____ ~ ____ ~ ____ ~ ____ ~ ____ ~ 

o 2 4 6 8 10 12 

FIG. 6. Pseudo-first-order decay rates K vs [H20] in N2• Experimental 
parameters are listed in Table I, data set 9. 
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TABLE I. Summary of experimental data. 

Total Flow 
Data No of pressure velocity [H20]b Koc 
set expts.8 (Torr) (em/s) ( 10'4) (s-') 

He as buffer gas 
I 33 1.55 52.3 8.30 0.00 
2 19 1.62 63.1 5.80 1.13 
3 20 1.65 103.0 4.90 0.60 
4 15 1.64 170.1 5.60 1.25 
5 26 1.61 156.4 10.70 0.37 
6 20 1.62 117.0 10.50 1.34 
7 12 9.62 36.2 12.05 0.10 
8 19 9.20 49.3 7.98 1.38 

N2 as buffer gas 
9 21 1.71 73.6 11.26 0.91 

• One experiment means the determination of one pseudo-first-order decay rate. 
bThe highest [H20] used in the measurements in unit ofmolecules/em3

• 

k3 
(1O-,s cm3/s) 

5.00± 0.88 
4.68 ± 0.89 
5.25 ± 0.84 
6.05 ± 0.95 
5.76 ± 0.85 
5.59 ± 0.92 
5.57 ±0.88 
5.78 ± 1.40 

5.85 ±0.89 

C Ko is the intercept ofthe linear fit at [H20] = 0 which is equivalent to the wall loss rate. 

data sets 1-6 is small because of low gas pressures, but it 
could be as high as 15% for data sets 7 and 8 because of 
pressures higher than 9 Torr. This radial concentration gra­
dient could introduce the same amount of uncertainty for 
the measured reaction rate constants. Because of these addi­
tional uncertainties, the data sets 1,2,7, and 8 arenotinclud­
ed in the average of the kl value. 

The experimental conditions for the data sets 3-6 and 9 
are within the applicable range of flow tube technique such 
that corrections for gradients and back diffusion are not re­
quired. The kl value averaged over these data is 5.7 X 10 - IS 

cml/s with an uncertainty ofO.9X 1O- IS cml/s for a 95% 
confidence level. The possible systematic errors are ± 10% 
for [H20] and ± 5% for flow velocity, but the uncertainty 
associated with wall effect is difficult to estimate. The wall 
effect is further discussed in the next section. 

It is worth noting that the H 20 + SOl reaction could 
form a weakly bound adduct. 14 If the 147 nm excitation of 
the adduct can produce the same SO! emission, then the 
adduct formation rate is not included in the present mea­
surement. However, the emission from the adduct may not 
be large. From our extensive study of the quantitative molec­
ular fluorescence spectroscopy, it is found that every mole­
cule has its own distinct fluorescence excitation function and 
emission spectrum. The fluorescence quantum yield and flu­
orescence spectrum change from molecule to molecule. 
Even the SOl' H 20 adduct produces SO! emission, the flu­
orescence quantum yield may be much smaller than that of 
SOl' because the adduct has more channels (other than the 
fluorescence channel) to dissipate the excitation energy. The 
possibility for the SO! emission from photoexcitation of the 
adduct is thus expected to be small. 

C. Effect of heterogeneous reaction 

Dramatic increases in PSFO decay rates were observed 
when the reaction tube was changed from 2 to 1 in. outer 
diameter. Also, surprisingly large K values were found when 

the Pyrex reaction tube was not coated with halocarbon wax. 
The wall loss rate of SOl measured before introducing water 
into the uncoated reaction tube was as high as 40 s - I. This is 
5-7 times faster than the rates observed in the coated tube. 
When a small amount of water was added, the PSFO decay 
rate increased by an order of magnitude. This appeared to be 
a saturation level as further increases in water produced little 
additional rises in K. After the SOl + H 20 experiment, the 
wall loss rate was measured again and found to be as fast as 
400 s - I. Even after flushing the reaction .tube with He for a 
few hours, the wall loss rate remained very high. When the 
same 1 in outer diameter reaction tube was coated with halo­
carbon wax, the PSFO decay rate decreased by more than 
one order of magnitude. Similar high wall loss rates were 
observed for the 2 in. outer diameter reaction tube when it 
was not coated with halocarbon wax. At a fixed 
[H20] = 1.7 X 1014 molecules/cml, K = 60 s - I was mea­
sured. After the water vapor was shut off, the wall loss rate 
maintained this same high value (60 s - I) for an hour. The 
high wall loss rate is undoubtedly due to H 20 adsorption on 
the uncoated Pyrex wall, indicating that the heterogeneous 
reaction of S03 with absorbed H 20 on walls is extremely 
fast. 

Halocarbon wax coating is commonly used for kinetic 
measurements of radicals because it is effective in reducing 
the wall decay rates of radicals. The wax may act by covering 
adsorption sites and lowering the sticking coefficients of spe­
cies ordinarily strongly adsorbed. It is clear that the halocar­
bon coating employed in our experiment was effective in 
reducing the H20 adsorption, because the wall loss rates did 
not change significantly before and after introducing water 
into the coated reaction tube. The best coating was obtained 
when the halocarbon wax was melted at high temperatures 
and coatings were made repeatedly. 

The above observations clearly show that heterogeneity 
can play an important role in the S03 + H 20 kinetics. For 
the results listed in Table I, the walls were coated with halo-
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carbon wax such that the wall loss rates were less than 1.4 
s - I measured before and after each experiment. Since the 
wall loss rates are much smaller than the total loss rates of 
S03 reaction with H 20 (see Figs. 5 and 6), we believe that 
the measured reaction rate constant is close to the genuine 
homogeneous reaction rate constant. However, the possibil­
ity of wall effects in our measurements is still not excluded 
and our measured reaction rate constant should be consid­
ered an upper limit value. 

The current result of k3 = (5. 7 ± 0.9) X to - 15 cm3/s is 
much slower than the earlier published value4 of 
{9.1 ±2.0)Xto- 13 cm3/s. This difference is most likely 
caused by the wall effect. The earlier experiment4 used a fast­
flow apparatus that consisted of a cylindrical tube made of 
Pyrex glass or stainless steel of two different sizes. Their 
measured S03 loss rates did not depend on the tube size or 
material and that led them to attribute their measured value 
to homogeneous gas phase reaction. However, their observa­
tion may in fact be greatly affected by the heterogeneous 
reaction. 

IV. THEORETICAL CALCULATION 

The ab initio calculated energy surfaces' of S03 + H20 
reaction differ significantly from the surface obtained in the 
CNDO/2 calculation.5 The latter placed the S03 . H 20 com­
plex at a level 15.2 kcallmol below that of the separated 
reactants and indicated a rather small barrier for reaction of 
the complex to sulfuric acid (i.e., E - 3.3 kcallmol). By con­
trast, the ab initio calculations gave complex stabilization 
relative to S03 and H 20 between 20 and 28 kcal/mol, and 
gave energy barriers for complex reaction between 23 and 31 
kcal/mol, depending on the level of calculation. The highest 
level, MP2{FC), set the complex stabilization at 21.4 
kcal/mol and the zero point activation barrier to product 
formation from the complex of23.2 kcallmol (i.e., 1.8 kcal/ 
mol above the reactant zero point level). For comparison, 
the CNDO/25 and MP2{FC)' energy surfaces are shown in 
Fig. 7. The deeper potential well and higher energy barrier to 

~ 
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FIG. 7. Energy surfaces of the S03 + H 20 reaction. The dashed line is giv­
en by Ref. 5 and the solid line is by Ref. 7. 

products calculated for the complex by ab initio methods 
raises questions about the conclusions of the Castleman 
RRKM calculations (i.e., that reaction proceeds through 
vibrationally hot states of the complex directly to sulfuric 
acid and that collisional stabilization rates of the vibrational­
ly hot complex molecules are much too slow to compete with 
this reaction). 

By the mechanism of reaction (3 ), see Fig. 7, the experi­
mental rate constant for S03 loss is given by 

k3 = ka (kf + ZP)/{kb + kf + ZP), (7) 

where rate constants of the elementary steps are represented 
as averages. This equation assumes that molecules reacting 
through the transition state to the hot vibrational levels of 
the product (H2S04 ) are all collisionally stabilized. Castle­
man's RRKM calculations confirm this assumption. 

According to the CNDO/2 energy surface and Castle­
man's RRKM calculations, kf>kb and kf>ZP (as E,<Eb 

and spontaneous reaction to sulfuric acid was calculated to 
be faster than collisional stabilization to the complex). 
Hence, k3 = ka, and this result is consistent with the high 
rate constant value observed by Castleman. However, ac­
cording to the ab initio energy surface' that has much higher 
activation energy barrier between the complex and sulfuric 
acid, it is not clear how the competing terms in the denomi­
nator of Eq. (7) compare. If either k, or ZP are dominant, 
the rate constant expression reduces to k3 - ka as deduced 
by Castleman et al. On the other hand, if kb is dominant, k3 
-ka (k, + ZP)/kb • We have repeated the RRKM calcula­
tions of the spontaneous reaction rates for the complex (kb 
and k,) using the MP2(FC) energy surface. The calcula­
tions were made in the standard manner of chemical activa­
tion systemsl5 employing the Beyer-Swinehart algorithml6 

for direct count of quantum states. Vibration frequencies for 
the complex, the transition state to H2S04 (TS,) and the 
transition state for complex formation from S03 and H 20 
(TSb ) are given in Table II. These frequencies are consistent 
with activation entropies, s;. = - 4.6 cal/deg andst = 11.1 
cal/deg, estimated by thermochemical kinetic methods l

' for 
the complex reactions forward (to sulfuric acid) and back 
(to S03 and H20), respectively. Since it is well known that 
RRKM calculations are not sensitive to the exact choice of 
frequencies as long as they are consistent with activation 
entropies, IS we have made no special effort to obtain accu-

TABLE II. RRKM data input and output. 

Input: Frequencies in (cm - 1 ) 

Complex(S03' H 20):2(24 5(0),630,3 ( 12(0),3(550),4(280),1450,275 
TS,: 3500,2450,760,3 ( 12(0),4(550),725,575,2( 1150) 
TSb : 2( 1390), 1070,530,2(500),3655,3755,1595,5( 125) 

a(He.complex) = 0.20 
e(He.comple)t) = 2.6 

Results: 
k,=8.7Xl(fs-' 
k,lkb =6.3XIO- 3 

PZP= 6.0X IO'XP(Torr) S-I 

P(Torr): om 1.0 
k,IPZP: 1.5xlO' 15 

a(reactants,complex) = 1.0 
e(reactants,complex) = 6.5 

10.0 
1.5 

760 
1.9 X 10- 2 
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rate frequency assignments. However, the assignments 
made are reasonable ones for the vibrational motions de­
scribed. To estimate activation entropies, the assumptions 
were (1) that reaction to sulfuric acid has a reaction path 
degeneracy of six and proceeds via a "tight" transition state 
with the loss of one internal rotation (i.e., rotation of the 
H20 vs S03 fragment in the complex), and (2) that the 
transition state for complex reaction back to reactants is 
"loose." Bond fission reactions, like the back reaction, typi­
callyhaveA factors in the 1016 ± I range, 15.17 and theestimat­
ed 1015.6 s - I value is consistent with this range. The calculat­
ed average spontaneous decomposition rate for the forward 
reaction of the complex is kf = 8.7 X 106 s - I, while colli­
sional stabilization rates are about f3ZP(s -I) = 6.0X 105 
xP(Torr), where f3-0.2 for the collision efficiency of the 
He bath gas has been assumed. Thus our calculations indi­
cate that decomposition and collisional stabilization rates 
are roughly equal at total pressures around 15 Torr. This 
translates into a calculated 60% increase in S03 loss rates 
(either by collisional stabilization to complex or reaction to 
H2S04 ) for the 1-10 Torr total pressure range examined in 
this study. The considerably lower rate increases observed 
(i.e., zero within the experimental errors of ± 20%) essen­
tially mean that the spontaneous decomposition rate con­
stant (kf ) must be at least a factor of 3 or more faster than 
calculated. A complex stabilization energy 3 kcal or more 
less than the MP2 (FC) value of21.4 kcal would be sufficient 
to bring the calculations in line with experiment. The overall 
reaction (3), then, is calculated to be bimolecular (i.e., pres­
sure independent within the stated errors, as observed) un-

I 

der the 1-10 Torr total pressure conditions studied. 
Because the zero point energy barrier to the reaction for 

the complex to sulfuric acid is so high (actually 1.8 kcal/mol 
above the zero point level of the reactants), reaction of the 
complex back to S03 and H20 is much faster than its reac­
tion forward to sulfuric acid. For reaction of hot complex 
molecules from energy levels above the activation energy 
barrier, our RRKM calculations found kf Ikb = 0.0063, es­
sentially independent of the complex stabilization energy. In 
addition, 20% of the complex molecules produced in the 
association reaction are formed at energy levels below the 
zero point energy barrier and are only capable of reacting 
back to reactants. Thus, by the ab initio energy surface, the 
experimental k3 [by Eq. (7)] is estimated to be more than 
two orders of magnitude smaller than ka • Thus it is clear that 
transition state species for the forward reaction (TSf ) are 
essentially in equilibrium with reactants. This is the assump­
tion of transition state theory, hence straightforward transi­
tion state techniques 17 can be employed to estimate the bi­
molecular reaction (3) rate constant. We have, accordingly, 
estimated the Arrhenius parameters of reaction (3) from the 
transition state theory relationships: A3 = rpd 
(ekT Ih)eAst

/ R atm -IS -I and E3 (pressure std state) 
= (Am + (H~oo -.m)t + RD kcal/mol. The entropy 

and enthalpy content for the forward reaction transition 
state (TSf ) were calculated using the frequencies of Table II 
and the 3-21G(*) geometry of Ref. 7. Results are summar­
ized below, where the 300 K thermodynamic values shown 
correlate vertically with the species S03' H20, TS, and 
H2S04 , respectively. 

S03 + H2O ;::t (02
I
S-<?H)t 

O-H 
H2SO4 , 

SO (cal/deg mol): 61.3 
(H~oo - Hg) (cal/mol): 2770 
AHJ (kcal/mol): -93.2 

Activation reaction changes are: ASt = - 38.0 
cal/deg, A(moo - Hg)t = - 1974 cal, and AE6 = 1800 
cal. Therefore, A3 = (6ekTlh)e- J8.0IR=4.8X105 atm- I 

s - 1 = 5.3 X 10 - 14 cm3/molecules s; E3 (pressure std sta­
te) = 1800 + ( - 1974) + RT= 422 cal; E3 (constant vol 
std state)=422+RT=1018 cal; k3=A3'e-E3IRT 
= 9.7X 10- 15 cm3/molecule s all at 300 K. 

The estimated rate constant for reaction (3) is about a 
factor of 2 higher than the experimental value reported here. 
This is a reasonable good agreement considering that factor 
of 2 errors in A factors estimated by thermochemical meth­
ods are not unlikelyl7 and that the greatest potential source 
of error in the above estimate is clearly the calculated activa­
tion energy barrier. The good agreement between the calcu­
lated and the measured k3 of this study lends support for the 
energy barrier (1.8 kcal/mol), and more important, for 
identification of the measured rate constant to be close to the 
homogeneous bimolecular gas phase reaction. Although 
present results support the spontaneous reaction ofS03 with 
H20 to sulfuric acid at pressures below 10 Torr (i.e., no total 

45.1 68.4 69.1; 
2368 3164 ; 
- 57.1 -177 . 

pressure effect on the reaction rate), further studies on rate 
vs total pressure effects need to be made to determine the 
pressures at which collisional stabilization competes with 
spontaneous reaction of the hot complex and thereby to fix 
the stabilization energies of the S03 . H20 complex. 

VI. CONCLUSION 

The reaction rate constants for the gas phase reactions 
ofS03 + H20 in He and N2 were investigated using a flow 
system and a photofragment emission detection technique. 
The measured reaction rate constant at room temperature 
was found to be (5.7 ± 0.9) X 10- 15 cm3/s, independent of 
total pressure for He pressures in the range 1-10 Torr. 
Change in carrier gas from He to N2 did not significantly 
effect the reaction rate constant. The present rate constant 
result is consistent with the theoretical RRKM rate constant 
based on the ab initio energy surface calculated by Chen and 
Plummer. 7 Our value, however, is two orders of magnitude 
lower than the earlier value reported by Castleman et al.4 

J. Chem. Phys., Vol. 89, No. 8.15 October 1988 
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

137.222.114.240 On: Wed, 26 Nov 2014 11:35:39



4860 Wang et al.: Reaction of S03 with H20 

Heterogenous reaction of S03 with water on walls is ex­
tremely fast and can have a significant effect on the apparent 
reaction kinetics. This could be the reason for the difference 
between the present and former values. 
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