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Proton exchange, residence time, and gas uptake measurements are used to explore collisions and reactions
of HCl, HBr, and HNO3 with 70 wt % D2SO4 at 213 K. These studies help to provide a detailed picture of
HX (X ) Cl, Br, NO3) energy transfer to sulfuric acid and the fate of the HX molecules immediately after
thermalization at the D2O/D2SO4 surface. We find that the three molecules readily dissipate their excess
kinetic energy and become trapped momentarily in the interfacial region. However, only 11( 3% of the
thermalized HCl and 22( 3% of the thermalized HBr molecules undergo Hf D exchange; the HCl and
HBr that do not react are found to desorb from the acid within 2× 10-6 s. In contrast, more than 95% of the
initially trapped HNO3 molecules are converted to DNO3. The HX molecules that undergo exchange dissolve
within the deuterated acid for characteristic times of 5× 10-5 s (HCl), 3× 10-3 s (HBr), and 1× 10-1 s
(HNO3) before they desorb thermally as DX. The scattering experiments imply that the desorption of thermalized
HCl and HBr molecules is, on average, faster than their solvation and reaction in the interfacial and bulk
regions of 70 wt % D2SO4. Although HNO3 is less acidic than HCl or HBr, it appears to hydrogen bond more
strongly to surface D2O and D2SO4, enabling it to be captured by the acid in nearly every collision.

Introduction

Heterogeneous reactions of gas-phase molecules with sulfuric
acid aerosols play a significant role in the chemistry of the
stratosphere.1,2 These heterogeneous processes include the
production of halogen molecules from the aerosol-catalyzed
reactions of HCl and HBr with ClONO2, BrONO2, HOCl, and
HOBr, particularly in colder regions of the stratosphere where
HCl and HBr are more soluble in the water-rich aerosols.3-7

Additionally, the absorption of HNO3 into the supercooled acid
removes nitrogen oxides from the stratosphere and can alter
the freezing, growth, and catalytic properties of the aerosols.8

Our objective is to probe the nature of the initial gas-sulfuric
acid collision and the immediate fate of the HCl, HBr, and
HNO3 molecules trapped at the acid’s surface as they either
desorb into the gas phase or react in the interfacial or bulk
regions of the acid. We perform these studies by exposing
deuterated sulfuric acid (70 wt % D2SO4 at 213 K) to molecular
beams of the three protic gases. The exiting species are
monitored by mass spectroscopy and time-of-flight (TOF)
velocity analysis in order to separate nonreactive collisions from
those that involve Hf D exchange. The supercooled 70 wt %
acid is typical of aerosol concentrations in the mid-latitude
region of the lower stratosphere.2

The different channels open to HX molecules (X) Cl, Br,
NO3) when they collide with deuterated sulfuric acid are outlined
in Figure 1.9 The initial impact governs whether the incoming
molecule scatters away from the surface (direct inelastic

scattering) or whether it dissipates its excess energy through
one or several bounces and binds momentarily to interfacial
D2O or D2SO4 (thermalization and trapping). Molecules that
become trapped at the interface may be propelled back into the
gas phase by the thermal motions of the surface atoms
(trapping-desorption). Alternatively, if HX molecules form
strong hydrogen bonds to surface OD or SO groups, they may
become sufficiently solvated to dissociate into H+ and X- in
the interfacial region or to be transported more deeply into the
acid before ionization occurs. At high acid concentrations, HX
may undergo attack by D+ or transfer H or X atoms to solvent
species in a concerted reaction.

The studies described below indicate that all HX product
species (X-, DX, HXD+, XSO3

-) ultimately leave the acid as
thermally desorbing DX molecules. The reactivity of HX
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Figure 1. Observed pathways for an acidic molecule HX colliding
into deuterated sulfuric acid. Reactions between HX and the acid can
occur in the interfacial or bulk regions.

6738 J. Phys. Chem. A2000,104,6738-6751

10.1021/jp000105o CCC: $19.00 © 2000 American Chemical Society
Published on Web 07/01/2000



molecules impinging on the acid is, therefore, proportional to
the DX desorption intensity. We definefexch as the fraction of
thermally equilibrated HX molecules that undergo Hf D
exchange. This fraction is directly observable in our experiments
through measurements of the relative fluxes of thermally
desorbing HX and DX molecules, and it provides a reactivity
scale for HX with sulfuric acid solvent.fexchshould also provide
an upper limit to the heterogeneous reaction probability of HX
with other solvated atmospheric molecules in the case in which
HX reacts with the acid before it reacts with the solute molecule.
Within this constraint,fexch yields the fraction of thermalized
HX molecules that are aVailable for solute-solute reactions in
sulfuric acid. In addition to these Hf D exchange measure-
ments, we use pulsed molecular beams to compare the residence
times of HX molecules that undergo trapping-desorption and
those that undergo exchange. These experiments provide
information on the different time scales and locations of
thermalization and solvation.

The initial interactions between HX and D2SO4 depend on
the composition and structure of the interfacial region of the
acid. This region has been investigated by surface tension,10

sum frequency generation (SFG),10,11 and Auger electron
spectroscopy12 for H2SO4 solutions. The surface tension and
Auger studies indicate that there is little segregation of the lower-
surface-free-energy H2SO4 to the surface of the acid, implying
that the interfacial composition of 70 wt % D2SO4 should be
close to the 2.1:1 D2O:D2SO4 ratio in the bulk. The outermost
D2O and D2SO4 species are likely to be in their neutral state
because of incomplete solvation of D3O+ and DSO4

- ions at
the surface, although tightly bound ion pairs may also be present.
Judging from SFG studies of H2SO4, we expect that interfacial
OD and SO groups should form a deuterium-bonding network
in which no free OD groups project outward from the surface.

The fate of molecules that diffuse into solution is governed
by the bulk interactions of HX with sulfuric acid. Selected
properties of 72 wt % H2SO4 at 213 K (equivalent to 70.2 wt %
D2SO4 at the same 0.32 mole fraction) are listed in Table 1.
Both H2SO4 and D2SO4 solutions are highly viscous,13 low-
vapor-pressure14 liquids at 213 K, supercooled by∼20 K for
the hydrogen isotope. The Hammett acidities, which are
extensions of the pH scale to strong acids, are-6.1 for each
acid, indicative of their strongly acidic character.15 Raman
measurements show that 72 wt % H2SO4 at 25°C is extensively
ionized, with little or no molecular H2SO4 present.16 Thermo-
dynamic calculations17 predict that this acid is composed of
nearly equal fractions of H3O+, HSO4

-, and H2O at 213 K
(assuming that H+ is present as H3O+).17 The equal Hammett
acidities and comparable dissociation constants18 for DSO4

- and

HSO4
- suggest that 70 wt % D2SO4 and 72 wt % H2SO4 have

similar compositions.
The solubilities of HCl, HBr, and HNO3 in sulfuric acid

have been determined by vapor pressure,19 Knudsen cell,20

flow tube,4,21 and droplet train6 measurements and are in
generally good agreement with thermodynamic calculations.17

For concentrations near 72 wt % H2SO4 at 213 K, the effective
Henry’s law solubilities, H*, are estimated to range from 1×
102 M/atm for HCl and 2× 104 M/atm for HBr to 3 × 106

M/atm for HNO3.17 Robinson et al. find that the solubility of
HCl in 69 wt % H2SO4 is greater than predicted by calculations,
perhaps because of the reaction of HCl with H2SO4 to form
ClSO3H.6 Our experiments support enhanced HCl solubility in
∼70 wt % sulfuric acid.

Table 2 shows that each HX molecule is predicted to dissolve
exothermically in 72 wt % H2SO4 at 213 K,17 although the
values are smaller than those for dissolution in pure water at
25 °C. Raman measurements indicate that nitric acid exists as
97% HNO3 and 3% NO3

- in 72 wt % H2SO4 at 25°C, with no
reported H2NO3

+ or NO2
+.22 The extent of dissociation of HCl

and HBr in sulfuric acid solutions has not been measured, but
the much larger dissociation constants of these molecules23 make
it plausible that they ionize substantially more than HNO3. The
hydrogen bonding strengths of the three gases to H2O and H2-
SO4 appear to follow a trend opposite to their acidity: quantum
calculations predict that the HX-H2O dissociation energies vary
from ∼16 and∼19 kJ/mol for HBr and HCl, respectively, to
∼31 kJ/mol for HNO3.24-28 The HX-H2SO4 bonds are 20% to
40% stronger.29

The experiments described below are used to explore the
differences in energy transfer, proton exchange rates, and
residence times of HCl, HBr, and HNO3 in contact with 70 wt
% D2SO4 at 213 K. We find that 95% of the HNO3 molecules
that are trapped at the surface of the acid dissolve for an average
time of 0.1 s, undergoing Hf D exchange before desorbing.
In contrast, nearly 90% of the thermalized HCl and 80% of the
thermalized HBr desorb within 2µs from the interface, escaping
reaction. The experiments suggest that HCl and HBr impinging
on 70 wt % sulfuric acid behave more often like nonreactive
gases than carriers of Cl and Br into solution.

Experiment

The molecular beam scattering apparatus is depicted in Figure
2. The machine consists of a doubly differentially pumped
molecular beam chamber, a scattering chamber that contains
the liquid sample and two chopper wheels, and a doubly
differentially pumped chamber housing a quadrupole mass

TABLE 1: Selected Properties of 72 wt % H2SO4 at 213 K

equivalent D2SO4 wt % 70.2
mole ratio 2.1:1 H2O:H2SO4

molarity 12.4 M
Hammett acidity -6.1
Kdissoc(HSO4

-/DSO4
-) at 25°C 1.0× 10-2/4.5× 10-3

∆Hvap (H2O) 55 kJ/mol
Pvap (all H2O) 1.3× 10-4 Torr
viscosity 3100 cP
surface tension >74 dynes/cm

approximate compositiona

H3O+ 33%
HSO4

- 32%
SO4

2- <1%
H2O 35%

a Ref 17, assuming that H+ is present as H3O+.

TABLE 2: Selected Properties of HCl, HBr, and HNO3

HCl HBr HNO3

ppbv in stratospherea 0-3 0-0.01 1-10
mass (amu) 36.5 80.9 63.0
polarizability (Å3) 2.7 3.6
dipole moment (D) 1.1 .83 2.2
boiling point (°C) -85 -67 83
dissociation constant,Ka ∼106-7 ∼108-9 ∼20
∆Hvap

b (H2O, 25° C) (kJ/mol) 75 85 71
∆Hvap

c (72 wt % H2SO4, 213 K) (kJ/mol) ∼30 ∼42 ∼56
H* c(72 wt % H2SO4, 213 K) (M/atm) 1× 102 2 × 104 3 × 106

Dd(72 wt % H2SO4, 213 K) (cm2/s) 5× 10-9 5 × 10-9 4 × 10-9

predicted residence timeτ (s)e 1 × 10-7 2 × 10-3 0.2

a Ref 2. b Enthalpy of vaporization from water at 25°C c Solubilities
and enthalpies estimated from vapor pressures in ref 17.d Liquid-phase
diffusion coefficient from ref 55.e Calculated fromH*, D, and eq 2
using the measuredfexch ≈ Rth. See text and refs 40, 42, and 63.
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spectrometer. The mass spectrometer is oriented at 90° with
respect to the incident beam.

Molecular beams of HCl, HBr, and HNO3 are created by
expanding mixtures of each species with a carrier gas through
a 0.09-mm-diameter glass nozzle at∼750 Torr total pressure.
The beam energies are controlled by the backing pressure, nozzle
temperature, and mass ratio of the carrier gas to reagent gas.
The conditions for each HX beam are listed in Table 3. The
nozzle is heated to 80°C to suppress HX dimerization and
generate incident beams that ionize in the mass spectrometer
to yield monomer ion/dimer ion ratios, HX+/H2X+, that are
greater than 20:1 for HCl and HBr and greater than 6:1 for
HNO3. The incident HX fluxes are estimated to be below 1015

cm-2 s-1 (effective pressures below 3× 10-9 atm).
Solutions near 70 wt % D2SO4 are prepared by diluting 99

wt % D2SO4 (Aldrich) with D2O. A 50-mL sample is degassed
for 30 min before transfer to a Teflon reservoir located inside
the scattering chamber. The temperature is then lowered toTacid

) 213 ( 1 K by circulating chilled methanol through Teflon-
coated cooling lines that pass through the acid.30 Titrations show
that the acid concentration rises by<0.2 wt % per week through
D2O evaporation. The HCl and HBr Hf D exchange
experiments were carried out with acid near 69.5 wt % D2SO4,
whereas the HCl and HBr residence times were measured in
68.6 wt % D2SO4. The HNO3 exchange and residence time
measurements were made using 70.5 wt % D2SO4. We found
that freezing rarely occurred at 213 K at these concentrations.

Continuously renewed films of acid are created in a vacuum
by partially immersing a 5.0-cm-diameter vertical glass wheel

in the acid.31 As the wheel rotates, it picks up a layer of liquid,
and a cylindrical Teflon blade removes the outer portion of the
film, leaving behind a clean∼0.2-mm-thick layer. The top
portion of the wheel passes behind a 0.88-cm-diameter hole in
the reservoir, which is positioned at the center of the scattering
chamber. The 0.78-cm-diameter molecular beam strikes the acid
through this hole at an incident angle,θinc, of 45°. The exposure
time of the liquid to the molecular beam,texp, is varied from
0.046 to 0.46 s by rotating the glass wheel from 1.7 to 0.17
Hz.

The Teflon reservoir is sealed, except for the 0.88-cm hole,
to suppress D2O evaporation, allowing the chamber pressure to
be maintained below 2× 10-6 Torr by a water-baffled diffusion
pump. From the vapor pressure of 10-4 Torr for 72 wt %
H2SO4 at 213 K, we estimate that water molecules desorbing
from the acid should deflect fewer than 5% of the impinging
molecules from striking the surface.32 The change in evaporative
flux of D2O from the acid can be used to monitor changes in
film composition as water desorbs from the acid-coated wheel.
We find that there is no measurable change in the amount of
D2O that desorbs from the acid as the exposure time is varied
from 0.046 to 0.46 s. This steady D2O flux demonstrates that
the D2O/D2SO4 concentration within the patch of acid that is
exposed to the vacuum remains constant during these times.

Molecules scattering or desorbing from the acid are detected
by a mass spectrometer at an exit angle,θfin, of 45°.33 TOF
measurements are made by employing either “post-chopper”
or “pre-chopper” wheels to modulate the scattered or incident
molecules, respectively. In the post-chopper configuration,
molecules strike the acid continuously. The exiting molecules
are chopped into 20-µs gas pulses (fwhm) by an 18-cm-diameter,
post-chopper wheel with four 1.6-mm slots rotating at 150 Hz,
as shown in Figure 2. A multichannel scaler with 2-µs bins is
used to record the mass spectrometer signal as a function of
arrival time over an 18.2( 0.1 cm flight path,dpost. In this
configuration, the TOF spectra are determined solely by the
velocities of the scattered and desorbed molecules and are not
related to the residence times of the gas molecules in solution.
However, modulation of the incident beam before the molecules
reach the acid provides a direct measurement of the amount of
time they spend in contact with the acid before desorbing. As
shown in Figure 2, these pre-chopper TOF spectra are recorded
using a 2.5-cm-diameter cylindrical chopper with two 1.6-mm
slots.34 The chopper produces 65-50-µs pulses by spinning at
200-250 Hz.35 In this configuration, the arrival time of a
molecule is the sum of its incident and scattered gas-phase flight
times and the time it spends in contact with the acid.

Results and Analysis

Post-Chopper Measurements of Hf D Exchange.The
post-chopper spectra are plots of the mass spectrometer signal
versus the flight time for molecules to traverse the distancedpost

at θinc ) θfin ) 45°. All spectra are corrected for electronic and
timing offsets. The signal is proportional to the number density,
N(t), and is used to calculate the relative flux or probability,
P(Efin), that a molecule will scatter with translational energy
Efin. The energy distributions are computed from the relations
P(Efin) ∼ N(t)t2 andEfin ) (1/2)mgas(dpost/t)2.32

Figures 3a and 4a show TOF spectra for high-energy HCl
(Einc ) 100 kJ/mol) and HBr (Einc ) 145 kJ/mol) scattering
from 69.5 wt % D2SO4 at 213 K. The exposure time of the
acid to the incident HX beams istexp ) 0.46 s. Detection at
m/e ) 38 (H37Cl) and m/e ) 82 (H81Br) ensures that neither
D35,37Cl nor D79,81Br isotopes contribute to the TOF spectra.

Figure 2. Schematic diagram of the scattering apparatus. The reservoir
containing the acid is sealed, except for a 0.88-cm-diameter hole
centered at the interaction region.

TABLE 3: Selected Molecular Beam Conditions and
Experimental Results

incident
gas

Einc

(kJ/mol) 〈∆EIS〉/Einc (σIS/Einc
c

IS:TD
(for HX)d

2% HCl in H2 105 0.75 (0.14 0.74:0.26
5% HCl in He 47 0.70 (0.15 0.40:0.60
10% HCl in N2 14 - - <0.1:>0.9
2% HBr in H2 145 0.81 (0.13 0.70:0.30
2% HBr in H2

a ≈115 - - 0.5:0.5
1% HNO3 in H2

b 170 0.85 (0.09 >0.9:<0.1
2% Ar in H2 105 0.70 (0.09 0.88:0.12
2% Kr in H2 125 0.79 (0.12 0.86:0.14

a Einc lowered and broadened by reduction of backing pressure
from 760 to 200 Torr.b Einc ) 150 kJ/mol for the incident HNO3
in Figure 6.c Ratio of width of IS component to incident beam
energy.d The ratios include both HX and DX desorption for HCl and
HBr.
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The open circles show that HCl and HBr scatter in a bimodal
distribution. The molecules are observed to undergo direct
inelastic scattering (IS), as evidenced by the sharp peak at early
arrival times (high recoil energies), and thermal desorption (TD)
at later arrival times (lower final energies). As discussed later,
this TD component is attributed to molecules that dissipate their
energy fully and become momentarily bound at the surface
(trapped) before desorbing. The translational energy distributions
in Figures 3b and 4b are separated into IS and TD contributions
by assigning the TD distribution to the component ofP(Efin)
that falls within a Boltzmann distribution,PTD(Efin) ) Efin(RTacid)-2

exp(-Efin/RTacid).32 The TD fits are represented by dashed lines
in subsequent figures. The IS contribution is assigned to the
difference betweenP(Efin) andPTD(Efin), constrained such that
PIS(Efin) ) 0 at Efin ) RTacid ) 1.8 kJ/mol at 213 K. The
fractional energy transfers in the IS channel and the IS:TD
intensity ratios are summarized in Table 3. The HCl and HBr
energy transfers in the inelastic channel are 70% or greater,
whereas the IS:TD ratios rise steadily with increasing collision
energy.

The TOF distributions for HCl and HBr molecules that have
undergone Hf D exchange to DCl and DBr are shown by the
squares in Figures 3a and 4a. The total number of molecules
that desorb thermally from the acid atθfin ) 45° is proportional
to the integrated thermal-desorption intensity for HX plus that
for DX, specifically, TDHX + TDDX ) ∫PTD

HX(Efin) dEfin +
∫PTD

DX(Efin) dEfin. The fraction of thermally equilibrated
molecules that emerge as proton-exchanged DX isfexch )
TDDX/(TDDX + TDHX). The small DCl and DBr signals in
Figures 3 and 4, combined with six additional measurements
for each gas, yield average values offexch equal to 0.11( 0.03
and 0.22( 0.03, respectively. The error bars reflect a(0.01
uncertainty in reproducibility and an estimated(0.02 uncertainty
in fitting the thermal-desorption components. These lowfexch

values demonstrate that nearly 90% of the HCl molecules and
80% of the HBr molecules that thermally accommodate in the
interfacial region desorb into the vacuum before they undergo
H f D exchange.

The calculation offexch from HX and DX TOF spectra relies
on two conditions. All HX and DX molecules must desorb from
the acid during the measurement time (zero net uptake) in order
to avoid corrections for any HX or DX molecules remaining in
the acid. Uptake measurements reported below confirm that the
net uptake is close to zero for both HCl and HBr. Additionally,
the angular distributions of the thermally desorbing HX and
DX must be the same in order for measurements atθfin ) 45°
to represent the total flux of desorbing molecules. Although
measurements were not made at angles other thanθfin ) 45°,
the uptake measurements, which integrate over all exit angles,
support the TOF calculations offexch.

The overall net uptake of HCl (Einc ) 14 kJ/mol) and HBr
(Einc ) 145 kJ/mol) were determined by measuring the
differences in mass spectrometer signals atm/e ) 35 (35Cl+)
andm/e ) 79 (79Br+) when the beam is blocked by a Teflon
flag and when the beam collides directly with the acid for a
time texp, as determined by the rotation speed of the acid-covered
wheel. A reduction in signal is due to the net uptake of gas
into the acid according toS(texp) ) (Pf - Pa)/(Pf - Pb), where
Pf, Pa, andPb are the gas pressures when the incident molecules
strike the flag, strike the acid, and are blocked from entering
the scattering chamber, respectively.36,37S(texp) can range from
0 for no net uptake to 1 for complete uptake. Them/e values at
35 and 79 were chosen because they do not discriminate between
HCl and HBr parent molecules that scatter without reacting and

those that undergo exchange in the acid and desorb as DCl and
DBr. We measured the net uptake for35Cl and79Br to be 0.01
( 0.02 and 0.00( 0.02, respectively, attexp > 0.2 s. Fewer
measurements were performed at shorter exposure times, but
the measured uptakes were found to be less than 0.01 for both
HCl and HBr. Additionally, we could not detect changes infexch

at different exposure times. These results demonstrate that nearly
all incident HCl (HBr) molecules escape from the acid either
as parent HCl (HBr) or as proton-exchanged DCl (DBr) species.

Uptake measurements atm/e ) 36 (H35Cl), which monitor
the conversion of HCl to DCl, provide an independent deter-
mination offexchasS(H35Cl)/ptrap, whereptrap is the HCl trapping
probability. The uptake atm/e ) 36 was measured to beS )
0.09 atEinc ) 14 kJ/mol, butptrap is difficult to measure directly
because most HCl molecules desorb immediately from the acid.
Separate studies of HCl collisions with liquid glycerol, where
HCl undergoes longtime solvation, yield aptrap value of 0.9 at
Einc ) 14 kJ/mol.38 If ptrap is also close to 0.9 for 69.5 wt %
D2SO4, as suggested by the TOF analysis below, thenfexch is
approximately 0.1 and within the uncertainty of 0.11( 0.03

Figure 3. (a) Post-chopper time-of-flight (TOF) spectra of HCl (O)
and DCl (0) exiting from 69.5 wt % D2SO4 at 213 K after collisions
of HCl with the acid at 100 kJ/mol. “IS” and “TD” refer to inelastic
scattering and thermal desorption. (b) Relative fluxes (probabilities)
of HCl and DCl exiting from the acid versus final energy. The dashed
lines are fits to a Boltzmann distribution at 213 K.fexch is the fraction
of thermalized molecules that undergo Hf D exchange.
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derived from the TOF spectra. This agreement supports the
assertion that the HX and DX species desorb with similar
angular distributions.

We can gain further insight into the Hf D exchange process
by measuringfexch at different HCl and HBr collision energies.
Figure 5 shows spectra recorded at lower energies of 47 and
14 kJ/mol for HCl and 115 kJ/mol for HBr. In each case, the
DCl and DBr spectra are fit with Maxwell-Boltzmann distribu-
tions at the temperature of the acid. The leading edge of the
HCl spectrum at 14 kJ/mol is due to directly scattered HCl
molecules, which account for at most 10% of the signal intensity
at θfin ) 45°. A comparison of the HX and DX thermal
desorption intensities reveals thatfexch does not change with
collision energy, even though the inelastic scattering contribution
diminishes at lowerEinc. As discussed later, the thermal
desorption of product DCl and the invariance offexch with Einc

imply that only thermalized HCl molecules undergo Hf D
exchange.

The use of D2SO4 may potentially skew the values offexch

through isotope effects on HX dissociation and DX recom-
bination. The HX-D2SO4 system was selected over the DX-
H2SO4 system because of the greater difficulty in generating

stable molecular beams of DCl, DBr, and DNO3 with little HX
contamination. To gauge the effects of isotopic substitution, we
scattered 100 kJ/mol DCl from 71 wt % H2SO4 and measured
fexch to be 0.12. This measurement lies within the 0.11( 0.03
value for HCl reacting with 69.5 wt % D2SO4 (equivalent to
72.2 wt % H2SO4).

Figure 6 demonstrates that HNO3 behaves very differently
from HCl and HBr. The top panel shows that most parent HNO3

(m/e ) 63) molecules either scatter inelastically or disappear
into 69.5 wt % D2SO4; there is little evidence for thermal

Figure 4. (a) TOF spectra of HBr (O) and DBr (0) exiting from 69.5
wt % D2SO4 at 213 K after collisions of HBr with the acid atEinc )
145 kJ/mol. (b) Relative probabilities of HBr and DBr exiting from
the acid versus final energy.

Figure 5. Measurements offexch at different HCl and HBr incident
energies. (a) TOF spectra of HCl (O) and DCl (0) at Einc(HCl) ) 47
kJ/mol. (b) TOF spectra of HCl (O) and DCl (0) at Einc(HCl) ) 14
kJ/mol. (c) TOF spectra of HBr (O) and DBr (0) at Einc(HBr) ) 115
kJ/mol.
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desorption of parent HNO3. The dashed line is an estimate of
the amount of HNO3 that survives thermalization without
undergoing Hf D exchange. The bottom panel shows the
signal form/e ) 64 (DNO3) for the same HNO3 incident beam,
plotted relative to the scatteredm/e ) 63 signal. The intensity
of the observable DNO3 signal is at least 10 times that of the
thermally desorbing HNO3 in the upper panel. As described in
the Appendix, we estimate that 36% of the HNO3 molecules
that enter the acid remain in solution and do not desorb as DNO3

within the exposure and observation time oftexp ) 0.46 s. This
correction yields a value offexchgreater than 0.95. Thus, at least
9 out of 10 HNO3 molecules that are initially trapped at the
surface undergo Hf D exchange before they desorb.

Residence Time Measurements.The pre-chopper TOF
spectra can be used to determine residence (solvation) times
for HX molecules that desorb from the acid as HX or as DX.
These measurements provide approximate time scales for the
trapping-desorption and trapping-reaction-desorption path-
ways.

The arrival times of a molecule in the TOF spectrum using
the pre-chopper (pulsed) and post-chopper (continuous) molec-
ular beams are (see Figure 2)

wheredinc ) 5.0 cm anddpre ) 24.4 cm are the distances from
the pre-chopper to the acid and from the acid to the mass
spectrometer, respectively;dpost) 18.2 is the distance from the
post-chopper to the mass spectrometer;Vinc is the incident
velocity of the molecule; andVfin is its velocity after it scatters
or desorbs. The timetres is the time that the molecule spends in
contact with the acid before desorbing.

The distribution of residence times is extracted from the pre-
chopper spectrum using the following procedure. The HX post-
chopper arrival times are first multiplied bydpre/dpost ) 1.34 to
set the flight paths equal todpre ) 24.4 cm for both pre- and
post-chopper TOF spectra. The peak of the IS component of
the HX pre-chopper spectrum is then shifted in time to match
the IS peak of the HX post-chopper spectrum. This shift removes
the dinc/Vinc time offset and sets the residence time for inelas-
tically scattered molecules to zero, as expected for the sub-
nanosecond duration of a direct collision. The peak intensities
of the IS channels are then normalized to correct for the different
duty cycles of the two-slotted pre-chopper and the four-slotted
post-chopper wheels. The same time and intensity corrections
are then applied to the DX pre- and post-chopper spectra. Any
remaining differences in arrival times and intensities of thermally
desorbing HX and DX in the pre-chopper and post-chopper
spectra are due to the residence times of molecules in contact
with the acid. As described in the Appendix, we are able to
measure residence times greater than 2µs with this procedure.

Figure 7 provides a test of the procedure by comparing pre-
and post-chopper spectra for argon scattering atEinc ) 105 kJ/
mol from 69.5 wt % D2SO4. The two distributions are nearly
identical at fast and slow arrival times. The overlap of the
thermal-desorption components reflects the weak binding and
submicrosecond residence times of thermally equilibrated argon
atoms at the acid surface.

Figures 8a and 9a show post- and pre-chopper spectra for
HBr and HCl, respectively, scattering at high collision energies
from 68.6 wt % D2SO4. As for argon, the HBr and HCl TD
components of the post- and pre-chopper spectra overlap
extremely well. This overlap demonstrates that the residence
times for thermally equilibrated HBr and HCl molecules that
do not react are less than 2µs. We also obtain good agreement
at lower impact energies, as shown in Figure 9b; the 47 kJ/mol

Figure 6. (a) TOF spectrum of HNO3 exiting from 70.5 wt % D2SO4

at 213 K atEinc ) 150 kJ/mol. (b) TOF spectrum of DNO3, scaled to
the signal in panel a. The weak HNO3 TD signal indicates that Hf D
exchange of thermalized HNO3 is nearly complete.

Figure 7. Comparison of post- and pre-chopper Ar spectra atEinc )
105 kJ/mol. The post-chopper arrival times have been scaled so that
the flight paths for both spectra are equal todpre ) 24.4 cm. The nearly
identical thermal desorption signals indicate that the Ar residence times
are less than 2µs.

tarrival(pre)) dinc/Vinc + tres+ dpre/Vfin

tarrival(post)) dpost/Vfin
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HCl beam results in a higher degree of HCl thermalization but
the pre- and post-chopper spectra remain identical.

The spectra in Figure 8b correspond to DBr molecules that
desorb from the acid after Hf D exchange. In contrast to the
HBr spectra in the top panel, the intensity of the DBr
pre-chopper spectrum is significantly lower and shifted to longer
arrival times relative to the corresponding post-chopper DBr
spectrum. This broadening is attributed to the distribution of
residence times of HBr in the acid.

The pre-chopper spectrum can be simulated by weighting
a series of time-shifted Maxwell-Boltzmann distributions,
NMB(t), with the probability pdes(tres) that molecules in the
incident gas pulse desorb from the acid at a timetres later. The
overall fit to the data,Nfit(tarrival), is given by the convolution

The weighting coefficientpdes(tres ) tarrival - t) depends on the
characteristic residence or solvation time,τ, of the gas molecules
dissolved in the acid. This characteristic residence time is
predicted by solution-diffusion models to be21,39

whereD is the solute diffusion coefficient in the acid,〈V〉 is
the average gas velocity of thermally desorbing DX,H* is the
solubility of all X-containing species, andRth is the fraction of
thermally impinging HX molecules that enter the acid. The time
τ is equal to the time required for the rate of gas molecules
leaving the acid to rise to 57% of its final rate, as the initially
fresh liquid becomes saturated with gas and the desorption flux
approaches its maximum value. The calculation ofpdes for our
experimental conditions is described in the Appendix.

Figure 8. Comparison of post- and pre-chopper spectra for HBr and
DBr after HBr collisions with 68.6 wt % D2SO4 at 213 K. (a) Post and
pre-chopper spectra for HBr. The identical TD signals indicate that
the residence time for unexchanged HBr is less than 2µs. (b) Post and
pre-chopper spectra for Hf D exchanged DBr. The best-fit residence
time, τDBr, is 2.5 (+2.0, -1.0) ms.

Figure 9. Panels a and b show the post- and pre-chopper spectra for
HCl and DCl after HCl collisions with 68.6 wt % D2SO4 collisions at
Einc(HCl) ) 100 and 47 kJ/mol, respectively. The identical pre- and
post- signals indicate that the residence time for unexchanged HCl is
less than 2µs. (c) Post and pre-chopper spectra for desorbing DCl.
The best-fit residence time,τHCl, is approximately 50µs.

Nfit(tarrival) ) ∫0

tarrivalpdes(tarrival - t) NMB(t) dt (1)

τ ) D(4H*RTacid/Rth〈V〉)2 (2)
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Simulations of the DBr pre-chopper TOF spectrum are shown
by the solid and dashed curves in Figure 8b. The post-chopper
spectrum is fit by a Maxwell-Boltzmann distribution (for which
τ ) 0), as the arrival times depend only on exit velocities and
not on residence times. The pre-chopper simulations forτ > 0
show that finite residence times broaden and shift the desorption
distribution to longer arrival times and, even more noticeably,
lower the peak intensities relative to those of the post-chopper
curve. The drop in intensity is due to molecules that diffuse
deeply into the acid and emerge at later times, spreading the
signal over arrival times beyond the 2000-µs limit of the TOF
spectrum. We find that the shape and intensity of the pre-
chopper DBr spectrum of Figure 8b are simultaneously best fit
by a residence time ofτ ) 2.5 (+2.0, -1.0) × 10-3 s. As the
simulations at different values ofτ show, the fits are more
sensitive to changes in intensity than to shifts in time. The
predicted curves emphasize the distinction between the residence
time τ of 2.5 ms, which characterizes the entire desorption
distribution, and the smaller shift in peak arrival time of 0.2
ms. The observed 2.5-ms residence time is in good agreement
with the 2-ms value predicted by eq 2.40,41 The observed
residence times for HBr and DBr demonstrate the large
separation in time scales between the trapping-desorption
(<10-6 s) and trapping-reaction-desorption (10-3 s) pathways.

DCl pre- and post-chopper spectra are shown in Figure 9c
for HCl collisions with 68.6 wt % D2SO4. The DCl pre-chopper
spectrum is lower in intensity and slightly broader in time than
the DCl post-chopper spectrum. Fits to the spectra yield an
approximate residence time of 50µs. Five separate measure-
ments confirm the reduced intensity of the pre-chopper spectrum,
but the low 0.11 Hf D exchange fraction and the sensitive
dependence of the pre-chopper spectrum on acid concentration
make it difficult to reproduce the intensity and background levels
precisely. The 5× 10-5 s residence time is shorter than the
3 × 10-3 s time for HBr, reflecting the lower solubility of HCl
in concentrated sulfuric acid. However, as discussed later, the
HCl residence time is longer than that predicted by eq 2 using
a solubility based on HCl ionization.

The pre- and post-chopper spectra for nitric acid are shown
in Figure 10, recorded at the most intense ion fragment of
m/e ) 46 (NO2

+). Because of dissociative ionization of the
parent molecules in the mass spectrometer, the NO2

+ signal is
much stronger than the HNO3+ or DNO3

+ parent ion signals.
HNO3 and DNO3 cannot be distinguished at the NO2

+ mass,
but the spectra in Figure 6 recorded at the parent masses
demonstrate that nearly all thermally desorbing nitric acid
molecules are Hf D exchanged DNO3 and that all inelastically
scattering molecules are reagent HNO3. The NO2

+ post-chopper
spectrum in Figure 10, therefore, includes both inelastically
scattered HNO3 (for which<∆EIS>/Einc ) 0.85) and thermally
desorbing DNO3. In contrast, the thermal-desorption component
is almost completely removed from the pre-chopper spectrum.
The residence times for DNO3 must be very long, broadening
and shifting the pre-chopper TD component by such a large
extent that it becomes uncorrelated with the incident pulse and
merges with the overall background of the TOF spectrum.

The long residence times for nitric acid can be measured by
recording post-chopper spectra at different exposure times,texp,
as determined by the rotation speed of the acid-covered wheel.9

Molecules residing in the liquid for times less thantexp will
desorb and reach the mass spectrometer, whereas those under-
going solvation for times longer thantexp will remain dissolved
in the acid. As the acid-covered wheel is rotated at slower speeds
and texp is increased, more desorbing gas molecules will be

detected, and the TD signal will increase. Figure 11 shows post-
chopper TOF spectra for HNO3 at exposure times of 0.078, 0.15,
and 0.46 s. The ratio of thermal desorption signals attexp )
0.078 and 0.46 s is 0.64( 0.03. As described in the Appendix,
this increase in desorption intensity can be modeled with a
characteristic residence time ofτ ) 0.10( 0.05 s. This residence
time is close to the 0.2-s time predicted by eq 2.42

We can return to Figure 10 and use the 0.1-s residence time
to determine the origin of the weak signal at long arrival times
in the pre-chopper spectrum. This signal must arise either from
thermally desorbing reagent HNO3 molecules that have not
reacted or from Hf D exchanged DNO3. For τ ) 0.1 s, eq 1
generates a pre-chopper desorption spectrum for DNO3 repre-
sented by the long-dashed line, which is slightly larger than
the shoulder itself. This fit suggests that there is little thermal

Figure 10. Post- and pre-chopper spectra recorded at NO2
+ for HNO3

scattering from 70.5 wt % D2SO4. The post- and pre-chopper IS signals
belong to directly scattered HNO3. The post-chopper TD signal is nearly
all H f D exchanged DNO3. The DNO3 molecules desorb so slowly
that they are missing from the pre-chopper spectrum. The long-dashed
fit to the component at long arrival times in the pre-chopper spectrum
is the predicted desorption signal forτ ) 0.1 s.

Figure 11. Post-chopper spectra for HNO3 scattering from 70.5 wt %
D2SO4 recorded at NO2+ at three different exposure times,texp. The
TD intensity ratios are best fit withτDNO3 ) 0.10 ( 0.05 s.
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desorption of unexchanged HNO3. The absence of signal that
can be assigned to HNO3 supports the analysis of Figure 6 that
nearly all HNO3 molecules that accommodate in the interfacial
region undergo proton exchange before desorbing.

Discussion

We have used molecular beam scattering of HCl, HBr, and
HNO3 from ∼70 wt % D2SO4 at 213 K to investigate the
mechanisms of HX trapping, solvation, reaction, and desorption.
Our results are four-fold: (1) impinging HX molecules transfer
their excess energy efficiently to interfacial D2O and D2SO4

molecules and thermalize readily; (2) the fractions of thermally
accommodated HX molecules that undergo Hf D exchange
are 0.11( 0.03 (HCl), 0.22( 0.03 (HBr), and>0.95 (HNO3),
independent of HX collision energy; (3) the residence times
for HCl and HBr molecules that do not react are less than 2µs,
the lower time limit of our experiments; and (4) the estimated
residence times for HX molecules that emerge from the acid as
DX vary from 5× 10-5 s for HCl and 3× 10-3 s for HBr to
1 × 10-1 s for HNO3. In the sections below, we use these results
to explore the competition between HX scattering and thermal-
ization and between desorption and reaction of the trapped
species.

HX-Acid Energy Transfer. The extent of energy transfer
in the initial impulsive impact can be investigated by analyzing
the energy distributions of those molecules that scatter back
into the gas phase before they reach thermal equilibrium with
the surface. Table 3 lists the average fractional energy transfers,
〈∆EIS〉/Einc, and the normalized widths of the recoil energy
distributions,(σIS/Einc, for the directly scattered species.

The fractional energy transfers for molecules that scatter
inelastically from the acid are extensive for every gas studied,
typically exceeding 70%. These large energy transfers reflect
the kinematics of collisions between HX molecules and surface
D2O and D2SO4; the masses of the HX gases exceed the mass
of D2O and are greater than1/3 the mass of D2SO4, enforcing
substantial momentum transfer upon impact.43 In addition, we
find that the widths of the energy distributions range from 20
to 30% of Einc, generating the broad distributions shown in
Figures 3b and 4b for HCl and HBr, respectively. The large
spreads in final energies are likely due to the different
orientations and packing of surface D2O and D2SO4 and their
thermal motions, as well as multiple HX collisions imposed by
surface corrugation.

We can gain more insight by comparing HCl and argon
scattering from the acid. Ar is similar to HCl in both size and
mass, but because it is atomic and weakly polarizable, collisional
energy transfer will be governed by repulsive interactions with
surface species and not by internal excitation or long-range
attractive forces. The HCl and Ar spectra in Figures 3 and 7
show that, on average, HCl transfers only 5% (or 5 kJ/mol)
more of its incident energy than does Ar to the acid. The widths
of the energy distributions are also only slightly broader for
HCl. Table 3 indicates that HBr and Kr behave similarly. These
observations are in accord with calculations of Ar and HCl
scattering from water-ice, which show that energy transfer is
extensive but that translational energy is not coupled effectively
into H-Cl vibrations.44,45 The similar Ar and HCl scattering
distributions suggest that most of the HCl collision energy
is transferred initially into motions of surface D2O and D2SO4

and not into HCl vibration or rotation and that there are no
strong long-range forces initially accelerating HCl into the
surface.46 As Table 3 shows, the fractional energy transfer is

greater for HNO3 than for the other gases. This larger value
of 0.85 may arise from the higher incident energy employed,32

as well as from excitation of low-frequency HNO3 torsional
modes.

Thermalization and H f D Exchange.The large energy
transfers in the inelastic channel are accompanied by significant
HX thermalization and desorption of HX or DX, as shown in
Figures 3-6. The observations of energy-independent proton
exchange and thermal desorption of product DX appear to be
most consistent with a two-step process in which HX first
thermally equilibrates in the interfacial region and then reacts.36

Figures 3-5 show that, although the IS channel diminishes at
lower collision energies, the 9:1 HCl:DCl and 3.5:1 HBr:DBr
desorption ratios remain constant. The Hf D exchange
fractions, therefore, do not depend on the incident energy of
HCl over the range of 14-100 kJ/mol, implying that the
molecules dissipate their excess energy and lose memory of
their initial trajectory before proton exchange occurs. The
invariance offexch with incident energy also argues against gas
entry by ballistic penetration of HX through the interface, as
this process should drop sharply at lower impact energies. The
absence of scattered DX molecules at high velocities further
shows that there is no direct Hf D exchange that bypasses
the thermal equilibration step.

The two-step exchange process allows the exchange prob-
ability to be written as a product of the trapping probability
and the fraction of trapped molecules that undergo exchange,
specifically, pexch(Einc,θinc) ) ptrap(Einc,θinc)fexch. Within this
picture, the exchange rate depends on the molecule’s incident
trajectory only through changes in the trapping probability with
impact energy and angle. Most of our experiments are carried
out at incident energies that greatly exceed the average energy
of collisions in the stratosphere of 2RTacid ) 3.5 kJ/mol at 213
K. We use energies greater than 100 kJ/mol to increase signal
levels and to provide a wider separation in arrival times between
the IS and TD channels. Even at these high impact energies,
however, trapping can occur frequently. Separate studies of HCl
collisions with liquid glycerol show thatptrap is 0.6 atEinc )100
kJ/mol andθinc ) 45°.38 This value rises to 0.9 atEinc ) 14
kJ/mol as trapping becomes more probable at lower impact
energies36,47 where there is less energy to dissipate before the
molecule becomes bound in the attractive gas-surface poten-
tial.43,48 HCl scattering from water-ice further shows thatptrap

is greater than 0.9 at 100 K andEinc ) 9 kJ/mol.49,50

We also infer high values ofptrap for HCl collisions with
70 wt % D2SO4. Figure 5b implies thatptrap must be near 1 at
Einc ) 14 kJ/mol in order for the IS:TD ratio to be smaller than
0.1. When the relative DCl desorption signals atEinc ) 14 and
100 kJ/mol are normalized by the HCl incident beam intensities,
the trapping probability at 100 kJ/mol is found to be roughly
50% of the value at 14 kJ/mol, indicating that many HCl
molecules fully dissipate their excess energy into the acid even
at high collision energies.

Competition between HX Desorption and H f D Ex-
change.HCl Desorption and Exchange. Although HCl ther-
malizes readily at the surface of 70 wt % D2SO4, the attractive
forces between HCl and interfacial D2O and D2SO4 do not
appear to be sufficiently strong to bind most HCl molecules
long enough to allow them to undergo proton exchange. Our
measurements show thatfexch is only 0.11 ( 0.03 for HCl,
indicating that nearly 90% of the thermalized HCl molecules
desorb from the acid, dissipating their collision energy but
escaping before they dissociate into H+ and Cl- or undergo
other reactions.
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The values offexch should be expressible in terms of a
competition between the reaction and desorption of HX species
trapped in the interfacial region of the acid, assuming that
all thermalized molecules become bound (trapped) at the sur-
face before desorbing or reacting. Specifically, the ratio of DX
to HX thermal desorption intensities is the ratio of rates for
reaction and desorption of trapped HX molecules, allowing the
exchange fraction to be written asfexch≡ TD(DX)/[TD(DX) +
TD(HX)] ) kexch/(kexch + kdes) and the exchange probability to
be written as

wherekdesis the rate constant for HX desorption averaged over
all adsorption sites andkexch is the rate constant for Hf D
exchange, encompassing both interfacial and solution phase
solvation and reaction. Equation 3 may be compared with the
expression for the mass-accommodation coefficient,Rth, as
developed by Worsnop et al.51,52 and by Hanson53

where ksol is the rate constant for transport of thermalized
molecules through the interface and into solution. As discussed
below, the residence time measurements indicate that HX
molecules that undergo Hf D exchange spend time as neutral
or ionic species in the bulk region of the acid, whereas those
that do not exchange do not appear to enter the acid. When
reaction occurs after bulk solvation, these observations imply
that ksol and kexch should be nearly equal and thus thatRth is
nearly equal topexch. Additionally, ptrap should be close to 1 at
thermal collision energies, further implying thatRth is ap-
proximately equal tofexch.

Equations 3 and 4 show that either high desorption rate
constants or low exchange/solvation rate constants result in
limited reactive uptake of HX molecules into the acid. From a
value offexch(HCl) ) 0.11, the desorption rate constant for HCl
is inferred to be eight times higher than the exchange/solvation
rate constant. It appears that the residence times for most HCl
molecules are insufficient for solvating the trapped molecules
before they are kicked away from the surface by thermal motions
of the interfacial molecules, enforcing low probabilities for HCl
mass accommodation and reaction.

The distinct time scales for trapping-desorption and trap-
ping-reaction-desorption are supported by residence time
measurements of HCl and DCl in contact with the acid. Figure
9 shows that HCl molecules that do not undergo proton
exchange must desorb in less than 2µs. These molecules may
remain in the interfacial region of the acid during this time
period or they may begin to diffuse into solution. An average
diffusion depth (beyond rapid penetration through the top one
or two lower-density monolayers) can be estimated from (Dτ)1/2

≈ 10 Å, assuming thatτ is 2 × 10-6 s and the solute diffusion
constantD is 5 × 10-9 cm2/s.54,55This estimate of the depth is
an upper bound, limited by the 2-µs time resolution of the pre-
chopper experiments, and the actual contact time and penetration
depth may be much smaller. If the trapped HCl molecules
remain at the surface of the acid before they desorb, their
residence times will be governed by bonding to surface
molecules rather than by diffusion. Hydrogen bonding between
HCl and surface OD and SO groups should provide the strongest
bonds, but other configurations involving different dipolar or
dispersion interactions may also bind HCl to the surface during
its contact time with the acid. Judging from a computed

adsorption energy of 10 kJ/mol for argon on water-ice,44 we
would expect that the attractive potential for most HCl-acid
configurations to be equal to or greater than this value. This
adsorption energy exceeds 5RTacid, implying that even thermal-
ized HCl molecules that do not hydrogen bond to surface D2O
or D2SO4 will be trapped momentarily at the interface.44,48

The most pertinent information for hydrogen bonding of HCl
to the surface of sulfuric acid may come from studies of HCl
adsorption at the surface of amorphous ice and solid HCl‚6H2O,
extrapolated to 213 K.49,56-60 The adsorption energy and pre-
factor measured by Isakson and Sitz ofEads ) 28 kJ/mol and
τsurf

0 ) 5 × 10-15 s predict an HCl surface residence time of
τsurf ) τsurf

0 exp(Eads/RTacid) ) 4 × 10-8 s at 213 K.49 The
parameters of Graham and Roberts ofEads ) 28-38 kJ/mol
andτ0

surf ) 1 × 10-13 s predictτsurf ) 7 × 10-7 to 2 × 10-4

s.56 HCl residence times based onEads) 28 kJ/mol are shorter
than our measured lower limit of 2× 10-6 s, making it plausible
that hydrogen-bonded HCl can desorb within 2µs from the
surface of aqueous sulfuric acid at 213 K. We note that Graham
and Roberts observed that HCl molecules adsorbed on solid
DCl‚6D2O undergo only 40% Hf D exchange before desorbing
at 140 K, indicating that molecularly bound HCl has limited
pathways for proton transfer at the surface of the solid
hexadeuterate.56,60

Our experiments show that HCl-surface interaction times
of 2 × 10-6 s or less prohibit∼90% of the thermalized HCl
from reacting with 70 wt % D2SO4 before they desorb. The
11% that do react may be among those molecules that persist
on the surface long enough for surface D2O and D2SO4 to
reorganize and surround the HCl, solvating it sufficiently for
dissociation or other reactions to occur either immediately or
deeper within the acid.61,62The average lifetime of reacting HCl
molecules can be estimated from the pulsed-beam spectrum in
Figure 9c of DCl desorbing from 68.6 wt % D2SO4. The∼5 ×
10-5 s characteristic residence time is much longer than the
trapping-desorption time of<2 × 10-6 s. This long residence
time indicates that DCl is not produced solely by interfacial
exchange and desorption but by a process that is accompanied
by dissolution deeper into the acid. The measured residence time
is also longer than the submicrosecond time predicted by eq
2,63 based on an HCl solubility involving Cl- and HCl species.17

Robinson et al. recently postulated that HCl dissolution may
involve formation of chlorosulfonic acid,6 perhaps through
reaction of HCl with HSO4- and H+. The lifetime of the ClSO3D
product in 68.6 wt % D2SO4 is limited by the observed uptake
of 0.01 ( 0.02 measured at35Cl, which indicates that nearly
all Cl-containing species evaporate from solution within the
exposure time of 0.46 s. The ClSO3D must, therefore, desorb
from the acid or decompose into DCl that desorbs during this
exposure time. ClSO3H is more acidic than H2SO4 and should
be present mostly in its ionic form, ClSO3

-,64 making it likely
that the desorbing chlorine species is DCl, regenerated from
ClSO3

- + D3O+. We could find no evidence for molecular
ClSO3D in the gas phase monitored at ClSO3D+ or SO3

+, further
suggesting that any ClSO3D formed in solution decomposes
before it desorbs.

Within the picture outlined above, Hf D exchange involves
HCl adsorption and solvation for times longer than 2µs, either
concurrent with or followed by HCl dissociation and DCl
recombination in conjunction with the formation and decom-
position of chlorosulfonic acid. Judging from an overall
residence time of 50µs, the solvated HCl, Cl-, ClSO3

-,
and DCl must together diffuse through a distance of (Dτ)1/2 ≈
50 Å before DCl desorbs from the acid.

pexch) ptrapfexch) ptrapkexch/(kexch+ kdes) (3)

Rth ) ptrapksol/(ksol + kdes) (4)
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HBr Desorption and Exchange. HBr is ∼100 times more
acidic than HCl23 and ∼200 times more soluble in 70 wt %
sulfuric acid,17 yet it exchanges only twice as often with the
acid. The pre-chopper measurements reveal that, like HCl, the
parent HBr molecules that equilibrate in the interfacial region
spend less than∼2 µs in contact with the acid before desorbing
back into the gas phase. The low proton exchange fraction of
0.22 yieldskdes ≈ 3.5kexch, indicating that the short residence
time is typically less than that required for HBr to react.

Figure 8b shows that the HBr molecules that do undergo
exchange follow a process that can be modeled well by a
residence time of 2.5 ms, roughly fifty times longer than that
of HCl. The mechanism for Hf D exchange must therefore
involve a relatively stable and soluble intermediate. Judging
from the large acid dissociation constant for HBr and the
instability of BrSO3H,65 we expect HBr to dissociate into H+

and Br- once the parent molecule is sufficiently solvated in
the near-interfacial region of the acid.62 The solvated Br- ions
can then diffuse deeper into the bulk, remaining there for an
average of 2.5 ms before migrating near the surface and
recombining with D+ to produce desorbing DBr.

The probability that a thermally equilibrated HBr or HCl
molecule undergoes Hf D exchange is likely governed by
the hydrogen bonding strengths for HX to surface D2O and
D2SO4 and by the solvation requirements for HX dissociation
in the near-interfacial region of the acid. Quantum calculations
indicate that the∼19 kJ/mol hydrogen bond in HCl-H2O is
slightly stronger than that in HBr-H2O.24,25 This ordering
suggests that HCl should remain in contact with the surface
longer than HBr. However, HBr is a stronger acid than HCl in
pure water,23 and it dissolves more exothermically in concen-
trated sulfuric acid.17 Quantum calculations also predict that the
minimum number of water molecules required for dissociation
of HBr in HBr(H2O)n is three, which is one water molecule
less than for HCl.24,25,28,66fexch may therefore be higher for
HBr because fewer solvent molecules are required to stabilize
H+-Br- than H+-Cl-, allowing dissociation to compete more
effectively with hydrogen bond breaking and HX desorption.

HNO3 Desorption and Exchange. In contrast to HCl and HBr,
HNO3 undergoes nearly complete proton exchange in collisions
with 70.5 wt % D2SO4. Figure 6 indicates that 5% or fewer of
the HNO3 that thermally equilibrate with sulfuric acid can escape
without reacting; nearly all nitric acid molecules that survive a
collision with the acid are those that scatter inelastically.

The efficient Hf D exchange may proceed through nitric
acid dissociation and recombination with solvent D+ or,
alternatively, by a cyclic, concerted H and D transfer between
neutral HNO3 and DSO4

-. A third pathway involving HNO3
deuteration and deprotonation, HNO3 + D+ f [DHNO3

+ T
HOD + NO2

+] f H+ + DNO3, is less probable, based on
Raman measurements that show that HNO3 acts like a weak
acid in 72 wt % H2SO4 at 25°C, in which it is 97% molecular
HNO3and 3% NO3

-.22 Despite its nonionic form, nitric acid
interacts strongly enough with bulk D2O, D3O+, and DSO4

- to
remain within 70.5 wt % D2SO4 for 0.1 s on average. This
measured residence time reflects the enormous solubility of
>106 M/atm and high solvation enthalpy for molecular HNO3

in the acid.
The multiple hydrogen bonds that promote the very exother-

mic and long-time solvation of HNO3 within the bulk acid are
also expected to be strong at the surface. Quantum calculations
predict that the HNO3-H2O and HNO3-H2SO4 dissociation
energies are 31 and 43 kJ/mol,26,29 at least 60% greater than
that for the analogous HCl complexes. These higher binding

energies should lead to HNO3 residence times at the acid surface
that are many times longer than those for HCl or HBr. In
contrast, HNO3 is a much weaker acid than HCl or HBr and
may require more solvent molecules to bring about dissociation
in 70 wt % D2SO4.67 Any requirement for more extensive
solvation, however, appears to be outweighed by the ability of
HNO3 to form strong hydrogen bonds: the observed value of
fexch > 0.95 implies that the interfacial residence time is long
enough for the acid to capture nearly every HNO3 molecule
that thermalizes during a collision.

Summary and Conclusions

Molecular beam studies of HCl, HBr, and HNO3 collisions
with 70 wt % D2SO4 help to elucidate the pathways for HX
thermalization, Hf D exchange, and DX desorption. We find
that energy transfer is extensive for all three HX molecules,
exceeding 70% of the impact energy. The similar inelastic
scattering distributions for HCl and Ar (and for HBr and Kr)
suggest that most of the incident energy is dissipated initially
into motions of surface D2O and D2SO4 and not into HCl or
HBr rotational or vibrational motions. The large energy transfers
and the weak inelastic signals at lowEinc imply that the trapping
probabilities rise as the incident energy is decreased and
probably approach 1 at thermal impact energies.

The subsequent fate of the thermally equilibrated HX
molecules is governed by the competition between the rate of
desorption and the rate of interfacial and bulk solvation and
dissociation. Only 11% and 22% of the thermalized HCl and
HBr molecules, respectively, undergo Hf D exchange before
they are propelled from the interface by thermal motions of
surface D2O and D2SO4. In contrast, greater than 95% of the
trapped HNO3 molecules are converted to DNO3 before they
desorb. Residence time measurements show that the HCl and
HBr molecules that do not undergo proton exchange must desorb
from the interface within 2µs, the lower time limit of our
experiments.

HX molecules that undergo Hf D exchange in 70 wt %
D2SO4 spend longer than 2µs in contact with the acid. The
observed solvation times scale with the HX solution-phase
solubility and exothermicity.4,6,17,19-21 The ∼5 × 10-5 s
characteristic residence time for HCl indicates that exchange
typically occurs within the outer 50 Å of the acid, and it supports
the hypothesis of Robinson et al. that the solubility of HCl may
be driven by direct reactions of HCl with solvent acid species
as well as by dissociation.6 Trapped HBr molecules are likely
to dissociate even closer to the interface,62 but the resulting Br-

ions are much more stable than the Cl- ions and are found to
reside in the acid for a characteristic time of 3× 10-3 s before
diffusing to the surface and recombining with solvent D+. The
1 × 10-1 s residence time for HNO3 in 70.5 wt % D2SO4 is
much greater than that of either HCl or HBr. The high Hf D
exchange rate and long residence time for HNO3 may be driven
by its ability to form strong hydrogen bonds, both to surface
D2SO4 and D2O and to sulfuric acid species within solution. In
contrast, HCl and HBr appear to bind more weakly to interfacial
molecules and, therefore, to desorb more quickly from the
surface, prohibiting their potentially greater solution acidity from
promoting solvation and dissociation within the acid.

The nearly 100% Hf D exchange probability for nitric acid
and its efficient energy dissipation imply that stratospheric
HNO3 should be absorbed into 70 wt % sulfuric acid aerosols
at nearly the maximum gas kinetic rate in the stratosphere,
whereas the low values offexch for HCl and HBr imply that
they are poor sources of aqueous Cl- and Br- ions. In particular,
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HCl both is highly insoluble in 70 wt % sulfuric acid and
frequently desorbs from the acid’s surface before it reacts. The
low solubility of HCl in concentrated sulfuric acid is one of
the primary reasons for concluding that its reactions with other
solute molecules will play a smaller role in the mid-latitude
regions than at higher latitudes, where the aerosols are more
dilute.2,3,68The scattering experiments imply that the reactivity
of HCl is even lower than first expected because, in nine
collisions out of 10 with 70 wt % sulfuric acid, HCl will desorb
from the surface of the aerosol too quickly to react even with
the solvent acid itself.
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Appendix

This appendix describes the calculation of the desorption
probabilitypdes(t) used to determine the characteristic residence
timeτ of HX molecules in sulfuric acid. The relative probability,
pdes(t) ) Fdes(t)/Fdes(tf∞), is equal to the fluxFdes(t) of gas
molecules desorbing from the liquid at timet, divided by the
asymptotic outgoing fluxFdes(tf∞). The desorbing flux is given
by Fdes(t) ) γdes(t)Fbeam, where Fbeam is the steady flux of
impinging molecules andγdes(t) is the desorption coefficient.
pdes(t) is therefore equal toγdes(t)/γdes(tf∞) and increases from
0 to 1 as the fresh liquid becomes saturated with gas.pdes(t)
can also be expressed as

whereγuptake(t) is the net fraction of molecules entering the liquid
at time t. The desorption probability is calculated frompdes(t)
) c(x)0,t)/c(x)0,tf∞) by numerical integration of the diffusion
equation,D ∂2c(x,t)/∂x2 ) ∂c(x,t)/∂t, wherec(x,t) andD are the
liquid-phase concentration and diffusion coefficient of the solute,
respectively.69

The duration,tpulse, of the gas pulse in the pre-chopper spectra
is 50-65 µs, and the pulse is assumed to be square in shape.
The number of pulses to which a patch of liquid is exposed is
given by npulse ) texp/tinterval, where the exposure time,texp, is
determined by the rotation speed of the acid-covered wheel and
the time between pulses,tinterval, is determined by the rotation
speed of the pre-chopper. For typical values oftexp ) 0.46 s
andtinterval ) 0.002 s,npulseis 230. Each pulse deposits gas into
the liquid, and some molecules will remain in the liquid when
the next pulse reaches the surface unless the gas residence time
is much shorter thantinterval. Thus, there is generally a different
pdes(t) function for each pulse as gas builds up in the liquid.
We take this into account by calculatingnpulseseparate desorp-
tion curves and averaging them to generate one desorption
function.

Graphs of the averagepdes(t) function are shown in Figure
A.1 for characteristic residence or solvation timesτ of 0, 10,

100, and 1000µs. The curves are divided into two regions,
labeled “beam on” and “beam off”. In the beam-on region
betweent ) 0 andtpulse, c(x,t) must satisfy the conditions

Condition a2 sets the initial concentration profile for thenth
gas pulse equal to the profile just before that pulse reaches the
surface. Condition c enforces mass conservation across the gas-
liquid interface. The quantityFin ) R(Einc,θinc) Fbeamis the flux
of molecules entering the liquid from the impinging molecular
beam, whereR(Einc,θinc) ) γdes(tf∞) ) γuptake(t)0) is the
fraction of molecules that enter the liquid before desorbing. The
quantity (D/τ)1/2 is the rate constant for transport through the
plane atx ) 0 dividing the gas and liquid phases, whereτ is
given by eq 2.

For the time betweentpulse and tinterval, the gas pulse is off,
and the gas deposited earlier by the molecular beam continues
to desorb from the liquid, but with no incoming molecules to
replenish those that leave. The diffusion equation is solved using
the altered boundary condition atx ) 0 in this beam-off region.

The diffusion equation is solved numerically to determine
pdes(tinterval>t>tpulse) ) ci(x)0,t)/c(x)0,tf∞) in this region.

The ascending curves in Figure A1 show that, in the beam-
on region,pdes(t) rises steadily with time as gas molecules enter
the acid. After the gas pulse ends at timetpulse, pdes(t) drops as
the molecules desorb and deplete the liquid of gas. The four
curves demonstrate that, at longer timesτ, the curves rise and
fall less sharply, although the total area under each curve remains
equal. This smoothing occurs because the gas molecules are
more soluble at largerτ and, therefore, diffuse more deeply and

1 - γuptake(t)/γuptake(t)0)

Figure A.1. Plot of pdes versus desorption time forτ ) 0, 10, 100,
and 1000µs usingtexp ) 0.13 s,tpulse ) 50 µs, tinterval ) 2000µs, and
npulse ) 65.

c1(x,t)0) ) 0 for the first gas pulse (a1)

ci(x,t)0) ) ci-1(x,tinterval) for i ) 2 tonpulse (a2)

ci(xf∞,t) f 0 (b)

-D ∂ci(x,t)/∂x|x)0 ) Fin - Fdes(t) )
[R(Einc,θinc) - γdes(t)]Fbeam (c)

) (D/τ)1/2[c(x,tf∞) - ci(x,t)]|x)0

-D ∂ci(x,t)/∂x|x)0 ) -Fdes(t) ) -γdes(t)Fbeam)

-(D/τ)1/2ci(x,t)]|x)0 (c′)

Molecular Beam Scattering from Supercooled D2SO4 J. Phys. Chem. A, Vol. 104, No. 29, 20006749



desorb more slowly in both regions. The averagedpdes(t) is a
function only of the characteristic residence timeτ, the pulse
width tpulse, and the time interval between pulses,tinterval.

The best-fit thermal distributions,Nfit , for the pre-chopper
spectra in Figures 8-10 are obtained by convolutingpdeswith
a Maxwell-Boltzmann distribution,NMB, according to eq 1,
whereNMB(t) ∼ t-4 exp[-mgas(dpre/t)2/2RTacid]. The post-chopper
spectrum is then fit with a value ofτ ) 0 in order to scale the
intensities of the pre- and post-chopper data, and the value of
τ for the pre-chopper spectrum is adjusted until both the shape
of the pre-chopper spectrum and its relative intensity are
reproduced. All fits are corrected for “wrap-around” effects, in
which the thermal desorption signal at long times that is cut
off at the end of the TOF recording interval is added on to the
beginning of the spectrum.

Figure A2 demonstrates how the time and intensity shifts of
the pre-chopper spectrum allow measurements of microsecond
residence times. The post-chopper spectrum for HCl in Figure
3 is superimposed on a pre-chopper spectrum in which the
thermal-desorption component has been artificially convoluted
with pdesusingτ ) 2 µs. This short residence time generates a
visible reduction in signal intensity even though the shift in
arrival time cannot be discerned. From the signal-to-noise levels
of our data and our confidence in measuring systematic arrival-
time and intensity corrections, we estimate that residence times
of 2 µs or longer can be extracted by analysis of pre- and post-
chopper data.

Finally, the ratio of intensities of the thermal-desorption
components in the post-chopper spectra in Figure 11 can be
simulated if we assume that all desorbing molecules are DNO3.
In this case, the ratio of integrated thermal desorption intensities,
TD(texp), is given by

where pdes(t) for the continuous (post-chopper) spectra is
equal to 1- erfc(xt/τ)et/τ.21,61The best-fit value ofτ is 0.10(

0.05 s for a ratio of TD intensities of 0.64( 0.03. The fraction
of DNO3 molecules remaining in the acid at a selected time
texp is equal to 1- TD(texp)/TD(∞). Usingτ ) 0.10, we estimate
that 36% of the HNO3 molecules that have entered the acid
have not desorbed attexp ) 0.46 s.
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