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Proton exchange, residence time, and gas uptake measurements are used to explore collisions and reactions
of HCI, HBr, and HNQ with 70 wt % D,SOy, at 213 K. These studies help to provide a detailed picture of
HX (X = ClI, Br, NOs) energy transfer to sulfuric acid and the fate of the HX molecules immediately after
thermalization at the ED/D,SQO, surface. We find that the three molecules readily dissipate their excess
kinetic energy and become trapped momentarily in the interfacial region. However, onty3P4 of the
thermalized HCI and 22 3% of the thermalized HBr molecules undergoHD exchange; the HCI and

HBr that do not react are found to desorb from the acid within 2076 s. In contrast, more than 95% of the
initially trapped HNQ molecules are converted to DNO'he HX molecules that undergo exchange dissolve
within the deuterated acid for characteristic times ot 80° s (HCI), 3x 102 s (HBr), and 1x 10's

(HNGOs) before they desorb thermally as DX. The scattering experiments imply that the desorption of thermalized
HCI and HBr molecules is, on average, faster than their solvation and reaction in the interfacial and bulk
regions of 70 wt % BSO,. Although HNG s less acidic than HCI or HBr, it appears to hydrogen bond more
strongly to surface BD and SO, 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
stratospheré? These heterogeneous processes include the
production of halogen molecules from the aerosol-catalyzed
reactions of HCl and HBr with CION& BrONG,, HOCI, and P
HOBI, particularly in colder regions of the stratosphere where
HCI and HBr are more soluble in the water-rich aerogols. D,0/D,S0O, ‘

H

Additionally, the absorption of HN@into the supercooled acid
removes nitrogen oxides from the stratosphere and can alter

the freezing, growth, and catalytic properties of the aerdsols. ﬂ
Our objective is to probe the nature of the initial gas-sulfuric
acid collision and the immediate fate of the HCI, HBr, and Further Reaction

HNO; molecules trapped at the acid's surface as they either Figure 1. Observed pathways for an acidic molecule HX colliding

desorb into the gas phase or react in the interfacial or bulk into deuterated sulfuric acid. Reactions between HX and the acid can
regions of the acid. We perform these studies by exposing occur in the interfacial or bulk regions.

deuterated sulfuric acid (70 wt %,B0, at 213 K) to molecular

beams of the three protic gases. The exiting species are ) o )

monitored by mass spectroscopy and time-of-flight (TOF) scattering) or whether it d|SS|p§1tes its excess energy through

velocity analysis in order to separate nonreactive collisions from ON€ o several bounces and binds momentarily to interfacial

those that involve H~ D exchange. The supercooled 70 wt % D20 or D:SOs (thermalization and trapping). Molecules that

acid is typical of aerosol concentrations in the mid-latitude P€COmMe trapped at the interface may be propelled back into the

region of the lower stratosphete. gas phase by the thermal motions of the surface atoms
The different channels open to HX molecules £XCl, Br, (trapping—desorption). Alternatively, if HX molecules form

NOs) when they collide with deuterated sulfuric acid are outlined Strong hydrogen bonds to surface OD or SO groups, they may

in Figure 19 The initial impact governs whether the incoming Pecome sufficiently solvated to dissociate intd Bind X" in

molecule scatters away from the surface (direct inelastic the interfacial region or to be transported more deeply into the
acid before ionization occurs. At high acid concentrations, HX

* Author to whom correspondence should be addressed. may undergo attack by Dor transfer H or X atoms to solvent
TPresent address: Department of Chemistry, Virginia Polytechnic species in a concerted reaction.
Institute and State University, Blacksburg, VA 24061 : The studies described below indicate that all HX product
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TABLE 1: Selected Properties of 72 wt % HSO, at 213 K TABLE 2: Selected Properties of HCI, HBr, and HNOs
equivalent RSO, wt % 70.2 HCI HBr HNO3
mo:e ratio féljlthD:sto“ ppbv in stratosphefe 0-3 0-0.01 1-10
molarity i : mass (amu) 36.5 80.9 63.0
Hammett acidity . 6L , polarizability (A) 2.7 3.6
Kdissoc(HSQ /DSO4 )at 25 C lOX 10 /45 X 10 dlpole mOmentD) 1.1 83 22
AHyap (H20) 55 kJ/mOL boiling point €C) -85 -67 83
Puap (all Hz0) 1.3x 10 Torr dissociation constank, ~107  ~1000  ~20
viscosity 3100 cP AHya® (H20, 25 C) (kd/mol) 75 85 71
surface tension >74 dynes/cm AHya® (72 Wt % HSOy, 213 K) (kd/mol) ~30 ~42 ~56

approximate compositién H*¢(72 wt % HSOy, 213 K) (M/atm) 1x 17 2x 100 3x1C°
HsO* 33% DY(72 wt % HSQy, 213 K) (cn#/s) 5x 1079 5x 107° 4 x 1079
HSO,~ 32% predicted residence time(s)® 1x107 2x10°% 0.2
SO <1;% aRef 2.° Enthalpy of vaporization from water at 2& ¢ Solubilities
Hz0 35% and enthalpies estimated from vapor pressures in ref liguid-phase

aRef 17, assuming that His present as D" diffusion coefficient from ref 55¢ Calculated fromH*, D, and eq 2
using the measuredich ~ amn. See text and refs 40, 42, and 63.

molecules impinging on the acid is, therefore, proportional to B

the DX desorption intensity. We defirfg.has the fraction of ~ HSOs suggest that 70 wt % 430, and 72 wt % HSO, have
thermally equilibrated HX molecules that undergo—H D similar compositions. . o
exchange. This fraction is directly observable in our experiments ~ 1he solubilities of HCI, HBr, and HN®in sulfuric acid
through measurements of the relative fluxes of thermally have been determined by vapor pressdrinudsen celf? _
desorbing HX and DX molecules, and it provides a reactivity oW tube;**t and droplet traih measurements and are in
scale for HX with sulfuric acid solvenfexnshould also provide ~ 9enerally good agreement with thermodynamic calculatiéns.
an upper limit to the heterogeneous reaction probability of HX FOr concentrations near 72 wt %$0, at 213 K, the effective
with other solvated atmospheric molecules in the case in which Henry’s law solubilities, H*, are estimated to range fronx1
HX reacts with the acid before it reacts with the solute molecule. 10° M/atm for HCI and 2x 10* M/atm for HBr to 3 x 10°

Within this constraintfecch yields the fraction of thermalized ~ M/atm for HNQ;.*" Robinson et al. find that the solubility of
HX molecules that areailable for solute-solute reactionsin ~ HC!in 69 wt % H:SQ; is greater than predicted by calculations,

sulfuric acid In addition to these H~ D exchange measure- Perhaps because of the reaction of HCI withSE) to form
ments, we use pulsed molecular beams to compare the residencg!SQsH-® Our experiments support enhanced HCI solubility in
times of HX molecules that undergo trappingesorption and /0 Wt % sulfuric acid. . . _

those that undergo exchange. These experiments provide Table 2 shows that each HX molecule is predicted to dissolve
information on the different time scales and locations of €xothermically in 72 wt % BSOy at 213 K; although the
thermalization and solvation. values are smaller than those for dissolution in pure water at
25 °C. Raman measurements indicate that nitric acid exists as
97% HNG; and 3% NQ™ in 72 wt % HSO, at 25°C, with no
reported HNO3z™ or NO,;".22 The extent of dissociation of HCI
and HBr in sulfuric acid solutions has not been measured, but
the much larger dissociation constants of these mole€uteske

it plausible that they ionize substantially more than HNThe
hydrogen bonding strengths of the three gases;® &hd H-

SOy appear to follow a trend opposite to their acidity: quantum
calculations predict that the HXH,0 dissociation energies vary
from ~16 and~19 kJ/mol for HBr and HCI, respectively, to
~31 kJ/mol for HNQ.?4728 The HX—H,SO, bonds are 20% to
40% stronge??

The experiments described below are used to explore the
differences in energy transfer, proton exchange rates, and
residence times of HCI, HBr, and HN@ contact with 70 wt
% D,SOy at 213 K. We find that 95% of the HNOmolecules
that are trapped at the surface of the acid dissolve for an average
time of 0.1 s, undergoing H> D exchange before desorbing.

In contrast, nearly 90% of the thermalized HCI and 80% of the
thermalized HBr desorb within 2s from the interface, escaping
reaction. The experiments suggest that HCIl and HBr impinging
on 70 wt % sulfuric acid behave more often like nonreactive
gases than carriers of Cl and Br into solution.

The initial interactions between HX and,®0, depend on
the composition and structure of the interfacial region of the
acid. This region has been investigated by surface terd8ion,
sum frequency generation (SF&)! and Auger electron
spectroscopy for H,SO, solutions. The surface tension and
Auger studies indicate that there is little segregation of the lower-
surface-free-energy 430, to the surface of the acid, implying
that the interfacial composition of 70 wt %,80, should be
close to the 2.1:1 ED:D,SO, ratio in the bulk. The outermost
D,0O and BSO, species are likely to be in their neutral state
because of incomplete solvation of@" and DSQ™ ions at
the surface, although tightly bound ion pairs may also be present.
Judging from SFG studies of 80, 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 % KBO, at 213 K (equivalent to 70.2 wt %
D,SO, at the same 0.32 mole fraction) are listed in Table 1.
Both H,;SO; and SOy solutions are highly viscous, low-
vapor-pressufé liquids at 213 K, supercooled by20 K for
the hydrogen isotope. The Hammett acidities, which are
extensions of the pH scale to strong acids, a1l for each
acid, indicative of their strongly acidic characterRaman
measurements show that 72 wt %30, at 25°C is extensively
ionized, with little or no molecular p80O, present Thermo- The molecular beam scattering apparatus is depicted in Figure
dynamic calculatiori$ predict that this acid is composed of 2. The machine consists of a doubly differentially pumped
nearly equal fractions of #0*, HSQ;~, and HO at 213 K molecular beam chamber, a scattering chamber that contains
(assuming that M is present as §0").1” The equal Hammett  the liquid sample and two chopper wheels, and a doubly
acidities and comparable dissociation constdfts DSO,~ and differentially pumped chamber housing a quadrupole mass

Experiment



6740 J. Phys. Chem. A, Vol. 104, No. 29, 2000 Morris et al.

in the acid®! 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 angl,, of 45°. The exposure
time of the liquid to the molecular bearty,, 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,
Post-chopper Acid to suppress BD evaporation, allowing the chamber pressure to

Reservoir be maintained below 2 107° Torr by a water-baffled diffusion
pump. From the vapor pressure of 20Torr for 72 wt %

Mass spectrometer H,SOy at 213 K, we estimate that water molecules desorbing
Figure 2. Schematic diagram of the scattering apparatus. The reservoir from the acid should deflect fewer than 5% of the impinging
containing the _acid is _sealed_, except for a 0.88-cm-diameter hole molecules from striking the surfaé&The change in evaporative
centered at the interaction region. flux of D,O from the acid can be used to monitor changes in
film composition as water desorbs from the acid-coated wheel.

Nozzle t

=
Pre-chopper

e

st

dpo

TABLE 3: Selected Molecular Beam Conditions and We find that there is no measurable change in the amount of
Experimental Results D,0 that desorbs from the acid as the exposure time is varied
incident Einc IS:TD from 0.046 to 0.46 s. This steady,O flux demonstrates that

gas (kdimol)  [AEsIEn. +0is/Enc®  (for HX)¢ the D,O/D,SQ, concentration within the patch of acid that is

2% HClin H, 105 0.75 10.14 0.74:0.26 exposed to the vacuum remains constant during these times.
5% HCl in He 47 0.70 +0.15 0.40:0.60 Molecules scattering or desorbing from the acid are detected
10% HClin N, 14 - - <0.1>0.9 by a mass spectrometer at an exit anglg, of 45°.3% TOF
g;’f :g; :2 ﬁa i‘l"g 0.81 +0.13 8-57%%30 measurements are made by employing either “post-chopper”

() ~ - - .0:0. « ” F
1% HNO in Hyp 170 0.85 1009 >0.9<01 or “pre-chopper wh_eels to modulate the scattered or mcm_ient
2% Ar in Hp 105 0.70 1009 0.88:0.12 molecules, respectlvely. In the post-chopper_ .conflguratlon,
2% Krin Ha 125 0.79 +0.12 0.86:0.14 molecules strike the acid continuously. The exiting molecules

are chopped into 2@s gas pulses (fwhm) by an 18-cm-diameter,
from 760 to 200 Torr? Ej,e = 150 kJ/mol for the incident HN® post-chopper \{vheel with four_1.6-mm slots rota_tlng aF 15.0 Hz,
in Figure 6.°Ratio of width of IS component to incident beam as shown in Figure 2. A multichannel scqler with@bins IS
energy.d The ratios include both HX and DX desorption for HCl and  Used to record the mass spectrometer signal as a function of

3 Einc lowered and broadened by reduction of backing pressure

HBr. arrival time over an 18.2t 0.1 cm flight path,dpos: In this
. . configuration, the TOF spectra are determined solely by the
spectrometer. The mass spectrometer is oriented ‘aivi velocities of the scattered and desorbed molecules and are not

respect to the incident beam. related to the residence times of the gas molecules in solution.
Molecular beams of HCI, HBr, and HNCare created by  However, modulation of the incident beam before the molecules
expanding mixtures of each species with a carrier gas throughreach the acid provides a direct measurement of the amount of
a 0.09-mm-diameter glass nozzle-af50 Torr total pressure.  time they spend in contact with the acid before desorbing. As
The beam energies are controlled by the backing pressure, Nozzlghown in Figure 2, these pre-chopper TOF spectra are recorded
temperature, and mass ratio of the carrier gas to reagent 9aSysing a 2.5-cm-diameter cylindrical chopper with two 1.6-mm
The conditions for each HX beam are listed in Table 3. The g|ots34 The chopper produces 650-s pulses by spinning at
nozzle is heated to 86C to suppress HX dimerization and  >00-250 Hz35 In this configuration, the arrival time of a
generate incident beams that ionize in the mass spectrometefgjecule is the sum of its incident and scattered gas-phase flight
to yield monomer ion/dimer ion ratios, HXHX", that are  times and the time it spends in contact with the acid.
greater than 20:1 for HCI and HBr and greater than 6:1 for
HNOs. The incident HX fluxes are estimated to be below®10
cm 2 s71 (effective pressures below 8 107° atm).
Solutions near 70 wt % £50, are prepared by diluting 99 Post-Chopper Measurements of H— D Exchange.The
wt % D,SOy (Aldrich) with D,O. A 50-mL sample is degassed post-chopper spectra are plots of the mass spectrometer signal
for 30 min before transfer to a Teflon reservoir located inside Vversus the flight time for molecules to traverse the distaleg
the scattering chamber. The temperature is then lower€gito at Oinc = O5n = 45°. All spectra are corrected for electronic and
= 213+ 1 K by circulating chilled methanol through Teflon-  timing offsets. The signal is proportional to the number density,
coated cooling lines that pass through the &Rifitrations show N(t), and is used to calculate the relative flux or probability,
that the acid concentration rises b¥).2 wt % per week through ~ P(Esin), that a molecule will scatter with translational energy
D,O evaporation. The HClI and HBr H> D exchange Esin. The energy distributions are computed from the relations
experiments were carried out with acid near 69.5 wt 960y, P(Esin) ~ N(©)t2 and Esin = (Y2)Mgad dpos{t)2.32
whereas the HCI and HBr residence times were measured in Figures 3a and 4a show TOF spectra for high-energy HCI
68.6 wt % DSO,. The HNG, exchange and residence time (Ejnc = 100 kd/mol) and HBr i, = 145 kJ/mol) scattering
measurements were made using 70.5 wt 96@. We found from 69.5 wt % DSO, at 213 K. The exposure time of the
that freezing rarely occurred at 213 K at these concentrations.acid to the incident HX beams ig,, = 0.46 s. Detection at
Continuously renewed films of acid are created in a vacuum m/e = 38 (HCl) andnve = 82 (H1Br) ensures that neither
by partially immersing a 5.0-cm-diameter vertical glass wheel D3537C| nor D’%8Br isotopes contribute to the TOF spectra.

Results and Analysis
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The open circles show that HCI 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 componentR{Esn)

that falls within a Boltzmann distributiorp(Esn) = Ean(RTacid 2
exp(—Esn/RTacig).32 The TD fits are represented by dashed lines
in subsequent figures. The IS contribution is assigned to the
difference betwee®(Esn) andPrp(Esin), constrained such that
P|S(Eﬁn) =0 at Ein = RTacig = 1.8 kd/mol at 213 K. The
fractional energy transfers in the IS channel and the IS:TD
intensity ratios are summarized in Table 3. The HCI and HBr

HCI DCI

HCl + D= DCI + H"

/ HCI

Relative HCI, DCI Signal

0 400 800 1200

energy transfers in the inelastic channel are 70% or greater, Arrival Time (us)
whereas the IS:TD ratios rise steadily with increasing collision
energy. (b) HCl

The TOF distributions for HCI and HBr molecules that have i

undergone H— D exchange to DCI and DBr are shown by the
squares in Figures 3a and 4a. The total number of molecules
that desorb thermally from the acid@, = 45° is proportional

to the integrated thermal-desorption intensity for HX plus that
for DX, specifically, TDiyx + TDpx = SPi5(En) dEsn +
JP2X(Efn) dEsn. The fraction of thermally equilibrated
molecules that emerge as proton-exchanged DXis =
TDpx/(TDpx + TDpx). The small DCI and DBr signals in
Figures 3 and 4, combined with six additional measurements
for each gas, yield average valuesQfnequal to 0.1 0.03

and 0.224+ 0.03, respectively. The error bars reflectt@.01
uncertainty in reproducibility and an estimat£8.02 uncertainty

in fitting the thermal-desorption components. These fewh .
values demonstrate that nearly 90% of the HCI molecules and -

80% of the HBr molecules that thermally accommodate in the 5 10 15 20 25 30 35

interfacial region desorb into the vacuum before they undergo Final Energy (kJ/mol)
H — D exchange. Figure 3. (a) Post-chopper time-of-flight (TOF) spectra of HCI)(

. . and DCI @) exiting from 69.5 wt % DSO, at 213 K after collisions
The calculation ofexcnfrom HX and DX TOF spectra relies of HCI with the acid at 100 kJ/mol. “IS” and “TD” refer to inelastic

on two conditions. All HX and DX molecules must desorb from  scattering and thermal desorption. (b) Relative fluxes (probabilities)
the acid during the measurement time (zero net uptake) in orderof HCI and DCI exiting from the acid versus final energy. The dashed
to avoid corrections for any HX or DX molecules remaining in lines are fits to a Boltzmann distribution at 213 #n is the fraction
the acid. Uptake measurements reported below confirm that theof thermalized molecules that undergoHD exchange.
net uptake is close to zero for both HCIl and HBr. Additionally,
the angular distributions of the thermally desorbing HX and those that undergo exchange in the acid and desorb as DCI and
DX must be the same in order for measuremeni@;at= 45° DBr. We measured the net uptake #€! and%Br to be 0.01
to represent the total flux of desorbing molecules. Although 4 0.02 and 0.0a+ 0.02, respectively, aty, > 0.2 s. Fewer
measurements were not made at angles other @far 45°, measurements were performed at shorter exposure times, but
the uptake measurements, which integrate over all exit angles,the measured uptakes were found to be less than 0.01 for both
support the TOF calculations €ficn HCI and HBr. Additionally, we could not detect changescign

The overall net uptake of HCE,. = 14 kJ/mol) and HBr at different exposure times. These results demonstrate that nearly
(Einc = 145 kJ/mol) were determined by measuring the all incident HCI (HBr) molecules escape from the acid either
differences in mass spectrometer signalsna = 35 (°CIT) as parent HCI (HBr) or as proton-exchanged DCI (DBr) species.
andm/e = 79 ("Br") when the beam is blocked by a Teflon Uptake measurements ae = 36 (H**Cl), which monitor
flag and when the beam collides directly with the acid for a the conversion of HCI to DCI, provide an independent deter-
timetexp, as determined by the rotation speed of the acid-covered mination offexchas(H**Cl)/pyap, Wherepyspis the HCI trapping
wheel. A reduction in signal is due to the net uptake of gas probability. The uptake atvVe = 36 was measured to &=
into the acid according t&(texy) = (Pr — Pa)/(Pr — Py), where 0.09 atEj,c = 14 kd/mol, buipyapis difficult to measure directly
P, P4, andPy, are the gas pressures when the incident moleculesbecause most HCI molecules desorb immediately from the acid.
strike the flag, strike the acid, and are blocked from entering Separate studies of HCI collisions with liquid glycerol, where
the scattering chamber, respectivéy’ Steyy) can range from HCI undergoes longtime solvation, yieldogap value of 0.9 at
0 for no net uptake to 1 for complete uptake. Thie values at Einc = 14 kJ/mol?® If pyqp is also close to 0.9 for 69.5 wt %
35 and 79 were chosen because they do not discriminate betwee,SQy, as suggested by the TOF analysis below, thenm is
HCI and HBr parent molecules that scatter without reacting and approximately 0.1 and within the uncertainty of 0.£10.03

Relative Probability P(E)
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Figure 4. (a) TOF spectra of H_B_rQ) and DBr (:_|) exiting f_rom 69.5 C{ B HBr
wt % D,SO; at 213 K after collisions of HBr with the acid &y = & éD
145 kJ/mol. (b) Relative probabilities of HBr and DBr exiting from T Oo
the acid versus final energy. o F Yo
2
& e
derived from the TOF spectra. This agreement supports the & | 1:%1 xR
assertion that the HX and DX species desorb with similar sﬁ%\%
angular distributions. & = mEi7
We can gain further insight into the H D exchange process 0 - 400 """" 800 1200

by measurindexch at different HCI and HBr collision energies. . )
Figure 5 shows spectra recorded at lower energies of 47 and Arrival Time (ps)

14 kJ/mol for HCI and 115 kJ/mol for HBr. In each case, the Figure 5. Measurements ofexcn at different HCI and HBr incident
DCI and DBr spectra are fit with MaxwelBoltzmann distribu- ~ energies. (a) TOF spectra of HEY and DCI () at Ein(HCI) = 47
tions at the temperature of the acid. The leading edge of the kJ/mol. (b) TOF spectra of HCKY) and DCI () at En(HCI) = 14

HCI spectrum at 14 kJ/mol is due to directly scattered HCI I;j;mg: (c) TOF spectra of HBIQ) and DBr () at Einc(HBr) = 115
molecules, which account for at most 10% of the signal intensity '

at O, = 45°. A comparison of the HX and DX thermal

desorption intensities reveals thiagc, does not change with  stable molecular beams of DCI, DBr, and Dh@ith little HX
collision energy, even though the inelastic scattering contribution contamination. To gauge the effects of isotopic substitution, we
diminishes at lowerEj,.. As discussed later, the thermal scattered 100 kJ/mol DCI from 71 wt %,80, and measured

desorption of product DCI and the invariancefgfn with Einc fexcn to be 0.12. This measurement lies within the 0:40.03
imply that only thermalized HCI molecules undergo—+ D value for HCI reacting with 69.5 wt % 304 (equivalent to
exchange. 72.2 wt % HSOy).

The use of BSO; may potentially skew the values €fxcn Figure 6 demonstrates that HN®ehaves very differently

through isotope effects on HX dissociation and DX recom- from HCl and HBr. The top panel shows that most parent HNO
bination. The HX-D,S0O, system was selected over the BX (m/e = 63) molecules either scatter inelastically or disappear
H.SO, system because of the greater difficulty in generating into 69.5 wt % DBSOy; there is little evidence for thermal
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g Figure 7. Comparison of post- and pre-chopper Ar spectr&at=
= & ] 105 kJ/mol. The post-chopper arrival times have been scaled so that
2 ! d@ the flight paths for both spectra are equatife = 24.4 cm. The nearly
d° I’ fexch >0.95 identical thermal desorption signals indicate that the Ar residence times
Z T y:] are less than 2s.
4 Og¢
2 L ‘E \qa wheredj,c = 5.0 cm anddye = 24.4 cm are the distances from
< a] (SN the pre-chopper to the acid and from the acid to the mass
E’E’ ,’ E‘D@EP spectrometer, respectivelgsost= 18.2 is the distance from the
- O /D O ol post-chopper to the mass spectrometef; is the incident
o cﬁ’ dgaq:ﬂglgﬁ‘ velocity of the molecule; ands, is its velocity after it scatters
= de s or desorbs. The timgesis the time that the molecule spends in
Bk = =T contact with the acid before desorbing.
0 400 800 1200 The distribution of residence times is extracted from the pre-
Arrival Time (ps) chopper spectrum using the following procedure. The HX post-

Figure 6. (a) TOF spectrum of HN@exiting from 70.5 wt % RSOy gg? I’?f? : ;I?rﬁyagg eZ 6:; f:;t n;ugflfgr%rggg?th 1;2_4;?] d

at 213 K atEj,c = 150 kJ/mol. (b) TOF spectrum of DNOscaled to ghtp q re ) P

the signal in panel a. The weak HN@D signal indicates that H> D post-chopper TOF spectra. The peak of the IS component of
exchange of thermalized HNGs nearly complete. the HX pre-chopper spectrum is then shifted in time to match

the IS peak of the HX post-chopper spectrum. This shift removes
desorption of parent HN§ The dashed line is an estimate of the dindvinc time offset and sets the residence time for inelas-

the amount of HN@ that survives thermalization without tically scattered molecules to zero, as expected for the sub-
undergoing H— D exchange. The bottom panel shows the Nnanosecond duration of a direct collision. The peak intensities

signal form/e = 64 (DNO;) for the same HN@incident beam, ~ Of the IS channels are then normalized to correct for the different

plotted relative to the scatterede = 63 signal. The intensity ~ duty cycles of the two-slotted pre-chopper and the four-slotted
of the observable DN@signal is at least 10 times that of the post-chopper_wheels. The same time and intensity corrections
thermally desorbing HN@in the upper panel. As described in &€ then applied to the DX pre- and post-chopper spectra. Any
the Appendix, we estimate that 36% of the HN@olecules remaining differences in arrival times and intensities of thermally

that enter the acid remain in solution and do not desorb aspNO desorbing HX and DX in the pre-chopper and post-chopper
within the exposure and observation timetgf,= 0.46 s. This spectra are due to the residence times of molecules in contact

correction yields a value dxcngreater than 0.95. Thus, at least with the ac'd,' AS de§cr|bed in the Appe.ndlx,.we are able to
9 out of 10 HNQ molecules that are initially trapped at the measure reS|dence times greater thass Jvith this proce(:!ure.
surface undergo H- D exchange before they desorb. Figure 7 provides a test of the procedurg by comparing pre-
. . and post-chopper spectra for argon scatteringat= 105 kJ/
Residence Time Measuremgnts.‘l’hg pre-chopper_ TOF. mol from 69.5 wt % DBSOs. The two distributions are nearly
spectra can be used to determine residence (solvation) ime§qyentical at fast and slow arrival times. The overlap of the
for HX molecules that desorb from the acid as HX or as DX. thermal-desorption components reflects the weak binding and

These measurements provide approximate time scales for they,pmicrosecond residence times of thermally equilibrated argon
trapping-desorption and trappingreaction-desorption path- atoms at the acid surface.

ways. o . ' Figures 8a and 9a show post- and pre-chopper spectra for
The arrival times of a molecule in the TOF spectrum using HBr and HCI, respectively, scattering at high collision energies
the pre-chopper (pulsed) and post-chopper (continuous) molec-from 68.6 wt % DSQs. As for argon, the HBr and HCI TD

ular beams are (see Figure 2) components of the post- and pre-chopper spectra overlap
extremely well. This overlap demonstrates that the residence
tarrival(Pr€) = dind/ Vine T tres T dord iy times for thermally equilibrated HBr and HCI molecules that

do not react are less tharu®. We also obtain good agreement
tarriva(POSY) = dpos[”ﬁn at lower impact energies, as shown in Figure 9b; the 47 kJ/mol
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HBr (E;,. =145 kJd/mol)
HBr HBr
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D,SO,

© HBr Post-Chopper
¢ HBr Pre-Chopper

Relative HBr Signal
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Chopper

B DBr Pre-
Chopper

Relative DBr Signal

800 1200 1600

Arrival Time (us)

Figure 8. Comparison of post- and pre-chopper spectra for HBr and
DBr after HBr collisions with 68.6 wt % EB0, 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 thas.Zb) Post and
pre-chopper spectra for H D exchanged DBr. The best-fit residence
time, 7pgr, is 2.5 (-2.0, —1.0) ms.

HCI beam results in a higher degree of HCI 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 H- 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 MaxwellBoltzmann distributions,
Nme(t), with the probability pgedted that molecules in the
incident gas pulse desorb from the acid at a tiradater. The
overall fit to the dataNsi(tarrival), iS given by the convolution

tarriva
Nii (tarriva) = 0 ‘pdeitarrival — 1) Nyg(t) dt (1)

The weighting coefficienpgedtres = tarmiva — t) depends on the
characteristic residence or solvation timepf the gas molecules

dissolved in the acid. This characteristic residence time is
predicted by solutiordiffusion models to b&-3°

7 = D(4H*RT, /0, B0 )

Morris et al.

HCI (E,,. = 100 kJ/mol)

\;CI /(HCI

D,SO,

o HCI Post-Chopper

Relative HCI Signal

® HCI Pre-Chopper

o HCI Post-Chopper

® HCI Pre-Chopper

Relative HCI Signal

HCI (E;,. = 100 kJ/mol)
1=50 s

O DCI Post-Chopper
& DCI Pre-Chopper

Relative DCI Signal

800 1200 1600 2000

Arrival time (us)

Figure 9. Panels a and b show the post- and pre-chopper spectra for
HCI and DCI after HCI collisions with 68.6 wt % {30, collisions at
Einc(HCI) = 100 and 47 kJ/mol, respectively. The identical pre- and
post- signals indicate that the residence time for unexchanged HCl is
less than 2us. (c) Post and pre-chopper spectra for desorbing DCI.
The best-fit residence timeci, is approximately 5Qs.

400

whereD is the solute diffusion coefficient in the aci@is

the average gas velocity of thermally desorbing B, is the
solubility of all X-containing species, an, is the fraction of
thermally impinging HX molecules that enter the acid. The time
7 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 calculatiopdgffor our
experimental conditions is described in the Appendix.
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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 MaxwetBoltzmann distribution (for which =L
7 = 0), as the arrival times depend only on exit velocities and
not on residence times. The pre-chopper simulations for0
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 2088-imit 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 of = 2.5 (-2.0, —1.0) x 1073 s. As the 5
simulations at different values af show, the fits are more
sensitive to changes in intensity than to shifts in time. The d— - . - : o
predicted curves emphasize the distinction between the residence 0 400 800 1200 1600 2000
time 7 of 2.5 ms, which characterizes the entire desorption Arrival Time (us)
distribution, and the smaller shift in peak arrival time of 0.2
ms. The observed 2.5-ms residence time is in good agreementigure 10. Post- and pre-chopper spectra recorded as'N@r HNO;
with the 2-ms value predicted by eq*®*! The observed  scattering from 70.5 wt % E3Q,. The post- and pre-chopper IS signals
residence times for HBr and DBr demonstrate the large belong to directly scattered HNOThe post-chopper TD signal is nearly
separation in time scales between the trappitgsorption all H — D exchanged DN@ The DNQ molecules desorb so slowly

. . . that they are missing from the pre-chopper spectrum. The long-dashed
(<107°s) and trappingreaction-desorption (10°s) pathways. it 5 the component at long arrival times in the pre-chopper spectrum

DCI pre- and post-chopper spectra are shown in Figure 9c is the predicted desorption signal for= 0.1 s.
for HCI collisions with 68.6 wt % RSOy, The DCI pre-chopper
spectrum is lower in intensity and slightly broader in time than

HNO, (E;,e = 170 kJ/mol)
HNO; DNO,

D,SO,

O Post-Chopper

S &; %% texp = 046 S
!
[~ P,

Relative NO," Signal
a
®
R

the DCI post-chopper spectrum. Fits to the spectra yield an [ HNO; (E;, = 170 kJ/mol)
approximate residence time of »3. Five separate measure- N
ments confirm the reduced intensity of the pre-chopper spectrum, I P & HNO3; DNO,

but the low 0.11 H— 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 5x 107° s residence time is shorter than the

3 x 1078 s time for HBr, reflecting the lower solubility of HCI

in concentrated sulfuric acid. However, as discussed later, the
HCI residence time is longer than that predicted by eq 2 using
a solubility based on HCI 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 (NO;"). Because of dissociative ionization of the
parent molecules in the mass spectrometer, thg'Ns@nal is , - - -
much stronger than the HNO or DNOs* parent ion signals. 0 400 800 1200
HNO3z; and DNQ cannot be distinguished at the BifOmass,
but the spectra in Figure 6 recorded at the parent masses
demonstrate that nearly all thermally desorbing nitric acid Figure 11. Post-chopper spectra for HNGcattering from 70.5 wt %
molecules are H> D exchanged DN@and that all inelastically D2SOy recorded at N@ at three different exposure timety, The
scattering molecules are reagent HNThe NG+ post-chopper TD intensity ratios are best fit withpno, = 0.10 £ 0.05 s.
spectrum in Figure 10, therefore, includes both inelastically

scattered HN@(for which <AE;s>/Eirc = 0.85) and thermally  getected, and the TD signal will increase. Figure 11 shows post-
desorbing DNQ@. In contrast, the thermal-desorption component chopper TOF spectra for HN@t exposure times of 0.078, 0.15,

is almost completely removed from the pre-chopper spectrum. and 0.46 s. The ratio of thermal desorption signals.at=

The residence times for DNGnust be very long, broadening 0,078 and 0.46 s is 0.64 0.03. As described in the Appendix,
and shifting the pre-chopper TD component by such a large thjs increase in desorption intensity can be modeled with a
extent that it becomes uncorrelated with the incident pulse and characteristic residence timeof 0.10= 0.05 s. This residence
merges with the overall background of the TOF spectrum. time is close to the 0.2-s time predicted by eff 2.

The long residence times for nitric acid can be measured by  We can return to Figure 10 and use the 0.1-s residence time
recording post-chopper spectra at different exposure titags, to determine the origin of the weak signal at long arrival times
as determined by the rotation speed of the acid-covered Wheel. in the pre-chopper spectrum. This signal must arise either from
Molecules residing in the liquid for times less thag, will thermally desorbing reagent HNOnolecules that have not
desorb and reach the mass spectrometer, whereas those undereacted or from H— D exchanged DN@ Forz = 0.1s, eq 1
going solvation for times longer thag, will remain dissolved generates a pre-chopper desorption spectrum for Pigfre-
in the acid. As the acid-covered wheel is rotated at slower speedssented by the long-dashed line, which is slightly larger than
and teyp is increased, more desorbing gas molecules will be the shoulder itself. This fit suggests that there is little thermal

Relative NO," Signal

Arrival Time (us)
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desorption of unexchanged HNOThe absence of signal that

can be assigned to HNGupports the analysis of Figure 6 that
nearly all HNQ molecules that accommodate in the interfacial
region undergo proton exchange before desorbing.

Morris et al.

greater for HNQ than for the other gases. This larger value
of 0.85 may arise from the higher incident energy emploifed,
as well as from excitation of low-frequency HNQ@orsional
modes.

Thermalization and H — 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

We have used molecular beam scattering of HCI, HBr, and Figures 3-6. The observations of energy-independent proton
HNO; from ~70 wt % D,SO at 213 K to investigate the exchange and thermal desorption of product DX appear to be
mechanisms of HX trapping, solvation, reaction, and desorption, MOSt consistent with a two-step process in which HX first
Our results are four-fold: (1) impinging HX molecules transfer th_ermally equilibrates in the interfacial region and t_he_n _reﬁt:ts.
their excess energy efficiently to interfaciab® and DSO; Figures 3—5 show tha_tt, although the IS channel diminishes at
molecules and thermalize readily; (2) the fractions of thermally ower collision energies, the 9:1 HCI:DCl and 3.5:1 HBr:DBr
accommodated HX molecules that undergo-HD exchange ~ desorption ratios remain constant. The H D exchange
are 0.11+ 0.03 (HCI), 0.22+ 0.03 (HBr), and>0.95 (HNQ), fractions, therefore, do not depend on the incident energy of
independent of HX collision energy; (3) the residence times HCI over the range of 14100 kJ/mol, implying that the
for HCI and HBr molecules that do not react are less thas,2 ~ Molecules dissipate their excess energy and lose memory of
the lower time limit of our experiments; and (4) the estimated their initial trajectory before proton exchange occurs. The
residence times for HX molecules that emerge from the acid as invariance offe.cn with incident energy also argues against gas
DX vary from 5x 105 s for HCl and 3x 1073 s for HBr to entry by ballistic penetration of HX through the interface, as
1 x 107t s for HNO. In the sections below, we use these results this process should drop sharply at lower impact energies. The
to explore the competition between HX scattering and thermal- @bsence of scattered DX molecules at high velocities further

ization and between desorption and reaction of the trappedShows that there is no direct + D exchange that bypasses
species. the thermal equilibration step.

HX —Acid Energy Transfer. The extent of energy transfer The two-step exchange process allows the exchange prob-
in the initial impulsive impact can be investigated by analyzing ability to be written as a product of the trapping probability
the energy distributions of those molecules that scatter backand the fraction of trapped molecules that undergo exchange,
into the gas phase before they reach thermal equilibrium with specifically, Pexci(Einc,0inc) = Prrag(Einc,8inc)fexcn  Within this
the surface. Table 3 lists the average fractional energy transferspicture, the exchange rate depends on the molecule’s incident
[AEisEin, and the normalized widths of the recoil energy trajectory only through changes in the trapping probability with
distributions, +0is/Einc, for the directly scattered species. impact energy and angle. Most of our experiments are carried

The fractional energy transfers for molecules that scatter OUt at incident energies that greatly exceed the average energy
inelastically from the acid are extensive for every gas studied, Of collisions in the stratosphere oRZxcia = 3.5 kd/mol at 213
typically exceeding 70%. These large energy transfers reflect K- We use energies greater than 100 kJ/mol to increase signal
the kinematics of collisions between HX molecules and surface !EVelS and to provide a wider separation in arrival times between
D,O and DSOy; the masses of the HX gases exceed the masshe IS and TD channels. Even at these high impact energies,
of D,O and are greater tha the mass of BSQy, enforcing hovyeyer, trapping can occur frequently. Sfeparate studies of HCI
substantial momentum transfer upon imp#dn addition, we  Collisions with liquid glycerol show thairapis 0.6 atEine =100
find that the widths of the energy distributions range from 20 kJ/mol andfin; = 45°.%8 This value rises to 0.9 dinc = 14
to 30% of Ein, generating the broad distributions shown in kJ/mol as trapping becomes more probable at lower impact
Figures 3b and 4b for HCI and HBr, respectively. The large energie®>*"where there is less energy to dissipate before the
spreads in final energies are likely due to the different molecule becomes bound in the attractive-gasrface poten-

Discussion

orientations and packing of surface® and B3SO, and their
thermal motions, as well as multiple HX collisions imposed by
surface corrugation.

We can gain more insight by comparing HCI and argon
scattering from the acid. Ar is similar to HCI in both size and

tial 4348 HCI scattering from water-ice further shows thmat,
is greater than 0.9 at 100 K arfithc = 9 kJ/mol#9.50

We also infer high values oy, for HCI collisions with
70 wt % D,SOy. Figure 5b implies thapyap must be near 1 at
Einc = 14 kJ/mol in order for the IS:TD ratio to be smaller than

mass, but because it is atomic and weakly polarizable, collisional 0-1. When the relative DCI desorption signal€at = 14 and

energy transfer will be governed by repulsive interactions with

100 kJ/mol are normalized by the HCI incident beam intensities,

surface species and not by internal excitation or long-range the trapping probability at 100 kJ/mol is found to be roughly
attractive forces. The HCl and Ar spectra in Figures 3 and 7 50% of the value at 14 kJ/mol, indicating that many HCI

show that, on average, HCI transfers only 5% (or 5 kJ/mol)

molecules fully dissipate their excess energy into the acid even

more of its incident energy than does Ar to the acid. The widths at high collision energies.

of the energy distributions are also only slightly broader for
HCI. Table 3 indicates that HBr and Kr behave similarly. These
observations are in accord with calculations of Ar and HCI

Competition between HX Desorption and H— D Ex-
change.HCI Desorption and Exchangélthough HCI ther-
malizes readily at the surface of 70 wt %30y, the attractive

scattering from water-ice, which show that energy transfer is forces between HCI and interfacial,O and B3SO, do not
extensive but that translational energy is not coupled effectively appear to be sufficiently strong to bind most HCI molecules

into H—CI vibrations?*445 The similar Ar and HCI scattering
distributions suggest that most of the HCI collision energy
is transferred initially into motions of surfacex0 and DSOy
and not into HCI vibration or rotation and that there are no
strong long-range forces initially accelerating HCI into the
surfacet® As Table 3 shows, the fractional energy transfer is

long enough to allow them to undergo proton exchange. Our
measurements show thékcn is only 0.114+ 0.03 for HCI,
indicating that nearly 90% of the thermalized HCI molecules
desorb from the acid, dissipating their collision energy but
escaping before they dissociate intg ldnd CI or undergo
other reactions.
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The values offexcnh Should be expressible in terms of a
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adsorption energy of 10 kJ/mol for argon on waterftae

competition between the reaction and desorption of HX specieswould expect that the attractive potential for most H@tid

trapped in the interfacial region of the acid, assuming that

configurations to be equal to or greater than this value. This

all thermalized molecules become bound (trapped) at the sur-adsorption energy exceedR &g, implying that even thermal-

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 &sc.n= TD(DX)/[TD(DX) +
TD(HX)] = Kexc{(Kexch + kded @and the exchange probability to
be written as

pexch = ptrapf exch— ptrarkexcf“"exch + kdeg

wherekgesis the rate constant for HX desorption averaged over
all adsorption sites ankxch is the rate constant for H D

®)

ized HCI molecules that do not hydrogen bond to surfag® D
or D,SOy will be trapped momentarily at the interfate!®

The most pertinent information for hydrogen bonding of HCI
to the surface of sulfuric acid may come from studies of HCI
adsorption at the surface of amorphous ice and solid G0,
extrapolated to 213 K256-60 The adsorption energy and pre-
factor measured by Isakson and SitzEfis = 28 kJ/mol and
72,:=5 x 10715 s predict an HCI surface residence time of
Tourt = Toys €XPEacdRTacid = 4 x 1078 s at 213 K4 The
parameters of Graham and RobertsEfs = 28—38 kJ/mol
and%ys= 1 x 10713 s predictrs,s= 7 x 1077 t0 2 x 104

exchange, encompassing both interfacial and solution phases3® HCI residence times based &gqs= 28 kJ/mol are shorter
solvation and reaction. Equation 3 may be compared with the than our measured lower limit of 2 106 s, making it plausible

expression for the mass-accommodation coefficient, as
developed by Worsnop et &>2and by Hansot?

o4, = ptrapksoll(Ksol + kdeg (4)

where kqo) is the rate constant for transport of thermalized
molecules through the interface and into solution. As discusse

that hydrogen-bonded HCI can desorb withiru® from the
surface of aqueous sulfuric acid at 213 K. We note that Graham
and Roberts observed that HCI molecules adsorbed on solid
DCI-6D,0 undergo only 40% H> D exchange before desorbing

at 140 K, indicating that molecularly bound HCI has limited
pathways for proton transfer at the surface of the solid

d hexadeuterate®:¢°

below, the residence time measurements indicate that HX Our experiments show that HEsurface interaction times

molecules that undergo H D exchange spend time as neutral

of 2 x 107 s or less prohibit~90% of the thermalized HCI

or ionic species in the bulk region of the acid, whereas those from reacting with 70 wt % BSQ, before they desorb. The
that do not exchange do not appear to enter the acid. When11% that do react may be among those molecules that persist
reaction occurs after bulk solvation, these observations imply on the surface long enough for surface@and BSO, to

that ksor and kexch Should be nearly equal and thus thaf is
nearly equal t@exch Additionally, prap Should be close to 1 at
thermal collision energies, further implying that, is ap-
proximately equal tdexch

reorganize and surround the HCI, solvating it sufficiently for
dissociation or other reactions to occur either immediately or
deeper within the acifl-62The average lifetime of reacting HCI
molecules can be estimated from the pulsed-beam spectrum in

Equations 3 and 4 show that either high desorption rate Figl;lre 9c of DCI desorbing from 68.6 wt %,80,. The~5 x
constants or low exchange/solvation rate constants result in10> S characteristic residence time is much longer than the

limited reactive uptake of HX molecules into the acid. From a
value offexc{HCI) = 0.11, the desorption rate constant for HCI

trapping-desorption time of<2 x 1076 s. This long residence
time indicates that DCI is not produced solely by interfacial

is inferred to be eight times higher than the exchange/solvation €xchange and desorption but by a process that is accompanied
rate constant. It appears that the residence times for most HCIPY dissolution deeper into the acid. The measured residence time
molecules are insufficient for solvating the trapped molecules is also longer than the submicrosecond time predicted by eq

before they are kicked away from the surface by thermal motions 2.°* based on an HCI solubility involving Cland HCI specie$!

of the interfacial molecules, enforcing low probabilities for HCI
mass accommodation and reaction.

The distinct time scales for trappinglesorption and trap-
ping—reaction-desorption are supported by residence time
measurements of HCl and DCI in contact with the acid. Figure
9 shows that HCI molecules that do not undergo proton
exchange must desorb in less than®2 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

Robinson et al. recently postulated that HCI dissolution may
involve formation of chlorosulfonic aciél,perhaps through
reaction of HCl with HS@™ and H'. The lifetime of the CISED
product in 68.6 wt % BSQy is limited by the observed uptake
of 0.01 + 0.02 measured &FCl, which indicates that nearly
all Cl-containing species evaporate from solution within the
exposure time of 0.46 s. The CIgID must, therefore, desorb
from the acid or decompose into DCI that desorbs during this
exposure time. CIS§M is more acidic than k80, and should

diffusion depth (beyond rapid penetration through the top one Pe present mostly in its ionic form, CISQ®* making it likely

or two lower-density monolayers) can be estimated from)¥?2

~ 10 A, assuming that is 2 x 107% s and the solute diffusion
constanD is 5 x 107° cn?/s3455This estimate of the depth is
an upper bound, limited by the s time resolution of the pre-

that the desorbing chlorine species is DCI, regenerated from
CISO;~ + D3O*. We could find no evidence for molecular
CISGsD in the gas phase monitored at CKBD or SG*, further
suggesting that any CISD formed in solution decomposes

chopper experiments, and the actual contact time and penetratiofPefore it desorbs.

depth may be much smaller. If the trapped HCI molecules

Within the picture outlined above, H D exchange involves

remain at the surface of the acid before they desorb, their HCI adsorption and solvation for times longer thans? either

residence times will be governed by bonding to surface

concurrent with or followed by HCI dissociation and DCI

molecules rather than by diffusion. Hydrogen bonding between recombination in conjunction with the formation and decom-
HCl and surface OD and SO groups should provide the strongestposition of chlorosulfonic acid. Judging from an overall

bonds, but other configurations involving different dipolar or

residence time of 5Qs, the solvated HCI, C| CISG;™,

dispersion interactions may also bind HCI to the surface during and DCI must together diffuse through a distancedf){2 ~

its contact time with the acid. Judging from a computed

50 A before DCI desorbs from the acid.
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HBr Desorption and ExchangéHdBr is ~100 times more energies should lead to HN@esidence times at the acid surface
acidic than HC® and ~200 times more soluble in 70 wt %  that are many times longer than those for HCI or HBr. In
sulfuric acidl” yet it exchanges only twice as often with the contrast, HNQ@ is a much weaker acid than HCI or HBr and
acid. The pre-chopper measurements reveal that, like HCI, themay require more solvent molecules to bring about dissociation
parent HBr molecules that equilibrate in the interfacial region in 70 wt % D,SO,.%57 Any requirement for more extensive
spend less thawy2 us in contact with the acid before desorbing solvation, however, appears to be outweighed by the ability of
back into the gas phase. The low proton exchange fraction of HNOs to form strong hydrogen bonds: the observed value of
0.22 yieldskges ~ 3.%Kexch indicating that the short residence fexen > 0.95 implies that the interfacial residence time is long
time is typically less than that required for HBr to react. enough for the acid to capture nearly every HN®@olecule

Figure 8b shows that the HBr molecules that do undergo that thermalizes during a collision.
exchange follow a process that can be modeled well by a
residence time of 2.5 ms, roughly fifty times longer than that Summary and Conclusions
of HCI. The mechanism for H> D exchange must therefore Molecular beam studies of HCI, HBr, and HN®ollisions

e e oo o L S W 70 w155 B0 el o luiat e pahways for
instability of gBrSQ,H 65 we expect HBr to dissociate into’H thermalization, H— D exchange, and DX desorption. We find
Y ' - - . that energy transfer is extensive for all three HX molecules,
and Br once th? parent molecule is sufficiently sol\{ated n exceeding 70% of the impact energy. The similar inelastic
g;anrlﬁg:'ggﬁggg'zlefgéﬂnﬁgt?ﬁeaﬁﬁg hﬁ);ﬂ}/rﬁ;ed tﬁzrlgnff)r an scattering distributions for HCI and Ar (and for HBr and Kr)

P TN 9 suggest that most of the incident energy is dissipated initially
average .Of 2'.5 ms before migrating near the surface andinto motions of surface BD and SO, and not into HCI or
recombining V\{'.th D to produce desorbl.n.g DBr. HBr rotational or vibrational motions. The large energy transfers

The probability that a thermally equilibrated HBr or HCl 54 the weak inelastic signals at I&u. imply that the trapping
molecule undergoes H- D exchange is likely governed by  hropapilities rise as the incident energy is decreased and
the hydrogen bonding s_trengths_ for HX to surfacg)Daljd_ probably approach 1 at thermal impact energies.

D>SO; and by the solvation requirements for HX dissociation * e gypsequent fate of the thermally equilibrated HX
in the near-interfacial region of the acid. Quantum calculgtlons molecules is governed by the competition between the rate of
indicate that the~19 kJ/mol hydrogen bzar;g in HEH:O is desorption and the rate of interfacial and bulk solvation and
slightly stronger than that in HBrH,0*%® This ordering  gisqociation. Only 11% and 22% of the thermalized HCI and
suggests that HCI should remain in contact with the surface g molecules respectively, undergoH D exchange before
longer than HBr. However, HBr is a stronger acid than HClin e 416 propelled from the interface by thermal motions of
pure watef? and it dissolves more exothermically in concen- surface DO and DSQ.. In contrast, greater than 95% of the
trated sulfuric acid’ Quantum calculations also predict that the trapped HNQ moleculés are convérted to DN®efore they
minimum number of water molecules required for dissociation jasorb. Residence time measurements show that the HCI and

of HBr in HBr(HZ(Z)gs'ZSS égree, which is one water molecule g njecules that do not undergo proton exchange must desorb
less than for HCR?2528%fe, may therefore be higher for o0 the interface within 2us, the lower time limit of our
HBr because fewer solvent molecules are required to stabilize experiments.

H*—E?r* thaq H"—ClI, allowing dissoc[ation to compete more HX molecules that undergo H> D exchange in 70 wt %
effectively with hydrogen bond breaking and HX desorption. D,SQ; spend longer than 2s in contact with the acid. The
HNO; Desorption and Exchangén contrast to HCland HBr,  gpserved solvation times scale with the HX solution-phase
HNO; undergoes nearly complete proton exchange in collisions go|ybility and exothermicity:$171921 The ~5 x 1075 s
with 70.5 wt % DSQ,. Figure 6 indicates that 5% or fewer of  characteristic residence time for HCI indicates that exchange
the HNG; that thermally equilibrate with sulfuric acid can escape  typjcally occurs within the outer 50 A of the acid, and it supports
without reacting; nearly all nitric acid molecules that survive a the hypothesis of Robinson et al. that the solubility of HCI may

collision with the acid are those that scatter inelastically. be driven by direct reactions of HCI with solvent acid species
The efficient H— D exchange may proceed through nitric  as well as by dissociatichTrapped HBr molecules are likely
acid dissociation and recombination with solvent” [r, to dissociate even closer to the interf&&but the resulting Br

alternatively, by a cyclic, concerted H and D transfer between jons are much more stable than the @ns and are found to
neutral HNQ and DSQ™. A third pathway involving HNQ reside in the acid for a characteristic time 0k3103 s before
deuteration and deprotonation, HN@ Dt — [DHNOz" < diffusing to the surface and recombining with solvent. The
HOD + NO;*] — H* + DNOs;, is less probable, based on 1 x 107! s residence time for HNOin 70.5 wt % DBSO, is
Raman measurements that show that HNGts like a weak  much greater than that of either HCI or HBr. The high-HD
acid in 72 wt % HSQO, at 25°C, in which it is 97% molecular  exchange rate and long residence time for HX@y be driven
HNOsand 3% NQ™.22 Despite its nonionic form, nitric acid by its ability to form strong hydrogen bonds, both to surface
interacts strongly enough with bulk;D, D:O", and DSQ™ to D,SO, and DO and to sulfuric acid species within solution. In
remain within 70.5 wt % RSO, for 0.1 s on average. This  contrast, HCl and HBr appear to bind more weakly to interfacial
measured residence time reflects the enormous solubility of molecules and, therefore, to desorb more quickly from the
>10°f M/atm and high solvation enthalpy for molecular HNO  surface, prohibiting their potentially greater solution acidity from
in the acid. promoting solvation and dissociation within the acid.

The multiple hydrogen bonds that promote the very exother- ~ The nearly 100% H~ D exchange probability for nitric acid
mic and long-time solvation of HN£within the bulk acid are and its efficient energy dissipation imply that stratospheric
also expected to be strong at the surface. Quantum calculationdHNO; should be absorbed into 70 wt % sulfuric acid aerosols
predict that the HN@-H,O and HNQ—H,SO, dissociation at nearly the maximum gas kinetic rate in the stratosphere,
energies are 31 and 43 kJ/nik° at least 60% greater than  whereas the low values dfcn for HCl and HBr imply that
that for the analogous HCI complexes. These higher binding they are poor sources of aqueous @hd Br ions. In particular,
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HCI both is highly insoluble in 70 wt % sulfuric acid and

frequently desorbs from the acid’s surface before it reacts. The B(e)z:m Bg?fm
low solubility of HCI in concentrated sulfuric acid is one of & 1] S———# - ; -
the primary reasons for concluding that its reactions with other g < 1=0ps
solute molecules will play a smaller role in the mid-latitude o
regions than at higher latitudes, where the aerosols are more2 || .
dilute 2368 The scattering experiments imply that the reactivity 37 L 7=10ps
of HCI is even lower than first expected because, in nine S P I R
collisions out of 10 with 70 wt % sulfuric acid, HCI will desorb fla? 0.5-
from the surface of the aerosol too quickly to react even with _ PR =100 ps
the solvent acid itself. S -
(o 4 %
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uptake process. betweent = 0 andtyyse C(X,t) must satisfy the conditions

Appendix C,(xt=0) = O for the first gas pulse (al)
This appendix describes the calculation of the desorption G(Xt=0) = ¢_1(Xtinena) fOri = 2tony oo (a2)

probability pgedt) used to determine the characteristic residence ¢ (x—oo,t) — 0 (b)

time = of HX molecules in sulfuric acid. The relative probability, !

Paedt) = Faedt)/Fgedt—0), is equal to the fluxFgedt) of gas —D ac(X,t)/0X|,—g = Fiy — Fued) =

molecules desorbing from the liquid at tinhedivided by the a(E. 0.)— DIF c

asymptotic outgoing fluge{t—00). The desorbing flux is given [(EneOine) = 7ed DI Fpeam (©)

by Fgedt) = ydedt)Foeam Where Fpeam is the steady flux of = (D/r)llz[c(x,t—m) = G(X )] =0

impinging molecules angqedt) is the desorption coefficient.
Paedt) is therefore equal tpaedt)/yaedt—) and increases from  Condition a2 sets the initial concentration profile for thié

0 to 1 as the fresh liquid becomes saturated with gas(t) gas pulse equal to the profile just before that pulse reaches the
can also be expressed as surface. Condition ¢ enforces mass conservation across the gas
liquid interface. The quantitiin = a(Einc,0inc) Foeamis the flux
1 = 7 uptakd )V uptakdt=0) of molecules entering the liquid from the impinging molecular

beam, wherea(Einc,0inc) = Ydedt—°) = yuptakdt=0) is the
whereypadt) is the net fraction of molecules entering the liquid fraction of molecules that enter the liquid before desorbing. The
at timet. The desorption probability is calculated framgedt) quantity O/7)"2 is the rate constant for transport through the
= ¢(x=01)/c(x=0t—0) by numerical integration of the diffusion ~ Plane atx = 0 dividing the gas and liquid phases, wheres
equationD 32c(x,t)/ax2 = dc(x,t)/at, wherec(x,t) andD are the ~ given by eq 2.
liquid-phase concentration and diffusion coefficient of the solute, ~ For the time betweetpuse andtinenva, the gas pulse is off,
respectively® and the gas deposited earlier by the molecular beam continues
The durationtpuse Of the gas pulse in the pre-chopper spectra o desorb from the liquid, but with no incoming molecules to
is 50—65 us, and the pulse is assumed to be square in Shape_replerﬂsh those that leave. The diffusion equatlon is solved using
The number of pulses to which a patch of liquid is exposed is the altered boundary conditionxat= 0 in this beam-off region.
iven by Npuise = texdtinervas Where the exposure timés, is
getermiﬁe(pj by the r’étation speed of the af):id-covered wheel and™ D 9GD/Xlo = ~Foedt) = ~VaedDFpean=
the time between pulsetyenal, is determined by the rotation —(D/t)llzci(x,t)]|X:0 (c)
speed of the pre-chopper. For typical valuesf = 0.46 s
andtineervai = 0.002 snpuiseis 230. Each pulse deposits gas into  The diffusion equation is solved numerically to determine
the liquid, and some molecules will remain in the liquid when  pgedtinterva™ t>tousd = Ci(x=0,t)/c(x=0,t—w0) in this region.
the next pulse reaches the surface unless the gas residence time The ascending curves in Figure A1 show that, in the beam-
is much shorter thatyervar Thus, there is generally a different  on region pqedt) rises steadily with time as gas molecules enter
puedt) function for each pulse as gas builds up in the liquid. the acid. After the gas pulse ends at tith@e Pdaedt) drops as
We take this into account by calculatimg,seSeparate desorp-  the molecules desorb and deplete the liquid of gas. The four
tion curves and averaging them to generate one desorptioncurves demonstrate that, at longer timeshe curves rise and
function. fall less sharply, although the total area under each curve remains
Graphs of the averageidt) function are shown in Figure  equal. This smoothing occurs because the gas molecules are
A.1 for characteristic residence or solvation timesf 0, 10, more soluble at largerand, therefore, diffuse more deeply and
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0.05 s for a ratio of TD intensities of 0.64 0.03. The fraction
HCI HCl HCI of DNO3z molecules remaining in the acid at a selected time
texpis equal to 1= TD(tex)/TD(e). Usingz = 0.10, we estimate
I that 36% of the HN® molecules that have entered the acid

1 HCl Post- : have not desorbed &, = 0.46 s.
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