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A molecular beam technique has been used to study the dynamics and mass accommodation of

HCl molecules in collision with sulfuric acid–water surfaces. The experiments were performed by

directing a nearly mono-energetic beam of HCl molecules onto a continuously renewed liquid film

of 54–76 wt% sulfuric acid at temperatures between 213 K and 243 K. Deuterated sulfuric acid

was used to separate sticking but non-reactive collisions from those that involved penetration

through the phase boundary followed by dissociation and recombination with D+. The results

indicate that the mass accommodation of HCl on sulfuric acid–water surfaces decreases sharply

with increasing acidity over the concentration range 54–76 wt%. Using the capillary wave theory

of mass accommodation this effect is explained by a change of the surface dynamics. Regarding

the temperature dependence it is found that the mass accommodation of HCl increases with

increasing temperature and is limited by the bulk phase viscosity and driven by the restoring

forces of the surface tension. These findings imply that under atmospheric conditions the uptake

of HCl from the gas phase depends crucially on the bulk phase parameters of the sulfuric

acid aerosol.

1. Introductions

Heterogeneous interactions between gas-phase molecules and

liquid surfaces are important steps in a wide range of

atmospheric and industrial processes. The experimental and

theoretical work performed on such processes over the last two

decades was motivated to a great extent by their importance in

the atmosphere, where gas–liquid interactions are key steps in

acid deposition, stratospheric ozone depletion, cloud

processing and aerosol-induced haze (see e.g. Finlayson-Pitts

and Pitts, 2000;1 Zellner, 19992). Even though the amount of

condensed phase material in the atmosphere is generally small,

the collision rate of gaseous pollutants with atmospheric

particles can be relatively high and easily be competitive with

pure gas phase chemistry.

The collision of a gas molecule with a liquid/solid surface

may be regarded as the first step of a heterogeneous inter-

action. The possible results of such collisions include

the incorporation of the species into the condensed phase,

the formation of a surface complex as well as reaction at the

surface or in the bulk. Depending on its solubility, the product

molecule from such reactions may return into the gas phase or

remain in the condensed phase. Jointly, the detailed pathways

and kinetics of such transformations determine their

importance in atmospheric processes.3–5 Under stratospheric

conditions the heterogeneous interaction and solubility of HCl

in sulfuric acid aerosols is a critical parameter in determining

the effectiveness of the halogen activation reactions from

the halogen reservoir species such as ClONO2 or HOCl

(e.g. ref. 2). A schematic summary of the various processes

that represent the overall uptake of HCl on H2SO4–water

solutions is shown in Fig. 1.

The kinematic details of the initial impact of a molecule

colliding with a surface determines whether it scatters away

from the surface (inelastic scattering) or dissipates its excess

energy through one or several bounces and finally binds to

interfacial H2O or H2SO4 (thermalization and sticking (S)).

Molecules that become trapped at the interface may desorb

and return back into the gas phase by the thermal motions of

the surface atoms (kdes). Alternatively, if HCl molecules form

strong hydrogen bonds to surface OH or SO groups, they may

become sufficiently solvated (ksol) to dissociate into H+ and

X� in the interfacial region.

In the case of a non-reactive interaction with the condensed

phase, the overall flux of the gas into the liquid is determined

by the transport from the gas phase to the surface, the relative

rates of adsorption and desorption at the surface, and the rates

Fig. 1 Schematic representation of possible interactions of gas phase

HCl molecules with a liquid sulfuric acid–water surface, showing

non-reactive and reactive processes.
Institute of Physical Chemistry, University of Duisburg-Essen,
D-45117 Essen
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of transfer into the bulk of the liquid as well as back to the

surface. In general, the time dependent concentration change

in the gas and condensed phase may be described by a set of

coupled differential equations, for which analytical solutions

exist only for a few limited cases.6 The so-called resistor

model, which uses steady-state solutions that decouple the

differential equations for each process, has been shown to

provide a good approximation to the numerical solutions.7,8

In this model each process is formulated in terms of a

resistance which is the inverse of an uptake coefficient (g), viz.

1

g
¼ 1

Gdiff
þ 1

a
þ 1

Gsat
ð1Þ

In here, Gdiff is the limiting factor for diffusion in the gas phase

towards the liquid surface, whereas the mass accommodation,

a, is given by:

1

a
¼ 1

S
þ kdes

Sksol
ð2Þ

where S is the sticking coefficient and kdes and ksol are the

first-order rate coefficients for desorption and solvation,

respectively. In uptake measurements the sticking coefficient

is assumed to be typically close to unity for gas–liquid collisions

occurring near room temperature with thermal speeds.9,10 It

should be noted, however, that velocity resolved molecular

beam experiments on liquid surfaces which allow a direct

determination of S, indicate that this parameter depends on

the mass, the approaching angle and the translational energy

of the impinging gas as well as on bulk phase parameters and

the temperature of the liquid phase.11 The resistance due to

solubility limitation (liquid-phase saturation) of eqn (1) is

given by8,12

1

Gsat
¼ c

4HRT

ffiffiffiffiffi
tp
Dl

r
ð3Þ

where R (atm l mol�1 K�1) is the gas constant, T/K is the gas-

phase temperature, H (M atm�1) is Henry’s law coefficient

describing the solubility of the gas-phase species in the liquid,

t (s) is the gas–liquid interaction time, and Dl (cm
2 s�1) is the

liquid-phase diffusion coefficient for the dissolving species.

Motivated by the role of sulfuric acid particles in hetero-

geneous reactions in the atmosphere13 the uptake kinetics and

dynamics of gaseous HCl in contact with liquid sulfuric acid

solutions have been studied using different experimental

techniques including Knudsen cells,14,15 coated flow tubes,8,16

droplet trains17,18 molecular beams19,20 and single levitated

micro-droplets.21–23 Independent of the experimental tech-

nique applied, all observations indicate that the uptake of

gaseous HCl into aqueous sulfuric acid depends strongly on

the H2SO4 concentration. With the H2SO4 concentration

increasing towards its normal stratospheric value of 60–80 wt%

the observed uptake coefficients of HCl decrease.24,25

Despite the consistency of these observations the individual

processes (mass accommodation (a), solubility (H), or bulk

phase diffusion (Dliq), which can each independently limit the

uptake into the condensed phase, are differently evaluated.

Time dependent uptake measurements as performed by i.e.

Knudsen cells or droplet trains led to an expression forO(HD)

which shows a decrease in the solubility with increasing

acidity. Between 50–60 wt% the reported (HD) values of

Robinson et al.18 are in reasonable agreement with values of

H and D as derived by Carslaw et al.26 and Klassen et al.27

whilst experimental and theoretical (HD) values at 70 wt%

differ by almost an order of magnitude. It is interesting to note

though that the mass accommodation coefficient, a, has been
identified to be almost unity, independent of the composition

of the sulfuric acid–water solution (Robinson et al.18).

Detailed dynamical studies of HCl interacting with D2SO4 at

213 K, as performed by Behr et al.,19 on the other hand

indicate that the mass accommodation coefficient a decreases

strongly from 0.72 to 0.11 as the acid concentration increases

from 52.5 to 70.5 wt%.

Using single levitated micro-droplets to perform measure-

ments of the uptake dynamics and diffusion of HCl in

sulfuric acid solutions, Schwell et al.21 reported that at low

temperatures and intermediate sulfuric acid concentrations

(T o 190 K for 48 wt% H2SO4 and T o 195 K for 56 wt%

H2SO4, respectively) liquid-phase diffusion in the droplet is the

rate-limiting step in the overall uptake process. At higher

temperatures and lower sulfuric acid concentrations

(30–40 wt% H2SO4, T = 185–207 K), on the other hand,

gas-phase diffusion followed by subsequent accommodation/

dissolution at the liquid surface is rate controlling. These

results, however, are in contrast to other information available

in the literature.18,19 The reported value21 of a B 10�2 is two

orders of magnitude lower than that published for the

same temperature and concentration range elsewhere in the

literature.18

In order to model chemical processes in stratospheric

particles a more exact knowledge of the rate limiting steps is

necessary.28 This applies in particular to conditions with

incomplete chlorine activation on the mesoscale (see e.g.

Carslaw et al.29). However, as discussed above, crucial para-

meters such as the liquid phase diffusion coefficient and the

accommodation coefficients are evaluated differently in the

literature. In addition, these parameters are difficult to

measure with standard laboratory approaches at stratospheric

temperatures.8,14,15,18,27,30,31

In principle, molecular beam experiments on liquid surfaces

provide an experimental technique to investigate the dynamics

and kinetics of heterogeneous interactions on fluid interfaces

and to distinguish between the different elementary processes.

In the present work deuterated sulfuric acid–water solutions

were used to separate non-reactive collisions from those that

involved penetration through the phase boundary followed by

dissociation and recombination with D+. In addition we

separate and quantify the mass accommodation coefficient

in dependence of the acid concentration and the surface

temperature.

2. Experimental

The experiments were performed with a molecular beam

scattering technique similar to the one developed by Nathanson

and coworkers.32,33 A schematic representation of the experi-

mental set-up is shown in Fig. 2. Since this set-up has recently

been described in more detail11 we will only emphasis its major

aspects as relevant to the present work. A continuous

This journal is �c the Owner Societies 2009 Phys. Chem. Chem. Phys., 2009, 11, 8048–8055 | 8049



molecular beam of HCl is created by expanding a gas mixture

at 1.0–1.2 bar through an aperture of B0.1 mm in diameter.

Whereas the expansion of pure HCl gas generates initial

translational energies of almost (5/2) RT (B6 kJ mol�1 at

298 K), hyper-thermal translational energies up to 140 kJ mol�1

were achieved by seeding the HCl molecules with H2 and by

varying the nozzle temperature. To reduce the contribution of

dimers in the beam our nozzle temperature was raised to

values between 80 and 150 1C. The monomer/dimer ratio

has been determined from the ratio of the ms peaks at

m/z = 38 (H37Cl)+ and m/z = 39 (H2
37Cl)+ and has usually

been found to be larger than 20. Continuously renewed liquid

films of D2SO4–D2O as a target were generated by partially

immersing a vertically rotating wheel in the acid. The reservoir

depicted in Fig. 2 shows a 4.5 cm in diameter gold coated brass

wheel which is partially submersed in the liquid. The liquid

reservoir is suspended from a post which can be rotated in

order to vary the incident angle of the molecular beam.

The rotation speed of the wheel was varied between 0.025

and 0.25 Hz. The reservoir is filled with 15 ml of a degassed

sulfuric acid–water mixture. It is cooled by circulating a cold

methanol–ethanol mixture through Teflon coated cooling

tubes that pass through the liquid.

The experiments were performed with sulfuric acid

concentrations ranging from B54 to 76 wt% for which the

acid is still liquid and the results are not significantly affected

by the collisions of the impinging gas with desorbing water

molecules.

The molecules that scatter or desorb from the liquid

interface are detected by a doubly differentially pumped mass

spectrometer with cross beam ionisation (QMG 422, Balzers

(Pfeiffer-Vacuum)) oriented at a fixed angle of 901 to the

incident beam. This fixed geometry allows scattered signals

to be detected only at yfin = 901 � yinc. The flight times of the

scattered or desorbing species are determined by chopping the

flux of the recoiling atoms into short pulses with a 10 cm in

diameter spinning wheel with two 4 mm slots. This method

generates 67 ms pulses with the wheel spinning at 200 Hz. The

arrival times of the products are then measured at the MS

ioniser which is positioned 28.0 � 0.2 cm away from the

chopper. The TOF spectra are recorded by a multichannel

scaler (Fast, P7882-2) in 0.25 ms bins. It needs to be emphasised

that in the post-chopper configuration the chopper wheel

in Fig. 2 is positioned between the surface and the mass

spectrometer. Hence we measure velocity distributions of the

recoiling molecules and not the residence times of the gas on or

in the liquid.

3. Results

In the following we discuss post-chopper measurements of

H - D exchange in collisions of HCl with a deuterated

sulfuric acid–water surface. The post-chopper spectra

observed are plots of the mass spectrometer signal versus the

flight time for molecules to traverse the distance dpost at yinc =
yfin = 451. All spectra are corrected for electronic and timing

offsets.11 The QMS signal is proportional to the number

density, N(t), and is used to compute the relative fluxes or

probability P(Efin), that a molecule will scatter with trans-

lational energy Efin. The energy distribution is computed from

the relation P (Efin) B N(t)t2 and Efin = 1/2mgas(L/t)
2, where

C is a normalization constant and L is the 28 cm flight path.

Fig. 3a–c show the superposition of TOF-spectra for H37Cl

(open squares) and D37Cl molecules (filled squares). The

spectra were recorded in collisions of HCl with deuterated

sulfuric acid–water solution surfaces of 68 wt% (Fig. 3a,b) and

60 wt% (Fig. 3c), respectively, at 213 K. The detection of the

molecules at m/z = 38 (H37Cl) and m/z = 39 (D37Cl) ensures

that 37Cl atoms from the fragmentation of H37Cl in the mass

spectrometer do not contribute to the DCl signal.

The open squares shown in Fig. 3 indicate that HCl

molecules at high initial translational energies scatter in a

bimodal distribution. The sharper peak at earlier arrival time

is composed of molecules recoiling at high velocities. This

inelastic or impulsive scattering channel, IS, contains species

which scatter from the surface and deposit only a fraction of

their kinetic energy into the liquid phase molecules.19,20,33 The

peak at later arrival times, corresponding to low final energies,

closely follows a Maxwell–Boltzmann distribution at Tliq and

is assigned to the trapping–desorption channel, TD. This

component is hence attributed to molecules that dissipate their

energy fully and thermalize at the surface before desorption.

The solid curves in the TOF spectra show the TD components

as assigned by the component of P(Efin) that corresponds to a

Boltzmann distribution,19,20 viz.

PTD(Efin) = Efin(RTliq)
�2 exp(�Efin/RTliq) (4)

The IS contribution is assigned to the difference between

P(Efin) and PTD(Efin), constrained such that PIS(Efin) = 0 at

Efin = RTliq.

The TOF distributions for HCl molecules that have under-

gone H - D exchange to generate DCl is shown by the filled

squares in Fig. 3a–c. It is noted that all DCl molecules desorb

from the surface with velocities obeying a Maxwell–

Boltzmann distribution. This demonstrates that there is no

proton exchange process which bypasses the step of thermal

equilibration.

The number of molecules desorbing thermally from the acid

at yfin = 451 is proportional to the integrated thermal

Fig. 2 Schematic representation of experimental set-up.
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desorption intensity for HCl (TDHCl) and DCl (TDDCl),

respectively, and is equal to:

TDHCl + TDDCl =
R
PTD

HCl(Efin) dEfin

+
R
PTD

DCl(Efin) dEfin (5)

Therefore, the fraction of molecules (fexch) that thermally

emerges as proton-exchanged DCl is

fexch = TDDCl/(TDDCl + TDHCl). (6)

Residence time measurements using short pulses of the

incident beam permit to correct all fexch values for the small

fraction of HCl molecules that remain in the acid after the

exposure time of 0.23 s. Futhermore, the total balancing of the

HCl–DCl fluxes at yfin. = 451 indicates that the angular

distributions of the thermally desorbing HCl and DCl are

similar and together represent the total flux of desorbing

molecules. Uptake measurements, which integrate over all exit

angles, support the TOF calculations of fexch.
20

Fig. 4 summarises the experimental results for the proton

exchange fraction, fexch, in dependence of the composition of

the liquid film at 213 K. As can be seen, the fexch values

decrease significantly with increasing acid concentration,

indicating that immediate desorption competes more

effectively with dissociation at higher acid concentrations.

This trend in fexch also implies that H - D exchange increases

with dilution since more D2O molecules are available for

Fig. 3 (a–c) Observed intensity profiles of backscattered HCl-atoms from a sulfuric acid–water surface at T = 213 K. (a) TOF spectrum of HCl

(open squares) and DCl (filled squares) following collision of Einc B 140 kJ mol�1 HCl with 67 wt% D2SO4 at 213 K. The dashed (HCl) and solid

(DCl) curves are Maxwell–Boltzmann distribution fits to the TD component. The left hand peak of the HCl signal corresponds to the inelastic

scattering (IS) peak. (b,c) TOF spectra of HCl (open squares) and DCl (filled squares) after collision of Einc B 6 kJ mol�1 HCl with 69 wt% (b) and

60 wt% (c).

Fig. 4 Summary of experimental results for the proton exchange

fraction in dependence of the composition of the liquid phase between

57–74 wt% sulfuric acid at 213 K and different initial energies. Each

data point is the average of 3–4 individual measurements. The error

bars correspond to the statistical deviations.
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hydrogen bonding and protonation. This enables the gas

molecule to be captured more effectively during the time

between trapping and desorption.

Similar values for fexch were obtained for different incident

energies, even though the inelastic scattering contribution

diminishes at lower Einc. As discussed later, the thermal

desorption of product DCl and the invariance of fexch with

Einc imply that only thermalized HCl molecules undergo

H - D exchange.

The experimental results for the proton exchange fraction in

dependence of the temperature of the sulfuric acid target

between 213 and 238 K are shown in Fig. 5.

As can be seen from this Figure the proton exchange

fraction measured at 70 wt% sulfuric acid increases from

0.33 at 213 K to 0.47 at 237 K. This trend in fexch implies that

proton exchange accelerates with fluctuations in regions near

the interface, enabling the gas molecule to be captured more

effectively during the time between trapping and desorption.

4. Discussion

4.1 H - D exchange as a function of acid concentration and

temperature

As demonstrated in Fig. 3a–c the energy transfer for

inelastically scattered HCl molecules on D2SO4–H2O surfaces

as well as for their thermalization and desorption is

accompanied by the desorption of DCl with velocities obeying

a Maxwell–Boltzmann distribution corresponding to the

surface temperature.

In agreement with literature data19,20 our results also reveal

that the H - D exchange rate, based on the fraction of

thermalized molecules, is independent on the incident energy

of HCl in the range 6 to 140 kJ mol�1. This implies that proton

exchanged molecules have lost memory of the initial HCl

trajectory. Moreover, the independence of the proton

exchanged fraction of the impinging molecules on their initial

momentum also excludes the possibility of an entry of HCl by

ballistic penetration through the interface, since this process

should be a function of the impact energies. In addition, the

desorption of DCl molecules from the liquid with velocities

having a Maxwell–Boltzmann distribution proves that there is

no H - D exchange channel that bypasses the thermal

equilibration step. These observations support the assumption

of a two-step process, in which HCl first thermally equilibrates

in the interfacial region and then reacts, as proposed by

Nathanson and co-workers.19,20,33

The experimental results allow the exchange process to be

separated into two successive steps, for which the exchange

probability, Pexch, is a product of the trapping probability,

Ptrap, and the fraction of trapped molecules that undergo

exchange, fexch, as expressed by eqn (7), viz.

Pexch(Einc,yinc,Tliq, wt%) = Ptrap(Einc,yinc,Tliq, wt%)

fexch(Tliq, wt%) (7)

Within this framework the exchange rate depends on the

trapping probability, the temperature and the composition

of the liquid surface. With the assumption that all molecules in

thermal equilibrium with the liquid are momentarily trapped

at the surface before desorbing or reacting, the proton

exchange fraction, as given by the ratio of the integrated areas

of thermally desorbing HCl and DCl molecules, fexch �
TDDCl/(TDDCl + TDHCl), can be expressed in terms of a

competition between the proton exchange reaction and the

desorption of thermalized HCl molecules within the liquid.

Since the ratio of DCl to HCl thermal desorption intensities

equals the ratio of rates for H-D reaction and desorption of

thermalized HCl molecules, the exchange fraction to be

expressed as

fexch � TDDCl/(TDDCl + TDHCl) = kexch/(kexch + kdes) (8)

where kdes is the rate constant for HCl desorption, averaged

over all adsorption sites, and kexch is the rate constant for

H - D exchange, encompassing both interfacial and

solution phase solvation and reaction.20 The total exchange

probability then equals the product of the trapping probability

and fexch, viz.

Pexch = Ptrapfexch = Ptrapkexch/(kexch + kdes) (9)

Information on the residence time of dissolved molecules can

be obtained from pulsed experiments. Using this technique it

has been shown20,34 that HCl molecules desorb on a timescale

of o2 ms and do not appear to enter the liquid. On the other

hand, all molecules which undergo proton exchange spend at

least some time in solution.20,34 These observations imply that

ksol and kexch should be equal and hence

Pexch = Ptrapksol/(ksol + kdes) (10)

Eqn (10) is equivalent to the expression for the mass-

accommodation coefficient, a, viz.

a = Sksol/(ksol + kdes) (11)

In this expression it is assumed that the probability for

trapping of molecules (Ptrap) is equal to the sticking coefficient

S.34 This is supported by the fact that the energy of interaction

between gas phase HCl and surface molecules (B28 kJ mol�1)

is larger than the thermal energy after desorption.

The advantage of time and energy resolved molecular beam

experiments is the direct determination of the sticking

Fig. 5 Summary of experimental results for the proton exchange

fraction in dependence of the temperature of the sulfuric acid film

between 213 and 238 K and for 72 wt% acidity. Each data point is the

average of 5–6 individual measurements. The error bars correspond to

the statistical deviations.
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coefficient, S, and hence the possibility to distinguish between

ksol and kdes as well as to determine the mass accommodation

coefficient directly. Our experiments performed at low initial

energies (5/2 RT) prove that the probability for impinging HCl

molecules to reach thermal equilibrium on a sulfuric

acid–water surface is close to unity.

4.2 Mass accommodation for different acid concentrations

As discussed in the previous section, the fractional energy

release of colliding HCl molecules onto the fluid interface is

nearly independent of the acid concentration in the range

54–70 wt% and at 213 K. Nevertheless, the binding properties

between HCl and interfacial D2O and D2SO4 which allow

thermalized molecules to be transported into the liquid phase

and to undergo proton exchange, decrease substantially over

this concentration range. The data displayed in Fig. 6 indicate

a significant change in the ability to enter the liquid phase

at concentrations between 50 and 70 wt%. At high acid

concentrations (470 wt%), the probability for HCl to be

transported into the liquid phase is only 0.3. Therefore, about

70% of the thermalized HCl molecules desorb from the

surface after dissipating their collisional energy and hence

escape before solvation and dissociation. The fraction of

molecules that reside on the surface long enough for D2O

and D2SO4 to reorganize and be available for solvation

increases with increasing water content and reaches a value

of 0.7 at 54 wt% acidity.

Comparable observations were also made in uptake

measurements in which a marked decrease in the potential to

remove HCl from the gas phase was observed with increasing

acidity of the H2SO4–H2O solution.16,18,31 As mentioned in the

introduction, the gas phase concentration change of HCl

in contact with sulfuric acid–water solutions has been

investigated by several groups using different experimental

techniques.8,14–23

It is interesting to note that uptake coefficients or g values,

as reported by Watson et al.,17 Robinson et al.,18 Hanson and

Lovejoy16 and Tolbert et al.15 using different experimental

techniques, equally show a substantial decrease over the

concentration range 50 to 80 wt%. This demonstrates

that the uptake coeficient may well be limited by surface

accommodation.

Despite this consistency, the rate limiting step which is

responsible for the decrease in the uptake of HCl as a function

of the acidity is still discussed quite controversially.

For example, the results from droplet train experiments of

Robinson et al.18 in which the time dependent uptake, g(t), of
HCl in contact with H2SO4 solutions at concentrations

between 39 and 69 wt% was measured, led to the conclusion

that the observed decrease in uptake with increasing acidity is

due to a change in the solubility as expressed by the product of

(H*Dl)
1/2, rather than by a change in the mass accommodation

coefficient. The authors estimated a to be always near unity at

230 K, independent of acidity. In contrast, the measurements

presented in this work indicate that the observed change in the

uptake of HCl as a function of acidity at 213 K is caused by a

change of the probability of thermalized molecules to be

transported through the phase boundary, as evidenced by a

change in mass accommodation.

According to Davidovits et al.5 the temperature dependence

of mass accommodation is governed by the thermodynamic

equilibrium between the species in the gas phase and the

critical cluster in the solvated phase with the Gibbs energy

being DGobs = DHobs � TDSobs. The functional form of

DGobs depends on the theoretical formulation of the uptake

process and hence DGobs can serve as a bridge between theory

and experiment. Robinson et al.18 reported a decrease in the

mass accommodation coefficient with increasing temperature.

The thermodynamic parameters were quantitatively described

by the critical cluster model of mass accommodation5,35 in

which dynamic interactions of surface molecules are treated in

terms of nucleation theory. A more detailed description of the

assumptions and approximations made in this model has been

provided by Nathanson et al.9 The predicted number of three

water molecules which form a critical cluster size is in

agreement with quantum chemical approaches in which the

minimum number of water molecules required for dissociation

of HCl has been calculated.36–38

The surface kinetics associated with mass accommodation

and its dependence on the dynamics at the fluid interface can

be qualitatively discussed using the capillary wave (CW)

model.39 In this model the cluster-size parameter of

Davidovits et al.5 is replaced by an effective coordination

number for a solute molecule that is in the process of

penetrating into and below the liquid surface.39 Penetration

is effected through the random motions of the liquid surface.

The progress of uptake is then characterized by the increase in

coordination number, defined as the number of solvent

molecules surrounding and in contact with the solute

molecule. Upon complete solvation it reaches a maximum

value which is characteristic for the bulk solution.

On a molecular scale surface motion can be regarded as a

superposition of normal capillary waves forming local

modes which are typically characterised by a fast rise time,

t1 = r/2k2Z, and slow decay time, t2 = 2Z/kf. The parameters

r, Z, and f are, respectively, the density, the coefficient of

viscosity, and the surface tension of the liquid; the value

Fig. 6 Measured a-values versus acidity (in wt%) in comparison with

literature data for the uptake of HCl on sulfuric acid solutions. The

solid curve was calculated using the capillary wave theory of mass

accommodation (see text).
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k represents the wave vector 2p/l. In the picture of mass

accommodation the solute molecule is assumed to become

part of a collapsing local mode as it gets incorporated into the

bulk liquid. In order to estimate the time scale for mass

accommodation of HCl on sulfuric acid–water solutions we

assume that the width of the local mode is about 10�9 mB l/2
(3 molecular diameters) and hence the wave vector k equals

3 � 109 m. With this assumption the time period of the

collapsing local mode is t2 = 4.5 � 10�9 s at 213 K and for

54 wt% acidity. This period increases by more than an order

of magnitude as the acidity and hence the viscosity increase.40

In contrast, the change in surface tension41 has only a minor

effect. In the concentration range between 54 and 76 wt% the

corresponding rate coefficient ksol decreases from 2.2 � 108 s�1

to 7.4 � 106 s�1 at 213 K. The solid curve in Fig. 6 represents

the calculated mass accommodation coefficient (ksol/kdes) in

dependence of the acidity of the liquid phase. At 64 wt%

where the probabilities of thermally equilibrated molecules to

either enter the liquid phase or to desorb with thermal speed

are equal, we assume that kdes = ksol B 1 � 108 s�1.

It needs to be mentioned that the oscillation period of the

fastest waves is about 4.5 �10�9 s in a sulfuric acid–water

mixture at 213 K and for 54 wt% acidity. This is quite long in

comparison with the duration of a collision with the surface

for a gas molecule of kinetic energy larger than the average

thermal energy. In the molecular beam experiments reported

here the liquid surface will therefore usually appear as a frozen

landscape and the transfer of collision energy into the

capillary-wave spectrum will be very inefficient. However, this

is not necessarily true for low-energy collisions.

The estimated desorption rate constant kdes can be

compared with available literature information. We assume

that hydrogen bonding between HCl and surface OD and SO

groups should provide the strongest bonds. In this case the

most pertinent information for hydrogen bonding of HCl to

the surface of sulfuric acid comes from studies of HCl

adsorption at the surface of ice and of solid HCl�6H2O.42–45

The adsorption energy and Arrhenius pre-exponential factor,

respectively, of Eads = 28 kJ mol�1 and ndes = 2 � 1014 s�1, as

measured by Isakson and Sitz,42 predict a kdes-value for HCl

of 2.7 � 107 s�1 at 213 K. In addition, we have no indication

that this rate constant is significantly influenced by the

composition of the liquid phase (cf. Behr et al.34).

4.3 Temperature dependence of mass accomodation

The observed increase of the mass accommodation coefficient,

a, with increasing temperature is shown is Fig. 7. The results

shown imply that the solvation rate is more strongly enhanced

by the thermal motions of the surface molecules than the

desorption rate. For a discussion of this observation we have

to consider that both kinetic parameters, kdes and ksol, are

temperature dependent.

According to capillary wave theory the temperature

dependence of ksol is mainly given by the temperature depen-

dence of the viscosity which decreases from 4450 cP to 195 cP

in the temperature range 210–240 K.40 The effect of the surface

tension is comparatively weak.41 The corresponding value

of ksol therefore increases from 2.5 � 107 s�1 at 213 K to

5.7 � 108 s�1 at 243 K. Regarding the temperature dependence

of kdes we have used a desorption energy and pre-exponential

factor of Edes = 26 kJ mol�1 and ndes = 2 � 1014 s�1,

respectively, very close to the values for HCl on ice and solid

HCl�6H2O.42 As can be seen from the comparison in Fig. 7

the agreement between experimental data and theoretical

prediction is quite satisfactory. Although it must be noted

that further adjustment of the input data might lead to further

improvement we have no convincing justification to do so.

Overall, however, the agreement between these results suggests

that the binding of HCl on sulfuric acid–water solutions is

dominated by hydrogen bonds between HCl molecules and

dangling OH-groups and OD-groups, respectively.

As demonstrated above the application of capillary wave

theory provides a method to describe and quantify mass

accommodation and its temperature dependence. Nevertheless

there are other frameworks with which our observations could

be reconciled. One of these is the weakening of the OH bonds

between solvent species at the surface with increasing thermal

motions and therefore the increased availability to bind

trapped HCl. In addition increased temperature may lead to

increased diffusivity through the interface.

Note added in proof

After the present work has been submitted and whilst the

reviewing process was in progress we became aware of a

theoretical paper by D. Ardura and D. J. Donaldson entitled

‘‘Where does acid hydrolysis take place?’’ published in

Phys. Chem. Chem. Phys. 2009, 11, 857–863. The results from

this work are essentially identical with the present findings, in

particular what the location of dissociation of HCl molecules

during phase transfer is concerned.
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Fig. 7 Representation of mass accommodation coefficient as a func-

tion of temperature. The solid curve corresponds to the values of a as

calculated on the basis of the temperature dependent rate coefficients

ksol and kdes.
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