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Gas-liquid scattering experiments are used to investigate interfacial interactions of gaseous DCl with liquid
glycerol containing 0.03 M tetrahexylammonium bromide (THABr), an ionic surfactant composed of
hydrophobic THA+ and hydrophilic Br- ions. Surface tension and argon scattering measurements indicate
that the surface of this solution is dominated by the hexyl chains of the THA+ ion. The hydrocarbon character
of the surface is further explored by comparing Ar and DCl scattering from the THABr solution and liquid
squalane. We find that the addition of THABr to glycerol alters the reactivity of DCl in two ways: DCl
molecules that land on the surface are more likely to desorb when THA+ and Br- are present and are less
likely to dissolve, but they are also more likely to undergo rapid, interfacial DCl f HCl exchange. Similar
trends are observed when THA+ ions are replaced by Na+ ions in a 2.7 M NaBr solution, even though THA+

interacts weakly with glycerol OH groups and Na+ binds strongly to them. These observations suggest that
the THA+ hexyl chains do not physically block DCl entry and that interfacial cation-OH bonding is not
essential for promoting rapid D f H exchange when Br--OH bonding also occurs. The use of THABr
confirms that ions in the top few monolayers, and not those deeper in solution, control DCl entry and rapid
D f H exchange.

Introduction

Tetraalkylammonium halide salts have long been studied for
their hydrophobic and surfactant properties.1-5 In water, these
salts decrease the surface tension when the alkyl chain is
composed of two or more carbon atoms.5 This reduction implies
an excess of ions in the interfacial region and makes these
organic salts true ionic surfactants. Surface-sensitive techniques,
such as ion scattering6,7 and photoelectron spectroscopy,8-13

along with recent computer simulations,11,12,14-17 provide a
microscopic view of the tetraalkylammonium cation and halide
anion at the surfaces of water and formamide. They reveal that
tetrabutylammonium resides at the outermost surface layer,
intermixed with Br- or I-, but that the smaller and less
polarizable Br- is less confined to the surface.6,7,12,18 On average,
three of the tetrahedrally oriented butyl chains point primarily
along the surface while the fourth points inward toward the
liquid.10,11,13,17 Computer simulations indicate that the alkyl
groups coat much of the surface, with gaps filled by halide ions
and by solvent molecules, as shown in Figure 1 for tetrabutyl-
ammonium iodide in water.11 This snapshot demonstrates vividly
that surface OH groups point toward iodide but form a
hydrogen-bonding network around the butyl chains.

How might the presence of this hydrocarbon “shell” alter
reactions at gas-liquid interfaces? We have previously explored
collisions of DCl molecules with liquid glycerol
[HOCH2CH(OH)CH2OH], a low-vapor pressure (10-4 Torr) and
viscous (1400 cP) fluid that dissolves acids, bases, and salts
with water-like solubilities.19-21 As shown in Figure 2a, DCl
molecules may scatter impulsively from the surface of glycerol
(pathway a) in one or a few collisions or fully dissipate their
kinetic energy and become momentarily trapped (b), in part by

forming hydrogen bonds with interfacial glycerol OH groups.22

At thermal collision energies approaching 2RTliq ≈ 5 kJ mol-1,
nearly all impinging DCl molecules are trapped momentarily
on the surface. These thermalized molecules either desorb
immediately as intact DCl (c), undergo near-interfacial Df H
exchange and desorb as HCl (d), or become solvated as Cl-

and D+/H+ in the bulk (e) and then slowly evaporate (f). The
addition of KI, NaI, NaBr, LiI, and CaI2 at molar concentrations
to glycerol significantly enhances nonreactive DCl desorption
and near-interfacial D f H exchange at the expense of bulk
entry.23-25 NaI, NaBr, and LiI cause similar changes, whereas
KI and CaI2 are less and more effective, respectively, than the
other salts. We attributed these ion-catalyzed processes to the
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Figure 1. Snapshot of a molecular dynamics simulation showing a
top view of the surface of a ∼1 molal solution of tetrabutylammonium
iodide in water. Reprinted with permission from ref 11.
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formation of bonds between interfacial OH groups and I-, Br-,
K+, Na+, and Ca2+ ions, which potentially modify the surface
region in two distinct ways: ion-OH bonds remove sites for
DCl adsorption and dissociation, enhancing nonreactive de-
sorption, and they interrupt the hydrogen bonding network that
carries H+ away from the more slowly moving Cl-, thereby
promoting their recombination. Will these trends remain the
same when the alkali cation is replaced by a hydrophobic one
and when a concentrated ionic solution is replaced by a dilute
surfactant solution?

Tetrahexylammonium bromide (THABr) was chosen to
ensure that the carbon chain would be long enough for the ion
to segregate to the surface, even when the bulk concentration
is low.5,26 We initially believed that the large and weakly
coordinating THA+ ion would enhance nonreactive DCl de-
sorption and suppress both bulk dissolution and near-interfacial
D f H exchange. As described below, this expectation is only
partly correct: interfacial Br- and THA+ ions in a 0.03 M
THABr-glycerol solution do cause more adsorbed DCl mol-
ecules to desorb before they can dissolve, but the addition of
THABr also enforces more near-interfacial D f H exchange.
A concentrated, 2.7 M NaBr solution with similar surface ion
densities behaves in parallel ways. These common trends imply
that the THA+ ion does not block bulk solvation more efficiently
than Na+, despite its appearance as a surfactant “covering” in
Figure 1.

Surface Tensions and Compositions of THABr-Glycerol
and -Water Solutions. Solutions of THABr in water form two
liquid phases at 298 K with concentrations of 0.02 and 9 molal
THABr.27 A similar two-phase system was observed for
solutions of THABr in glycerol, in which the dilute phase is
0.05-0.07 molal THABr. The surface tensions of THABr-water
and -glycerol solutions in the single phase region up to 0.02
and 0.03 molal, respectively, are shown in Figure 3 at 292 K.
These measurements were made using the Wilhelmy method
with a 1.0 mm diameter Pt pin. The addition of THABr to water
and glycerol decreases the surface tension, σ, from 72 to 42
dyn cm-1 in water and 64 to 41 dyn cm-1 in glycerol. The
dashed lines in Figure 3 represent a least-squares fit to a
Langmuir adsorption isotherm. This fit is used to determine the
surface excess of THABr from the Gibbs adsorption equation15,28

Γion ) ΓTHA+ + ΓBr- ) -1
kT ( ∂σ

∂1nγ(m)
T

(1)

where m is the THABr molality and γ( is the mean molal
activity coefficient for THABr. The surface excess is plotted
on the right-hand axis in Figure 3 with γ( ) 1. The individual

surface excesses of THA+ and Br- are Γion/2, equal to ∼9 ×
1013 cm-2 in water and ∼8 × 1013 cm-2 in glycerol at the highest
THABr concentration.29 The curves in Figure 3 highlight the
similar surface propensities of THABr in water and glycerol,
providing motivation for using the snapshot in Figure 1 to
visualize the behavior of tetraalkylammonium salts in glycerol.

The THA+ and Br- surface excesses can be interpreted further
if the positions of the ions are known at the atomic scale. Ion
scattering and computer simulations of tetrabutylammonium and
tetrabutylphosphonium cations suggest that THA+ ions should
belocatedpredominantlyinthetoplayerofthesolution,6,7,10-12,14,17,30

a feature corroborated by the argon scattering experiments
below. The ion scattering studies also indicate that, in forma-
mide, the Br- counterion is located mostly at the surface in a
valley-like structure,7 whereas simulations of tetrabutylammo-
nium in a mixed I- and Br- aqueous solution predict that Br-

lies at or near the surface but is distributed slightly more broadly
than I- into the bulk.12 On the basis of these studies, we estimate
the surface composition by assuming that the excess THA+ and
Br- ions are both confined to the top layer.31 Using ΓTHA+ )
ΓBr- ) 8 × 1013 cm-2 and cross-sectional areas of ∼70 Å2 for
THA+, ∼10 Å2 for Br-, and ∼25 Å2 for glycerol,32 the fraction
of surface area occupied by each species is ∼55% THA+, ∼8%
Br-, and ∼37% glycerol for 0.025 molal (0.031 M) THABr.
These fractions correspond to only ∼1 glycerol molecule for
every Br- and THA+ ion within the top layer. This ratio rises
to ∼2 glycerol per THA+ ion in the unlikely event that all Br-

Figure 2. (a) Observed reaction pathways for collisions of DCl molecules with a 0.03 M THABr-glycerol solution. (b) Scattering apparatus.

Figure 3. Surface tension measurements of THABr-water (black O)
and THABr-glycerol (red b) solutions. The dashed lines are fits to
the experimental data. The THABr surface excess in water (black) and
glycerol (red), determined from the fits, is plotted on the right-hand
axis.
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ions are excluded from the top layer. In comparison, the same
0.03 M THABr-glycerol solution corresponds to ∼220 glycerol
molecules per ion in the bulk.

The surface tensions of 0-3 molal NaBr-glycerol solutions
were found to rise linearly with concentration with a slope of
∼1.5 dyn cm-1 molal-1. This value and the Gibbs equation yield
a total ion surface deficit of -3 × 1013 cm-2 using activity
coefficients for NaI in glycerol.33 Assuming that this deficit is
confined to the outermost monolayer,25 the Br- and Na+

concentrations in this layer for a 2.7 M NaBr-glycerol solution
are ∼7 × 1013 cm-2, a value that will rise if the deficit is spread
over several layers. This minimum surface concentration lies
just below the ∼8 × 1013 cm-2 values for THA+ and Br- in
the 0.03 M THABr solution. In water, Br- lies above Na+ near
the surface, forming a diffuse, overlapping double layer.15 The
surface tension, ion scattering, and molecular dynamics studies
together suggest that Br- ions are likely to be found in or near
the top layer in roughly equal amounts in the THABr- and
NaBr-glycerol solutions, situated alongside or just below THA+

ions and mostly above Na+ ions.
Gas-Liquid Scattering Experiments. The 0.03 M THABr-

glycerol solution is made by adding THABr (Fluka, 99.0+%)
to glycerol (Aldrich, 99.5+%) that has been degassed and
dewatered.24 Aliquots (50 mL) of the THABr solution and pure
glycerol are then added to the stacked liquid reservoirs shown
in Figure 2b. Each reservoir contains a vertical glass wheel
partially submerged in the liquid. As the wheel rotates, it picks
up a film of the viscous liquid. The film passes by a Teflon bar,
which scrapes it to a uniform thickness of 0.3 mm. It is then
exposed to incident beams of Ar or DCl at θinc ) 45°. The
exposure time, texp, is determined by the speed of the rotating
glass wheel and the 4.6-mm-wide beam spot. The wheel speed
is 0.33 Hz (texp ) 0.12 s) for the glycerol solutions, but is
increased to 0.58 Hz (texp ) 0.07 s) for squalane because of its
lower viscosity. The incident Ar and DCl beams have peak
translational energies of Einc ) 90 kJ mol-1 (37RTliq), character-
ized by narrow energy distributions, Einc/∆E, of g 5/1 (in
comparison with ∼1/2 for a Maxwellian beam).20

Molecules leaving the liquid (Ar, DCl, and HCl) are detected
by a differentially pumped mass spectrometer at an exit angle
of θfin ) 45°.23 We use a spinning postchopper wheel to monitor
the velocities of molecules leaving the liquid and a spinning
prechopper wheel to monitor the residence times of the gas
species in solution, as depicted in Figure 2b. In the postchopper
configuration, the incident DCl or Ar beam strikes the liquid
continuously. The exiting molecules are then chopped into 40
µs pulses that travel 19.5 cm to the mass spectrometer over
times that depend on their velocities. These arrival times are
recorded as time-of-flight (TOF) spectra. In the prechopper
configuration, the incident beam is divided into 50 µs pulses
striking the liquid in 2 ms intervals. The final arrival time at
the mass spectrometer is the sum of the gas-phase flight times
of the molecule before and after interaction with the liquid and
the residence time of the solute (DCl, HCl, Cl-/H+/D+) in
solution. Previous studies demonstrate that this prechopper
technique can be used to measure average residence times from
10-6 to 10-2 s.21,23

Results and Analysis

Argon Atom Scattering. High-energy argon atom scattering
can be used to detect hydrocarbon species at the surface of
glycerol because of the change in mass and roughness that occur
upon segregation of the alkyl chains.34 Figure 4 shows postchop-
per TOF spectra of 90 kJ mol-1 Ar atoms colliding with pure

glycerol, 0.03 M THABr-glycerol, and squalane at θinc ) θfin

) 45°. Each spectrum is composed of two components: Ar
atoms that inelastically scatter (IS) from the surface and those
that thermally desorb (TD). The broad component at later arrival
times (low exit velocities) is fit well by a Maxwell-Boltzmann
distribution at the temperature of the liquid. These Ar atoms
fully dissipate their incident energy and become thermalized
on the surface, desorbing with an average energy of 2RTliq ≈ 5
kJ mol-1. Ar atoms that scatter inelastically from the surface
after one or a few bounces retain a significant fraction of their
incident energy and arrive at the mass spectrometer at early
times (higher exit velocities).

The addition of THABr to glycerol significantly alters
collisions of Ar atoms with the surface, as shown in Figure 4.
Fewer Ar atoms scatter directly from the surfactant-coated
surface, and more undergo thermal desorption. These changes
arise from the presence of hexyl chains at the surface, which
deflect the Ar atoms over a wide range of angles and create a
rougher surface that causes more Ar atoms to undergo multiple
collisions and dissipate their energy. We have also observed
similar changes in Ar scattering when aqueous sulfuric acid is
coated with a monolayer of neutral and protonated hexanol
molecules.35

The hydrocarbon-like nature of the THABr-glycerol surface
can be further gauged by comparing this mixture to liquid
squalane (C30H62; 2,6,10,15,19,23-hexamethyltetracosane).36 Ar
scattering from squalane and THABr-glycerol in Figure 4
generate nearly identical patterns, implying that the
THABr-glycerol surface is dominated by alkyl chains. These
comparisons, in conjunction with the surface tension measure-
ments, indicate that THA+ ions must substantially cover the
surface of the solution.

DCl f DCl Scattering. We first explore collisions of DCl
with glycerol that lead to inelastic scattering (channel a in Figure
2a) or nonreactive desorption (channel c). Figure 5a shows
postchopper spectra of 90 kJ mol-1 DCl molecules recoiling
from the surfaces of pure glycerol and squalane. Each spectrum

Figure 4. Postchopper TOF spectra of Ar atoms following collisions
with pure glycerol (black), 0.03 M THABr-glycerol (red), and squalane
(blue). The dashed lines are Maxwell-Boltzmann (MB) fits at 292 K
to the thermal desorption (TD) components. “IS” refers to inelastic
scattering. The dashed arrow indicates the peak arrival time of elastically
scattered Ar atoms.
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is composed of DCl molecules that scatter directly from the
surface or thermalize and then desorb, following the pattern in
Ar scattering. The much smaller DCl desorption signal from
glycerol (labeled as “TD”) is a signature of the extensive loss
of DCl into the protic liquid, as described below. In contrast,
nearly all DCl molecules that thermalize on the surface of
squalane desorb back into the gas phase.37

Figure 5b shows that DCl molecules also desorb more often
from the THABr solution than from pure glycerol, although the
change is not as large as for squalane. This increase in thermal
desorption implies that fewer DCl molecules react with the
THABr solution than with pure glycerol. We postulate later that
this reduced reactivity arises not only from hexyl chains at the
surface but also from OH-Br- bonds that remove sites for DCl
adsorption and dissociation.

The inelastic scattering (IS) components in Figure 5 reveal
surprising trends. Panel a shows that 90 kJ mol-1 DCl molecules
scatter with the same intensity from pure glycerol and squalane
at θinc ) θfin ) 45°. We initially expected the IS channel to be
smaller from squalane than from glycerol, in analogy with Ar
atom scattering in Figure 4. The weaker DCl signal from
glycerol may arise from strong attractions between DCl and
surface OH groups during the picosecond time in which DCl
bounces along the surface. The nearly equal IS signals may also
be an accidental overlap of the different DCl angular distribu-
tions from squalane and glycerol. However, measurements at

incident angles of θinc ) 30° and 54° (θfin ) 60° and 36°) also
produce equal IS intensities, suggesting that the angular
distributions are similar in the forward direction. In comparison,
panel b shows that the inelastic scattering of DCl from 0.03 M
THABr is weaker than from pure glycerol, mimicking the
changes in Ar scattering. Both surfaces contain OH groups in
this case, and the primary distinction may be the enhanced
roughness imposed by the hexyl chains, which scatter both DCl
and Ar over a wider angular range.

DCl Uptake Measurements. As depicted in Figure 2a, DCl
molecules may also enter glycerol and dissociate into Cl- and
D+/H+ (channel e). We use beam reflectivity measurements to
monitor the fraction of DCl molecules that enter the liquid and
the time they remain solvated as ions.20 To improve signal
stability in these long experiments, the DCl beam is replaced
by HCl. The uptake is measured by directing ∼100 kJ mol-1

HCl molecules at the liquid in the reservoir, which is exposed
to the beam for a time texp.38 The HCl partial pressure is
monitored in the chamber at m/z ) 36 when the beam is blocked
by a Teflon flag, Pflag, incident on the liquid, Pliq, and blocked
from entering the chamber, Pbkg. The observed uptake γobs(texp)
is then equal to (Pflag - Pliq)/(Pflag - Pbkg). This fraction is equal
to 1 if all of the HCl enters and remains in the solution over
the time texp and 0 if no HCl enters the solution or if the flux of
HCl molecules leaving the liquid equals the flux into the liquid.

Entry Probabilities. The observed uptake measurements for
HCl into pure glycerol and 0.03 M THABr-glycerol are shown
in Figure 6. For both liquids, the net uptake, γobs, decreases
with increasing exposure time. This decrease in γobs occurs
because H+ and Cl- ions that build up in solution slowly
recombine and desorb, thereby decreasing the net flux of HCl
molecules entering the solution. The dotted lines in the figure
are fits to the data calculated from liquid phase diffusion and
flux balancing at the gas-liquid boundary.23 The fits depend
on two quantities: the absolute entry probability, psolv, and the
characteristic residence time, τ, of H+ and Cl- in solution. The
probability psolv is equal to the fraction of HCl molecules that
enter the solution at texp ) 0 s when there is no H+ or Cl- present
in the solution. As shown in Figure 6, the value for psolv )
γobs(texp ) 0) is 0.43 ( 0.05 for pure glycerol, indicating that
43% of HCl molecules enter pure glycerol at Einc ≈ 100 kJ

Figure 5. Postchopper TOF spectra of HCl molecules following
collisions of DCl with pure glycerol and (a) squalane and (b) 0.03 M
THABr-glycerol. The dashed lines are Maxwell-Boltzmann (MB)
fits at 292 K to the thermal desorption (TD) components. “IS” refers
to inelastic scattering.

Figure 6. HCl uptake, γobs(texp), vs exposure time, texp, for pure glycerol
(black) and 0.03 M THABr-glycerol (red). The fits to the data yield
the entry probability, psolv, and the bulk-phase residence time, τ, of
HCl in solution. The error bars for the data points represent the
difference in two measurements, producing error bars for τ and psolv

that represent the uncertainty in fitting the data.
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mol-1 and θinc ) 45°. This fraction drops to 0.37 ( 0.04 when
THABr is added to glycerol, indicating that the entry of HCl is
impeded by the addition of the surfactant.

Bulk-Phase SolWation Times. The shape of each curve in
Figure 6 is determined by a characteristic residence time, τ, of
Cl- and H+ in solution (described in the Appendix), which is
equal to the time for the desorbing HCl flux to reach ∼49% of
the HCl flux that enters the solution. Figure 6 shows that the
observed uptake drops from 0.43 at texp ) 0 s to 0.26 at texp )
0.5 s for pure glycerol, and from 0.37 to 0.28 for 0.03 M
THABr-glycerol over the same exposure time. The shallower
curve for THABr-glycerol yields τ ) 1.1 ( 0.3 s, in
comparison with τ ) 0.40 ( 0.05 s for pure glycerol. As shown
in the Appendix, this nearly 3-fold increase in τ for the
THABr-glycerol solution arises from the decrease in activity
coefficients of H+ and Cl- upon adding THABr to glycerol and
from the lower HCl entry probability into the THABr solution.

HCl EWaporation. The observed dependence of γobs on texp

implies that the net uptake changes with time because of HCl
evaporation following Cl- and H+ recombination. This evapora-
tion is monitored directly in Figure 7, which compares
postchopper spectra of HCl desorbing from pure glycerol and
0.03 M THABr-glycerol following collisions of 90 kJ mol-1

DCl molecules at texp ) 0.12 s. As expected from the uptake
data in Figure 6, the HCl signal from 0.03 M THABr-glycerol
is weaker than from pure glycerol due to the longer residence
time of H+ and Cl- in the THABr solution. Also shown in
Figure 7 is the HCl desorption signal from squalane following
collisions of DCl, which was not anticipated.39 We attribute this
weak HCl signal to DCl molecules that react with an OH-
containing impurity in squalane, possibly one that is observed
to evaporate with a mass of ∼240 amu. By comparing this HCl
signal to that from pure glycerol, we estimate that it corresponds
to only ∼0.5% conversion of the impinging DCl beam into HCl.

Previous studies of DCl collisions with a 2.7 M NaBr-glycerol
solution reveal that HBr desorbs from solution following
exposure to DCl.24 These HBr molecules are generated from
recombination of Br- with D f H-exchanged H+. We were
unable to observe HBr desorption from the 0.03 M THABr-
glycerol solution, most likely because Br- is 90 times more

dilute than in the NaBr solution and because of the much greater
solubility of HBr than of HCl. The absence of HBr implies that
DCl f HBr conversion does not occur immediately in the
interfacial region, where the concentration of Br- ions in the
THABr and NaBr solutions are similar.

Rapid, Near-Interfacial DfH Exchange. Submicrosecond
production of HCl following collisions of DCl (channel d in
Figure 2a) can be monitored by directing 50 µs pulses of DCl
at the surface and recording the HCl arrival time, which is the
sum of the gas phase flight times and the residence time of Cl-
containing species (HCl, DCl, Cl-) in solution.21 When the
residence time, τ, is 0, the thermal distribution of HCl desorption
velocities determines the distribution of HCl arrival times at
the mass spectrometer. Average residence times greater than
10-6 s measurably broaden the arrival time distribution because
a small fraction of the molecules dissolve deeply and desorb
over a range of times that shift the desorption spectrum toward
longer arrival times. When τ exceeds 10-2 s, the molecules
desorb over such a broad range of times that they merge with
the background and are not detectable.

Figure 8 compares prechopper spectra of HCl following
collisions of DCl with pure glycerol, THABr-glycerol, and
squalane. The HCl desorption signal from squalane was not
detectable, implying that the residence times of HCl monitored
in the postchopper spectrum in Figure 7 must exceed 10-2 s.
This long time corresponds to a diffusion depth of (Dτ/2)1/2 >
5000 Å for τ > 10-2 s and D ≈ 5 × 10-7 cm2 s-1 for HCl in
squalane.40 The absence of rapid HCl desorption from squalane
confirms that Cl- and H+ ions generated by impinging DCl
molecules must remain dissolved for long times before recom-
bining, most likely because of their low concentration in solution
(generated by a low concentration of protic impurities).

In contrast, HCl desorption is readily observed following
collisions of DCl with pure glycerol and the THABr solution.
As shown in Figure 8, the prechopper signal is well-fit with a
characteristic residence time τ of 10-6 s,21 indicating that a
fraction of the DCl molecules undergo rapid D f H exchange
within a shallow depth of (Dτ/2)1/2 ≈ 10 Å for D ≈ 4 × 10-8

cm2 s-1 in glycerol.20 Figure 8 further reveals that more D f
H exchanged HCl molecules desorb immediately from the

Figure 7. Postchopper TOF spectra of HCl molecules following
collisions of DCl with pure glycerol, 0.03 M THABr-glycerol, and
squalane. The dashed line represents zero signal.

Figure 8. Prechopper TOF spectra of HCl following collisions of DCl
with pure glycerol (black), 0.03 M THABr-glycerol (red), and squalane
(blue). The dashed lines are fits to a bulk phase residence time τ of
10-6 s.
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surfactant-coated glycerol solution than from pure glycerol. This
comparison implies that the addition of THABr does not inhibit
near-interfacial proton exchange but instead enhances it.

Reaction Probabilities. The branching fractions for the
pathways in Figure 2a are determined from the entry prob-
abilities, psolv, listed in Figure 6 and from the intensities of the
TOF spectra in Figures 5b and 8. In this analysis, we assume
only that the angular distributions of the thermally desorbing
DCl and HCl molecules are the same for pure glycerol and 0.03
M THABr-glycerol (and are likely cosine). This equality
implies that the ratios of the TD fluxes at θinc ) 45° are equal
to the ratios of the angle-integrated fluxes. The probabilities
for nonreactive DCl trapping and desorption, ptrap-desorb, and near-
interfacial D f H exchange, pied, are then given by

ptrap-desorb(THABr) ) (Ipost(THABr)
DC1 TD

Ipost(pure)
DC1 TD )ptrap-desorb(pure) (2)

pied(THABr) ) (Ipre(THABr)
HCl TD

Ipre(pure)
HCl TD )pied(pure) (3)

where I is the desorption flux integrated over the arrival times
in the pre- and postchopper spectra.24 The trapping probability,
ptrap, of DCl on the surface of the liquid is then equal to ptrap-

desorb + pied + psolv. This value has previously been determined
to be 0.49 ( 0.01 for pure glycerol from 23 measurements at
Einc ) 90 kJ mol-1 and θinc ) 45°. For 0.03 M THABr and 2.7
M NaBr, we find that ptrap ) 0.49 ( 0.04 and 0.45 ( 0.04,
respectively.

The branching fractions ptrap-desorb/ptrap, pied/ptrap, and psolv/ptrap

for pure glycerol and 0.03 M THABr-glycerol are shown in
Figure 9. We report these fractions instead of the individual
probabilities because they are more reproducible, and as the
incident energy approaches thermal conditions of 2RTliq ≈ 5 kJ
mol-1, ptrap approaches 1 and the branching fractions become
equal to the individual probabilities at thermal collision ener-
gies.21 Figure 9 shows that a thermalized DCl molecule is twice
as likely to desorb from the THABr solution as it is from pure
glycerol and is nearly twice as likely to undergo rapid, near-
interfacial D f H exchange and desorb as HCl. The enhance-
ments in these two reaction pathways correspond to a decrease
in the fraction of thermalized DCl molecules that pass through
the interfacial region and enter the solution as intact DCl or as
D+/H+ and Cl-.

Discussion

The behavior of a 0.03 M THABr-glycerol solution shown
in Figure 9 mimics the trends previously observed for bromide
and iodide salts. Solutions of NaI, KI, LiI, NaBr, and CaI2 also
enhance nonreactive DCl desorption and rapid Df H exchange
at the expense of bulk solvation.24,25 For comparison, Figure 9
lists the reaction probabilities for a 2.7 M NaBr-glycerol
solution, which are similar to the THABr solution for nonre-
active DCl desorption and bulk entry but nearly twice as large
for rapid Df H exchange.41 We argue below that these trends
are due to similar Br- surface concentrations in the THABr and
NaBr solutions and to the weak interference of the THA+ cation.

Ion-Mediated Blocking of DCl Ionization. The tetrabutyl-
ammonium iodide-water surface in Figure 1 highlights two
possible roles for Br- and THA+ in enhancing DCl desorption
from glycerol: OH-Br- bonding and THA+ site blocking. In
water, THA+ is a hydrophobic ion that sits in a cavity about
which water molecules form tightly connected H2O-H2O
hydrogen bonds (as depicted in Figure 1 for tetrabutyl-

ammonium).3,16,42,43 There is no evidence that water molecules
reorient toward the THA+ positive charge, most likely because
this charge is dispersed among the four carbon atoms attached
to the nitrogen atom3,44 and because of the stability gained by
knitting hydrogen bonds around and between the alkyl chains.3

In aqueous alkali halide solutions, however, water molecules
reorient toward the hydrophilic Br- and Na+ ions in the first
hydration shell and bind strongly to them.45-50 The formation
of OH-ion bonds was used previously to explain enhanced DCl
desorption by concentrated alkali halide-glycerol solutions.24

In this scenario, anions (Br-, I-) and cations (Li+, Na+, and
K+) in the interfacial region bind to glycerol OH groups and
reduce the number of adsorption sites for incoming DCl
molecules. This prebonding suppresses DCl dissociation, which
requires the formation of two hydrogen bonds to Cl and one to
D in order to ionize DCl to the contact ion pair.22,51

The hydrophobic nature and large size of THA+ instead raise
the possibility that this ion physically blocks impinging DCl
molecules from making contact with glycerol OH groups lying
underneath the hexyl chains. This single CH2 layer is likely to
be porous, however, if the DCl molecules reside long enough
at the surface to diffuse around the chains and bond to
neighboring OH groups. Figure 9 places an upper limit on the
resistance of the hexyl film and OH-Br- bonds to gas transport:
nonreactive DCl desorption increases from 10% for pure
glycerol to only 20% for THABr-glycerol, which is the same
change brought about by the NaBr solution at a similar surface

Figure 9. Branching fractions for collisions of DCl with pure glycerol,
0.03 M THABr-glycerol, and 2.7 M NaBr-glycerol. In the middle
bar graph, “ied” refers to immediate D f H exchange followed by
HCl desorption. The trapping probabilities, ptrap, are 0.49 for pure
glycerol, 0.49 for 0.03 M THABr-glycerol, and 0.45 for 2.7 M
NaBr-glycerol at Einc ) 90 kJ mol-1 and θinc ) 45°. The error bars
for THABr-glycerol represent the difference between two measure-
ments. Branching fractions for NaBr are adapted from ref 24.
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ion concentration. This comparison suggests that chain blocking,
although visually startling in the snapshot in Figure 1, does not
play a larger role than OH-Na+ bonding in controlling the
immediate desorption of thermalized DCl molecules from the
surface of glycerol (assuming that Br- ions act similarly in each
solution). Both OH-Br- bonding and hexyl chain site blocking
for the THABr solution must be relatively ineffective in
suppressing DCl entry and dissociation in view of the high
surface density of hexyl chains and of Br- ions, which may
leave only ∼1/3 of the surface composed of glycerol molecules.
The permeability of surface hexyl chains is not limited to
THABr in glycerol: we have observed similar porosities for films
of neutral and protonated hexanol molecules at the surface of
aqueous sulfuric acid at 213 K. These films impede HCl entry
and water evaporation by at most 25%, even when the hexyl
chains cover the surface at densities corresponding to 68% of
a close-packed, upright monolayer.35

Ion-Mediated Interfacial D f H Exchange. Figure 9 also
shows that the THABr film enhances immediate D f H
exchange, although not as effectively as the NaBr solution. The
enhancements in alkali halide solutions were again rationalized
by the formation of OH-ion bonds, which rupture the one-
dimensional hydrogen bonding network found in pure glycerol.24,52

This network is responsible for shuttling D+/H+ away from Cl-

after DCl ionizes in the interfacial region,51,53 leading to bulk
solvation of Cl- and H+ as the dominant reaction channel. In
the presence of ions, this disruption of the Grotthuss proton
relay should impede H+ transport and thereby promote recom-
bination of Cl- with D f H-exchanged H+, followed by HCl
desorption before the ions separate again.

The large and hydrophobic THA+ ion is unlikely to reorient
interfacial OH groups sufficiently to break the connectivity of
the glycerol hydrogen bonds. As illustrated in Figure 1 and in
separate studies, water molecules surrounding tetrabutylammo-
nium ions and ion pairs form a hydrogen bonding network that
is at least as strong and as numerous as those in pure
water.3,4,16,43,54 In the case of THABr-glycerol solutions, surface
glycerol molecules may align their CH2CHCH2 backbone against
the hexyl chains, allowing OH groups along the backbone to
participate in hydrogen bonding and aid in the transport of H+

away from Cl-. In accord with this picture, the enhancement
in interfacial proton exchange by THABr (2.7% f 4.7%) is
less than half that of NaBr (2.7% f 7.7%). This comparison
suggests that both Na+ and Br- ions catalyze rapid D f H
exchange in the NaBr solution, whereas only Br- promotes this
exchange in the THABr solution.

THA+ ions may also interfere directly with OH-Br- bonding
at the high concentration of ions in the surface region, most
likely as Br- intermixes with the hexyl chains54,55 or as glycerol
restructuring around THA+ reduces the number of OH groups
that can bond to neighboring Br- ions. An analogous reduction
in the hydration of Na+ has been observed in simulations of a
mixture of NaCl and tetramethylammonium chloride in water.56

These interactions would tend to isolate the Br- ions, perhaps
contributing to the smaller enhancement in interfacial proton
exchange by THABr than by NaBr.

Concluding Remarks: Ionic Surfactants versus Ionic
Solutions

The comparisons in Figure 9 between an ionic surfactant and
alkali halide salt underscore the ability of solvated ions to
promote rapid Df H exchange and reduce DCl entry. Although
the 0.03 M THABr solution is 90 times less concentrated than
the 2.7 M NaBr solution, the interfacial ion concentrations are

similar (∼8 × 1013 cm-2 for THA+ and Br- versus ∼7 × 1013

cm-2 for Na+ and Br-). Interfacial THA+ ions should be located
primarily in the top solvent layer, with a deficit of THA+ just
below.10 The Br- counterions are likely to be located in the top
or nearby layers, as found experimentally for tetrabutylammo-
nium and tetrabutylphosphonium bromide in formamide,7,30 and
perhaps pulled even closer to the surface by THA+ than in the
NaBr-glycerol solution.15 The segregation of Br- and THA+

implies that ions in the surface region, and not those in the bulk,
are responsible for the 2-fold changes in DCl desorption and D
f H exchange in Figure 9.

These observations support our earlier pulsed-beam ex-
periments.21,24 The location of rapid D f H exchange was
previously inferred for pure glycerol and the alkali halide
solutions via the prechopper measurements in Figure 8. These
experiments place an upper limit on the bulk-phase solvation
time for DCl/Cl-/HCl species of 10-6 s, which corresponds to
a diffusion depth of 10 Å. The use of surfactant ions provides
an independent verification of this proximity to the surface,
because it does not depend on timing experiments or diffusion
models.

The propensity for both THABr and NaBr solutions to
catalyze interfacial DCl-glycerol reactions highlights the key
role of “frontier” ions, regardless of whether these ions are
brought to the surface because they are surfactants or accompany
them, or because their bulk concentration is high. In this sense,
ion-mediated DCl desorption and D f H exchange are local
processes that do not require ion participation many Angstroms
deep into the solution. Figure 9 shows that this catalysis proceeds
even if the cation is hydrophobic and does not bond strongly to
the solvent. We hope to extend this comparison by substituting
the weakly coordinating ClO4

- anion57,58 for Br- in order to
test the potentially unique role of halide ions in altering the
surface reactivity of protic liquids.

Appendix: Residence Times of HCl in Pure and
THABr-Glycerol

The exposure of glycerol to HCl gas generates H+ and Cl-

ions in solution. An increasing fraction of these ions recombine
and desorb as the exposure time increases, and the desorption
flux rises with time until it asymptotically matches the flux of
molecules entering solution and equilibrium is established. As
shown in refs 20 and 23, a characteristic residence time for the
ions in solution may be defined by

τ ) D( 4KHClRT

�th
2νth fHCl

(*2Fbeam
)( NA

1000) (A.1)

This equation was written incorrectly in refs 20 and 23. In
this expression, D is the joint diffusion coefficient for H+ and
Cl-, fHCl

(* is the mean molar activity coefficient of H+ and Cl-

in a saturated solution, �th is the HCl entry probability under
thermal collision conditions with an average velocity Vth, Fbeam

is the flux of HCl molecules on the surface, and KHCl )
(fHCl

(*2[H+*][Cl-*])/PHCl is the equilibrium constant for HCl (g)
h H+ (gly) + Cl- (gly). τ is equal to the time for the
instantaneous desorption flux to rise to ∼49% of the entering
flux. The dependence of τ on �th may be understood from two
constraints at equilibrium: the fluxes of HCl into and out of the
liquid are equal and the H+ and Cl- concentrations are fixed
for a given HCl gas concentration. To maintain these conditions,
a lower HCl entry probability (lower entering flux) must be
accompanied by a lower HCl exit probability (lower exiting
flux) and, therefore, a longer H+ and Cl- residence time in the
liquid at a constant H+ and Cl- concentration.
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For pure glycerol and 0.03 M THABr-glycerol, the ratio of
residence times is

τTHABr

τpure
) ( �th

pure

�th
THABr

fHCl, pure
(*

fHCl, THABr
(* )2

(A.2)

assuming that the diffusion coefficients are the same in the two
solutions. The entry probability, �th, is given by psolv/ptrap in
Figure 9. The activity coefficients are estimated using the
extended Debye-Hückel approximation

log(f(*) ) A√M

1 + Bd√M
(A.3)

where A ) 1.40 M-1/2 and B ) 0.46 M-1/2 Å-1 for glycerol at
292 K, and d is chosen to be 5.6 Å, which is the distance of
closest approach in water.59,60 The impinging HCl flux is
estimated from Figure 10 in ref 20 to be ∼8 × 1014 cm-2 s-1,
which generates a saturation concentration of HCl of 1 mM
and fHCl, pure

(* of 0.91. Equation A.3 also predicts that that fHCl,

THABr(* is 0.67 for the 0.031 M THABr solution. This lower
activity coefficient reflects the greater stabilization of H+ and
Cl- by THA+ and Br-, and lengthens the time HCl spends in
the solution before desorbing.

The estimated activity coefficients, along with the psolv/ptrap

values of 0.87 for pure glycerol and 0.75 for THABr, yield
τTHABr/τpure ) 2.5, which is 11% lower than the experimentally
determined ratio of 2.8 ( 0.7 from τ ) 0.40 ( 0.05 s in pure
glycerol and 1.1 ( 0.3 s in 0.03 M THABr. The predicted ratio
would be larger if the higher viscosity of the THABr solution
was taken into account.1 This good agreement demonstrates that
even the addition of small amounts of salt can significantly
increase the residence times of Cl- and H+ in glycerol.
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