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ABSTRACT: Gas—liquid scattering experiments are used to investigate the N:Os Brz  N,Os Brz N,O; Br,
oxidation—reduction reaction N,Os(g) + 2Br(aq) — Bry(g) + NO; (aq) + \ © & © & ©
NO, (aq), a model for the nighttime absorption of N,Os into aerosol droplets ﬁ ° é &fﬁ!f - _ﬁ*
containing halide ions. The detection of evaporating Br, molecules provides our first 5 &’ (N (P y (% ) ©
observation of a gaseous reaction product generated by a water microjet in vacuum. .\OQ ©, &0 @o %6\'}

N,O;5 molecules are directed at a 35 gm diameter jet of 6 or 8 m LiBr in water at 263

or 240 K, followed by detection of both unreacted N,O; and product Br, molecules by velocity-resolved mass spectrometry.
The N,O; reaction probability at near-thermal collision energy is too small to be measured and likely lies below 0.2. However,
the evaporating Br, product can be detected and controlled by the presence of surfactants. The addition of 0.02 m 1-butanol,
which creates ~40% of a compact monolayer, reduces Br, production by 35%. Following earlier studies, this reduction may be
attributed to surface butanol molecules that block N,O; entry or alter the near-surface distribution of Br™. Remarkably, addition
of the cationic surfactant tetrabutylammonium bromide (TBABr) at 0.005 m (9% of a monolayer) reduces the Br, signal by
85%, and a 0.050 m solution (58% of a monolayer) causes the Br, signal to disappear entirely. A detailed analysis suggests that
TBA® efficiently suppresses Br, evaporation because it tightly bonds to the Br;~ intermediate formed in the highly concentrated
Br~ solution and thereby hinders the rapid release and evaporation of Br,.

Bl INTRODUCTION

Liquid microjets provide the opportunity to explore
interactions between gases and aqueous solutions in vacuum
with minimal interference from gas—water vapor collisions.' ™
These narrow and fast-moving streams of water have diameters
small enough to limit the density of the vapor cloud
surrounding the jet, and they move fast enough to be
observable before the jet breaks up into droplets and freezes.
Among their many applications, microjets have been widely
employed to investigate water”” and solute evaporation”' ™"
and reactive gas uptake.”"*™"°

Microjets can also be used to investigate gas—liquid
chemical reactions by monitoring both the gas-phase reactant
and gas-phase product. We explore the oxidation—reduction
reaction, N,Os5(g) + 2Br(aq) — Bry(g) + NO;(aq) +
NO, (aq), which is the bromide analogue of the ubiquitous
chloride reaction, N,O(g) + Cl (aq) — CINO,(g) +
NO; (aq)."*™' Together, these aerosol-mediated reactions
provide a means to transport reactive Br and Cl atoms into the
troposphere following sunlight-driven photolysis of gaseous Br,
or CINO,.”> We pursue the bromide reaction here because of
our ability to monitor Br, and inability to distinguish CINO,
and N, O using electron-impact ionization.”> > In addition to
these halide reactions, N,O; may also undergo hydrolysis to
NO,™ and H".'” 0 The branching to HNO,, however, dmps
from 100% in pure water to less than 20% in 1 M NaCL”
reflection of the superior nucleophilicity of Br~ over Cl in
protic solvents,”*”’ the branching from CINO, to Br, exceeds
50% in a frozen salt mixture at just 1:30 NaBr/NaCL*
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Figure 1 illustrates a possible mechanism for Br™ attack on
N, Oy in the near-interfacial region, leading initially to NO;™ +
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Figure 1. Possible pathways for collisions of N,O; with a LiBr/H,0
solution and its oxidation of Br™ to Br,. The species BtNO, and Br;~
are likely reaction intermediates. N,Og may also hydrolyze to 2NO,~
+ 2H" (not shown).

Non-Reactive Br,
Desorption Evaporation

BiNO,.'%'7 The parallel reaction of CI~ with N,Oq in water
clusters has been investigated by electronic structure
calculations®' and by coupled ab initio molecular dynamics
simulations and vibrational spectroscopy experiments. % On
the basis of these studies, it is likely that Br~ attacks
N02§W03 during fluctuations that polarize the molecule,**
forming short-lived (BrNO,NO,)" or directly ejecting NO,~
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in an Sy2 attack to form BrNO,. Unlike CINO, and CI~,*>*
BrNO, reacts favorably with a second Br™ to produce Br, and
NO,,"*"?% with an equilibrium constant estimated to be 10*
at 298 K (in comparison with an estimated equilibrium
constant of 10~° for Cl, formation).”’”*' The BrNO,
intermediate has been identified in the gas phase in reactions
of N,O5 with solid NaBr** and with dilute NaBr solutions."”
Only Br, has been observed using concentrated bromide
mixtures’””" and in field studies,”’ likely because BrNO, reacts
before evaporating. As we emphasize later, Br, itself can react
with a third Br™ to form the stable Br;~ anion; this reversible
complexation enhances the effective solubility of Br, and slows
its evaporation.43 These successive Br™ reactions are especially
favorable in the 6 and 8 m (molal) LiBr solutions used in the
present study, which correspond to 5 and 7 M LiBr and 1:9
and 1:7 LiBr/H,O ratios, respectively. The highly soluble LiBr
salt enables the solutions to be cooled to temperatures where
the vapor pressure is a few Torr or lower in order to minimize
collisions in the vapor cloud surrounding the microjet.”” These
temperatures were chosen to be 263 K for 6 m LiBr (2.1 Torr
and § cP viscosity) and 240 K for 8 m LiBr (0.4 Torr and 13
cP).*** Although LiBr itself is not found in sea spray, the high
concentrations used here occur naturally in aged aerosol
particles. In particular, the NaCl concentration jumps from 0.5
m in the ocean to 6 m in aerosol particles as the relative
humidity drops to 76% and water evaporates from the
particles.

We use gas-microjet scattering experiments to explore
reactions of N,O; with pure LiBr/H,0O solutions and then
learn how its reactivity is altered by the addition of a nonionic
surfactant, 1-butanol, and a cationic surfactant, tetrabutylam-
monium bromide (TBABr). These experiments enable us to
monitor the outcome of a gas-microjet reaction from the gas-
phase reactant to gas-phase product by tailoring the interfacial
region of an aqueous solution.

B EXPERIMENTAL PROCEDURE

The scattering apparatus in Figure 2 depicts the LiBr/H,0
reservoir, microjet assembly, N,Os beam, and mass spec-
trometer detector. Each component is discussed below.
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Figure 2. Microjet scattering apparatus for exploring collisions of
N,Os with a 35 um diameter jet moving at 30 m s '. The aging,
observation, and droplet distances are indicated along the jet.

Microjet Generation. Solutions of 6.0 + 0.1 and 8.0 + 0.1
m LiBr are prepared by dissolving the salt (99% Alfa Aesar) in
Millipore water, filtering to remove insoluble residues, and
suctioning the surface of the solution to remove insoluble
surfactants inadvertently introduced by the salts or water.
Surfactant mixtures of TBABr (>98% Sigma-Aldrich) and 1-
butanol (99.8% Sigma-Aldrich) are made by mixing them into
the LiBr solutions. The 6 and 8 m solutions are then
pressurized with Ar gas to ~6 and ~2 atm, respectively, and
forced through a tapered glass nozzle with an outer diameter of
6.4 mm and an inner exit diameter of 35 pm, as determined
from microscopic images. A variably cooled copper block just
above the glass nozzle lowers the temperatures of the 6 and 8
m solutions to 270 and 258 K, respectively. The 6 m LiBr jet
travels at speeds of 30—32 m s~ and evaporatively cools to an
average temperature of 263 + 15 K within an observation
region located 2.6—5.9 mm from the nozzle exit, as depicted in
Figure 2. Similarly, the 8 m LiBr jet travels at a slower speed of
17 m s* and evaporatively cools to 240 + 10 K. These jet
temperatures are predicted to within the error bars by
evaporative cooling calculations in refs.”* Jet breakup then
leads to droplet formation at ~7 mm (6 m LiBr) and ~6 mm
(8 m LiBr) from the nozzle." These droplets pass through the
chamber and are collected in a vacuum flask cooled to 200 K.
The interaction region is surrounded by liquid nitrogen-cooled
panels, which, along with a baffled 2300 L s diffusion pump,
capture water and N,O; molecules and maintain the pressure
below 1 X 107° Torr.

N,Os Incident Beam. Low translational energy (10 kJ
mol™') N,0O4 molecules are generated to measure N,O; uptake
into solution at near-thermal collision energies, whereas high
translational energy (~100 kJ mol™") N,O; molecules are used
to monitor Br, production. This high-energy N,O; beam is
employed to detect the weak Br, signal because its greater
speed generates an incoming flux that is ~40 times larger than
the 10 kJ mol™" beam (the flux of the 100 kJ mol™' beam is
estimated to be 10" cm™ s, which delivers 107> monolayers
of N,O; to the surface over the 110 us exposure time).

N,O; is synthesized by oxidizing NO gas with O, and
trapping the product in a glass vessel submerged in a dry ice-
ethanol bath.*” A beam of 10 kJ mol™! N, Oj is created from its
vapor at 261 K (20 Torr vapor pressure) as it expands
supersonically from a 100 gm diameter pinhole nozzle heated
to 353 K to minimize cluster formation. The 100 kJ mol™
N,O; beam is generated by passing H, over the N,O; sample
at 261 K and expanding the 700 Torr mixture through the
same nozzle. Before entering the gas nozzle, the N,O; gas is
purified in two steps to remove HNO, arising from the
hydrolysis of N,O; with residual water: the gas stream first
passes through a P,0; glass-bead trap to oxidize HNO; back
into N,O; and then passes through a trap filled with nylon
mesh that irreversibly reacts with HNO,. As shown later, the
N,O; beam still contains on average 11% HNO,. The heated
nozzle may also decompose a fraction of N,QO; into NO, and
NO,, predicted by e(c][ui]ibrium calculations to be just 0.3% at
353 K and 20 Torr.”" A search for NO; at its parent ion mass
of 62 Da (~15% ionization branchingz fraction® and ~60%
ionization probability relative to N,0O,™*) yielded a similar 0.3
+ 0.3% NO, fraction.

Detection of Gas-Phase Species. Unreacted N,Oq
molecules scattering and desorbing from the microjet, along
with the evaporating Br, product, are detected at 90° from the
incident beam by a doubly differentially pumped mass
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spectrometer equipped with electron impact ionization.
Molecules traveling toward the detector are chopped into 57
pis pulses by a spinning slotted wheel, as shown in Figure 2,
and their arrival times over a 19.4 cm flight path are recorded
as a time-oflight (TOF) spectrum. A vertical slit aperture
positioned in front of the chopper wheel limits the viewing
region of the detector to a 3.3 mm segment of the jet, from 2.6
to 5.9 mm below the nozzle tip, in order to minimize
background signals and reduce the observed temperature
gradient along the microjet. This aperture and two additional
ones pictured in Figure 2 prevent molecules scattering off the
tip of the glass nozzle from entering the mass spectrometer.
The glass nozzle may also be intentionally placed in the
scattering region by translating the nozzle downward and
moving it slightly away from the mass spectrometer to intersect
a larger glass area.

Microjet Temperature. Average jet temperatures in the
2.6—5.9 mm observation region are determined by monitoring
the speed distribution of evaporating argon atoms dissolved in
solution.” To generate an argon-saturated solution, the liquid
reservoir is evacuated, filled with Ar gas, and then physically
shaken to mix the gas and liquid. Figure 3a shows that Ar
atoms desorb from the jet in an approximate Maxwell—
Boltzmann (MB) distribution that is fit to a temperature of 263
K, along with fits at +£15 K. None of the MB fits are exact
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Figure 3. TOF spectra of evaporating (a) argon atoms and (b) water
molecules from a 6 m LiBr/H,0 jet. In (a), the black dashed line is a
best fit to a MB distribution at 263 K, along with dotted MB fits at
+15 K. In (b), the observed H,0 TOF spectra are compared to
temperatures at 240 and 263 K determined by Ar evaporation: the
faster and narrower water spectra reflect H,O—H,O collisions in the
vapor cloud surrounding the jet.

because the Ar atoms expand slightly supersonically through
the vapor cloud, implying that some evaporating Ar and H,0O
collide as they exit the jet.”'**** Figure 3b illustrates that
water molecules themselves evaporate in a more developed
supersonic expansion because of the larger cross section for
water—water collisions in the jet vapor cloud.” This
distribution is more Maxwellian at 240 K than at 263 K
because of the drop in water vapor pressure from 2.1 to 0.4
Torr. Smaller jet diameters also lead to more Maxwellian
distrili'o(tlll:izons but reduce the scattering signals proportion-
ately. ™

Surface Tension Measurements. The surface tensions of
the salt and surfactant solutions are measured by the Wilhelmy
plate method. Measurements are performed at each concen-
tration by monitoring the force acting on a 16.5 mm X 0.1 mm
Pt plate within a N,-purged enclosure. The deviations between
independent runs are found to be roughly 0.5 mN m™".

Bl RESULTS AND DISCUSSION

We carried out five distinct experiments to investigate
reactions of N,O5 with 8 and 6 m LiBr solutions at 240 and
263 K: (1) measurements of N,Os reactive uptake, (2)
observation of the Br, reaction product, (3) benchtop surface
tension and surface composition measurements of TBABr and
butanol solutions, (4) estimates of the microjet surface
composition by high-energy SF4 scattering, and (S) inves-
tigations into surfactant control of Br, production and
evaporation.

Measurement of N,0; Uptake. We first attempted to
measure the irreversible, reactive uptake of N,Os into 8 m
LiBr/H,O at 240 K using the beam reflectivity method.”
Details are provided in ref 15, where we successfully used this
approach to determine the entry probability of organic acids
and bases into LiBr/H,O microjets. Briefly, the flux of N,O4
molecules that impinge on the jet surface is compared with the
flux of molecules that do not react and instead return to the gas
phase. This outgoing N,Oj flux is monitored by recording the
TOF spectrum of N,Os (at NO,*) desorbing from the jet
when it is exposed to the gas. The incoming N,O; flux is not
measured directly but is instead monitored by recording the
TOF spectrum when the incident N,O5 beam reflects from the
nonreactive borosilicate glass nozzle. Because the 6.4 mm
diameter glass nozzle and 35 ym diameter water microjet have
such different sizes, we calibrate the N,O; scattering signal by
comparing it with the scattering of argon, a perfectly
nonreactive gas. The fraction of escaping N,O; molecules is
then calculated from P, = (J/G)no,/(J/ G) oy where ] is the

gas flux from the microjet and G is the gas flux from the glass
nozzle."® Pegape can vary from 0, where all N,O; molecules
react with the jet and do not escape, to a value of 1, where no
N,O; molecules react and instead behave like Ar atoms. The
reactive uptake probability Py (also called the uptake
coefficient y) is then equal to 1 — P,.. We use low
translational energy, 10 kJ mol™" (5 RTy,) N,O5 molecules in
order to ensure that nearly all impinging N,O; molecules
thermally equilibrate at the surface upon collision, a likely
prerequisite for the reaction (as discussed later).** ™%

Figure 4 illustrates how Ar atoms and N,O; molecules
interact with the 8 m LiBr/H,O jet and glass nozzle. Panel a
shows the TOF spectrum of Ar atoms scattering from the glass
nozzle at a near-thermal collision energy of E,_ = 7 kJ mol™".
The small signal near the baseline is the TOF spectrum of Ar
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Figure 4. TOF spectra of argon atoms following collisions with the
(a) glass nozzle and (b) 8 m LiBr/H,O jet, along with TOF spectra of
N,O; molecules following collisions with the (c) glass nozzle and (d)
jet. The weak jet spectra are also shown in (a,c) and are enlarged by
70-fold in (b,d). J/G refers to the ratio of the fluxes of Ar or N,O4
desorbing from the jet (J) and glass nozzle (G).

scattering from the 170-fold smaller microjet surface. This jet
spectrum is enlarged by a factor of 70 in Figure 4b. MB fits to
the TOF spectra reveal temperatures of 258 K for the glass
nozzle and 240 K for the jet, which has further cooled by
evaporation. The value of J/G for Ar is 0.0160 + 0.0009 (90%
confidence interval for 11 independent measurements). This
value is larger than the geometric jet-to-glass nozzle diameter
ratio of 0.0055 because the mass spectrometer does not view
the entire width of the glass nozzle and because the actual size
of the microjet is slightly larger than the exit diameter of the
nozzle.

Panels ¢ and d of Figure 4 show TOF spectra for N,O;
molecules scattering from the 8 m LiBr/H,O solution and the
glass nozzle. The tiny signal near the baseline in panel c is the
TOF spectrum for N,O5 desorbing from the microjet, which is
enlarged in panel d. The imperfect fit to a 240 K MB
distribution is likely caused by collisions between desorbing
N,Os and H,O molecules in the vapor cloud surrounding the
microjet. We tested this idea by scattering CHCI, from the jet
and glass nozzle. This nonreactive molecule was chosen
because it is similar in mass and size to N,O; and is weakly
soluble."" While the CHCl, nozzle spectrum fits an MB
distribution at 255 K, just like Ar, the CHCI, jet spectrum is
similar in shape to the N,O; jet spectrum in panel d (see the
Supporting Information for comparison of CHCl, and N,O,
spectra).

An additional complicating feature in measuring N,O;
uptake is the presence of HNO; impurity in the N,Oj
incident beam, as both molecules ionize primarily to NO,*
(m/z = 46) in the mass spectrometer.”*">° These impinging
HNOj; molecules are expected to enter and dissolve into the
240 K solution on every collision and remain for long
times.”**'~** Thus, even a small fraction of HNO; in the
incident beam will interfere with the N,O; uptake measure-

ment. We attempted to correct for the presence of HNO; by
decomposing the N,O5 TOF spectrum from the glass nozzle in
panel c into two Maxwellian components: one for HNO; (63
Da) and another for N,O; (108 Da). This decomposition
assigns a fraction f = 84% of the spectrum in panel c to N,O;
and the remaining 16% to HNO;, both detected at NO,".
Independently, we determined the relative ionization proba-
bilities f# of N,O5 and HNO; to NO," (m/z = 63) in the
electron impact ionizer to be NO,"(N,0;)/NO,"(HNO,) =
0.65.”> The true fraction h of N,O; in the incident beam is
then h = f/[f + (1 — f)] = 90%. The NO," signal arising from
N,Os is equal to h-Gyo, and Py equals 1 — (J/hG)no,/(J/
G)a- Averaged over all measurements, we found h to be 0.89 +
0.04.

The N,O; uptake measurements in Figure 4 were repeated
11 times, yielding an average reactive uptake probability of
—0.05 + 0.10 (90% confidence interval). Negative values
cannot be real, but the large confidence interval encompasses
small positive values as well. This broad distribution reflects
the challenges of measuring small uptake probabilities using
high vapor pressure microjets in the presence of a highly
reactive impurity. In comparison, N,O; uptake into saturated
NaCl solutions is measured to be close to 0.03 at 298 K and
rises to 0.19 when in contact with 23 m sulfuric acid at 240 K,
the highest value recorded."*”"**** We estimate that this 0.19
reaction probability value would have caused a 23% reduction
in our measured jet spectrum and should have been
discernible, implying that reactive loss of N,Og to 8 m LiBr/
H, O at 240 K very likely occurs with a probability lower than
the current 0.19 maximum.

One inference from the small inferred uptake is that the
greater nucleophilicity of Br~ over CI™ does not substantially
lead to enhanced capture of N,O; molecules, at least not
beyond the previous 0.03—0.19 measurements quoted above.
Perinne et al. have shown that Br~ and Li* are both surface-
active ions in water, each having oscillatory depth profiles.” In
particular, the Br  ion concentration within the outermost
water layer of a 2 M LiBr solution is very close to its bulk phase
value and the Li* ion concentration peaks just below this layer.
If the Br™ interfacial concentration in our 8 m (7 M) LiBr
solution is also equal to the bulk concentration, then these Br~
ions are on average spaced 6 A apart. The N,O; entry
probability has been measured by Grinié et al.*® to be greater
than 0.4 at 298 K and perhaps approaches 1 at 240 K. In this
case, nearly all N,Og5 molecules interact within an interfacial
region in which they are typically separated by one water
molecule (3 A) from a Br™ ion, likely making contact several
times with these ions before desorbing into the gas phase. The
actual contact time and penetration depth of N,Og molecules
into the 240 K LiBr solution are not known; simulations by
Hirschberg et al. indicate that the adsorption time exceeds 25
ps on the surface of pure water at 298 K.** This interaction
time should be longer at 240 K, but based on our
measurements, it is still too short to allow N,O; to react
with Br~ on most collisions.

Production of Gaseous Br,. In contrast to our difficulties
in measuring N,O; uptake using low-energy N,O; molecules,
we were able to measure the Br, product using 100 kJ mol™’
N,Oj5 molecules, whose high speed provides 40 times the flux
of the low-energy beam. We have used these high-flux beams in
previous studies of collisions of HCI with sulfuric acid,*® DCI
with pure glycerol,67 and Cl, and N,O; with glycerol
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containing NaBr and surfactants.*** In each case, the trapping
probability decreases with increasing collision energy, but the
fraction of impinging molecules that react scales with the
fraction that fully dissipate their excess energy and become
trapped (adsorbed). This scaling implies that trapping
precedes reaction with solute or solvent species. For 100 kJ
mol ™ collisions of N,Og with 8 m LiBr/H,0 at 240 K, Figure
5 reveals that energy dissipation into surface and subsurface

E,.= 100
< | kJ/mol N>Os
c
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1) jet
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g TD
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Ui /  Maxwell-
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Figure 5. TOF spectrum of nonreactive N,O, undergoing TD and IS
following collisions of 100 kJ mol™" N,O; with 8 m LiBr at 240 K.
The large TD signal (corresponding to 65% of the outgoing flux)
implies extensive energy dissipation and thermal equilibration of high-
energy N,Os molecules at the surface of the microjet.

H,O must be rapid in order for the N, thermal desorption
(TD) signal to be so strong.** Parallel behavior is observed for
collisions of N,O; with the surface of ice, where thermalization
is also extensive.”” Recent experiments by Langlois et al.
further suggest that impinging N,O; molecules that do not
thermalize at the surface of water almost always scatter back
into the gas phase: the probability for direct embedding of a
molecule at 100 k] mol! with the mass of N,Og below the
interfacial region of amorphous ice is only 0.1%.°° On the basis
of these studies, we were motivated to use a high-energy and
high-flux beam to observe reactions of N,O; adsorbed on the
surface of the LiBr/H,O microjet.

Figure 6a demonstrates that N,O; can indeed react with Br~
in a 6 m LiBr jet at 263 K to produce product Br,. These Br,
molecules do not evaporate in a Maxwellian distribution, most
likely because of collisions between Br, and outgoing H,0O
molecules in the vapor cloud surrounding the jet at 263 K (P‘,ap
= 2.1 Torr), which in turn generate a moderately supersonic
expansion. The approach to a Maxwellian distribution can be
seen in panel b, which displays Br, evaporating from an 8 m
LiBr jet at 240 K (P, = 0.28 Torr), as determined by Ar
evaporation. This lower vapor pressure jet spectrum is better fit
by a 240 K MB distribution but is still slightly supersonic (in
accord with the non-Maxwellian N,O; jet spectrum in Figure
4d).

As illustrated in Figure 1, the Br, product that is created by
the sequential attack of Br~ on N,QOj can react reversibly with a
third Br~ to generate Bry", especially in concentrated Br~
solutions. The physical solubility Hp, of Br, is close to 4 M
atm™! in supercooled water at 263 K, a low value that would
lead to rapid evaporation for Br, produced near the surface.”
The solubility of Br,, however, is greatly enhanced by Bry~
formation, whose favorable equilibrium is estimated to be K.,

6 molal LiBr N,O
Tit = 263 K ﬂ
-
P
Bry jet

/ 263K
J Maxwell-
Boltzmann
Distribution

Br, Evaporation Signal

t
@
8 molal LiBr ~
Ty = 240 K “
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Figure 6. TOF spectra of evaporating product Br, following reaction
between N,O; and Br™ in (a) 6 m LiBr at 263 K and in (b) 8 m LiBr
at 240 K. The black dashed lines are MB distributions at 263 K in (a)
and 240 K in (b). The solution temperatures, T, are determined by
Ar evaporation.

=16 for Br™ + Br, = Br; ™ in 6 m (5 M) LiBr at 263 K.** This
reaction leads to an effective solubility H. = HP,,),S(I +
K.y[Br]) = 360 M atm™, which causes Br, to evaporate at a
slower rate. We estimate in the Appendix that the characteristic
residence time 7 of Br, in solution increases from much less
than 1 to ~6 us because of Bry;~ formation, a time that
corresponds to diffusion over a depth z ~ (Dz)"* = 400 A for
D =24 % 10°° cm®s™"."" In this case, roughly 90% of the Br,
molecules evaporate during the 110 us observation time of the
jet.
The identification of Br, enables us to learn which
parameters control its production in the near-interfacial region,
including solution temperature, LiBr concentration, effects of
dissolved NO;~ and NO,™ on intermediate steps, and the
presence of nonionic, ionic, and reactive surfactants. We chose
in this study to investigate two surfactants, a nonionic alcohol
that may block entry and alter interfacial Br~ concentrations
and a cationic surfactant that complexes with the Bry~
intermediate. The surface behavior of these surfactants and
their ability to alter N, O reactivity and Br, release into the gas
phase are described below.

Characterizing Surfactant Concentrations at the
Microjet Surface. We find that the Br, signal in Figure 6
can be controlled by the addition of the nonionic surfactant 1-
butanol and the cationic surfactant TBA*/Br~. To make these
observations quantitative, we first made measurements of their
equilibrium surface concentration in 6 m LiBr solutions at 298
K and then used SF4 scattering to gauge their surface
concentrations in the microjet itself.
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Surface Concentrations of TBABr and 1-Butanol. The
surface concentrations c,,s were calculated from the Gibbs
adsorption equation, ¢, & (—1/RT)(dy/0dIn cyyy )7, assuming
unit activity coeflicients for the bulk surfactant concentration
Chokr Figure 7 displays the surface tensions and surface
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Figure 7. (a) Benchtop surface tension measurements of 6 m LiBr
solutions at 298 K upon addition of 1-butanol, blue squares, and
TBABr, gray circles. (b) Surface concentrations of 1-butanol and
TBABr obtained from (a) using the Gibbs—Langmuir equation
y(pure) — ¥(cpur) = cRT In(1 + Kepy ). The parameters are ¢, 1-
butanol) = 5.1 x 10" cm™ and ¢, TBABr) = 1.1 X 10"* em™ and
K(1-butanol) = 39 m™ and K(TBABr) = 1.7 X 10* m~'. The stars
represent concentrations used in the experiments.

concentrations of TBA* and 1-butanol, along with fits to the
two-parameter Langmuir adsorption isotherm, ¢y, =
ol Kepui/ (1 + Keyygi)). The TBA' surface concentration
rapidly saturates at 1.1 X 10" cm™ This corresponds to
roughly 58% of a compact monolayer assuming a tight packing
area of 54 A? for TBA" estimated from ref 73. In contrast, the
1-butanol concentration rises more slowly and reaches 2.2 X
10" cm™ at the 0.020 m concentration used here, equal to
~44% of a compact all-trans monolayer assuming a close-
packed area of 20 A%’* Simulations of the loosely packed
tetrabutylammonium iodide (TBAI)/H,O and 1-butanol/5 M
Nal/H,O surfaces at similar concentrations are shown later in
Figures 8a and 10a.>7>7¢

High-Energy SF¢ Scattering to Probe Surfactant Surface
Composition. The fast ~30 m s~ speed of the microjet limits
the time for 1-butanol and TBA* to diffuse to the surface when
the jet reaches the middle of the observation region in ~140
ps. This short time may be insufficient for full segregation to
the equilibrium values in Figure 7. To estimate the
concentration of the surfactant in the observation region itself,
we use high-energy SFg scattering to detect the presence of
hydrocarbon chains and Br™ ions at the microjet surface. We
have used this technique before with argon scattering to detect

Incoming  Impulsive Thermal
SFg Scattering Desorption

+ 50 mm TBABr (b)
7.6 m LiBr + 150 mm TBABr
+ 30 mm TBABr
+ 10 mm TBABr

+ 5 mm TBABr
6 molal LiBr

+50 mm]TBABr (c)

@ 7.6 m LiBr + 150 mm TBABr

+ 30 mm TBABr

+ 10 mm TBABr
+ 5 mm TBABr

6 molal LiBr

Relative SF¢ Scattering Signal

1200
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Arrival Time (us)

Figure 8. (a) Scattering diagram of SF, impinging on a surface
containing TBAL The molecular dynamics simulation is a top view of
TBAI on water at a surface concentration of 09 X 10" cm™,
reprinted from ref 75. (b) TOF spectra of SF, following collisions of
high-energy SF; with 6 m LiBr at 263 K containing 0, 5, 10, 30, and 50
mm TBABr and 7.6 m LiBr containing 150 mm (millimolal) TBABr.
The black dashed line is a MB fit at 263 K corresponding to SF; TD.
(c) IS component from each spectrum in (b). This IS component is
obtained by subtracting the TD component from each TOF
spectrum. Each spectrum is displayed after normalizing by the
magnitude of its TD flux.

surfactants at the surface of sulfuric acid and glycerol,**”* but
we found that high-energy 90 kJ mol™ Ar collisions are not
sensitive enough for aqueous salt solutions. The more massive
SF4 molecule can be accelerated to higher energies of 300 k]
mol™' and generates more discernible patterns in the TOF
spectrum. As pictured in Figure 8a,” impinging SF¢ molecules
may impulsively scatter (IS channel, short arrival times
corresponding to high velocities) from the TBA*/Li*/Br /
H, 0 surface in one or a few collisions, measured in panel b to
retain on average 1/10 of their translational energy. The
remaining SF4 molecules fully dissipate their excess energy and
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then thermally desorb (TD channel, long arrival times and low
velocities), propelled into vacuum by thermal motions of the
surface species. Figure 8b shows SFq scattering from 6 m LiBr
at 263 K mixed with 0, 0.005, 0.010, 0.030, and 0.050 m
TBABr and 7.6 m LiBr mixed with 0.1500 m TBABr. As the
TBABr concentration is increased, the direct scattering
component also increases, accompanied by a small decrease
in TD. We tentatively attribute this growth in direct scattering
to collisions of SF¢ with individual surface TBA* ions, either
surrounded by H,O or bound tightly to Br™. These species are
substantially more massive than H,O itself, and so their
segregation to the surface may cause impinging SF¢ molecules
to lose less energy upon impact.”” Figure 8c isolates just this
direct scattering component, which reaches a steady signal
strength near ¢,y = 0.050 m TBABr. As in previous studies
utilizing high-energy Ar scattering, we correlate changes in the
ratio r of IS to TD fluxes with changes in TBABr surface

2
© | iDiffusion Equilibrium
x i Control Control
-NE i
5 .
E fofroeee "
o1
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& .
o
]
s
b=
=]
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Figure 9. TBABr surface concentration determined by SF4 scattering
in the observation region of the microjet (black squares). The y-axis is
calculated from the relative sizes of the IS components in Figure 8b
according to eq 1. The red line is the zero-coverage prediction, given
by ¢ = (4Dt/m)" 2,y The blue line is the equilibrium surface
concentration obtained in Figure 7.

composition cg,e This map is shown in Figure 9, constructed
from the relation”®

Court (Coulic)/ C5es (0.0 m TBABr)
= (change in observed IS/TD ratio due to surfactant)
/(maximum monolayer change)
= [r(cyu) — r(pure LiBr)]/[r(0.05 m TBABr)
— r(pure LiBr)] (1

Figure 9 implies that the TBA*/Br~ surface concentration
steadily increases until approximately 0.050 m. The red line
corresponds to the prediction for filling an empty surface,
where every TBA" that diffuses to the surface sticks to it. In
this diffusion-controlled case, c,¢ = (4Dt/7)" ey, ~ plotted
using D = 12 X 107° cm? s! and t = 140 ps.” The
measurements increasingly deviate from this line as the empty
surface sites fill up with TBA*.

The neutral surfactant 1-butanol behaves differently from
TBA*/Br~, as shown in Figure 10. The addition of 0.02 m
butanol to 6 m LiBr suppresses the direct scattering of SF,

Incoming  Impulsive Thermal
SFg Scattering Desorption

et

+ 20 millimolal
g, 1-butanol

1

SF¢ Scattering Signal

vl

L
1200

I I
400 800

Arrival Time (us)
Figure 10. (a) Pathways for collisions of SF; with a LiBr/H,0O
solution with 1-butanol molecules at the interface. The molecular
dynamics simulation shows the top view of 1-butanol on a 5.0 M Nal/
H, 0 solution at a surface concentration of 2.8 X 10'* cm™?, reprinted
from ref 76. (b) TOF spectra of SF, following collisions of high-
energy SF, with 6 m LiBr at 263 K containing 0 and 20 mm 1-butanol.
The black dashed line is a MB distribution at 263 K corresponding to
SE; TD. The red and blue dotted curves are the IS components,
obtained by subtracting the TD component from each spectrum.

perhaps because the individual butyl chains are more flexible
than the tethered chains in TBA" and because the neutral
molecule is not paired with Br™. This surfactant is predicted to
diffuse slightly faster than TBA®, and according to Figure 9 and
D = 1.8 x 107° em® s.%" it likely reaches a surface
concentration close to 2.0 X 10" cm™2, just below its
equilibrium value of 2.2 X 10" cm™. This microjet surface
concentration corresponds to 40% of a compact monolayer.
Effects of 1-Butanol and TBA*/Br~ on Br, Production
and Evaporation. We anticipated that partial monolayers of
butanol would hinder N,Oj entry into the Br™-rich interfacial
region based on previous observations that a hexanoic acid
monolayer on artificial seawater and butanol and hexanol
monolayers on sulfuric acid each reduce N,O; hydrolysis.*>**
Figure 11 compares Br, production from bare 6 m LiBr at 263
K and the 0.02 m butanol solution analyzed above. The spectra
indicate that the butanol monolayer, at 40% of a compact
monolayer, suppresses the Br, signal to 0.65 of its value from
pure LiBr. This reduction is remarkably similar to our previous
measurement of N,Og uptake into a 44% coverage butanol
monolayer on 72 wt % H,SO, at 216 K, which revealed that
butanol suppresses N,O; uptake to 0.65 + 0.16 of its value on
the pure acid solution.”” We do not yet know if this
suppression arises because the butyl chains restrict contact of
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Figure 11. TOF spectra of product Br; evaporating from 6 m LiBr
(red) and with 20 mm 1-butanol added to solution (blue). The Br,
signal is reduced by 35% upon addition of 1-butanol.

the N,O; molecules with interfacial ions or if the monolayer
itself alters the Br~ and Li" concentrations near the butanol
OH group. This second explanation is inspired by the studies
of Krisch et al, who found that the high interfacial I" /K" ratio
in a saturated KI solution at 263 K decreases toward one when
butanol is spread on the surface and both K* and I~ interact
with the buried butanol OH grn:rup.?‘S An analogous interfacial
reduction in Br~ and an increase in Na* were measured by Lee
et al. when citric acid was added to dilute NaBr solutions.'***
Within this picture, the 35% Br, suppression we observe may
be partly caused by an interfacial reduction in Br~ ions or
preferential interaction of Br~ with butanol if N,O; samples
just the top layers of the solution before desorbing back into
the gas phase.

The effects of TBABr are even more striking. Figure 12
shows that the addition of 0.005 m TBABr reduces the Br,
evaporation signal to 15% of its pure value and the addition of
0.050 m TBABr eliminates the Br, signal. The surface
concentrations in these cases are 1.6 X 102 cm™ (9% of a
compact monolayer) and 1.1 X 10" cm™ (58% of a compact
monolayer). In comparison to the reduction to 65% of the
pure value by the butanol monolayer, the sharp reductions
caused by TBABr suggest that physical blocking by the butyl
chains may not be the sole explanation for the reduced Br,
signal. Our earlier studies of tetrahexylammonium bromide
(THABr) in glycerol indicate that this cationic surfactant
actually enhances Br, production by drawing more Br™ ions to
the surface.’® These studies were carried out using a slowly
rotating coated wheel that can monitor reaction times up to
several seconds; they showed that the addition of 0.03 M
THABr to a 2.7 M NaBr/glycerol solution extends the lifetime
of Br, from 30 us to greater than 0.1 s, which we attributed to
the formation of THA*/Br;~ ion pairs in solution. * The
disappearance of Br, may therefore primarily arise from the
high stability of the TBA"/Br;  ion pair, which delays its

6 molal LiBr 2oi H

Br, jeJ
+ 5 millimolal TBABr

+ 50 millimolal

Br, Evaporation Signal

1 1 1
400 800 1200
Arrival Time (us)

Figure 12. TOF spectra of product Br, evaporating from 6 m LiBr
(red) and with S mm (gray) and SO mm (blue) TBABr added to
solution. The Br; signal is reduced by 85% upon addition of S mm
TBABr and is not detected upon addition of 50 mm TBABr.

evaporation for times much longer than our 110 ps observation
time.

We can make this argument quantitative by estimating the
effective Br, solubility that would reduce its evaporation to
15% upon addition of 0.005 m TBABr to 6 m LiBr at 263 K. As
calculated in the Appendix, the equilibrium constant for tight
ion pairing via Br;~ + TBA® = TBA'/Br;~ must be at least
8000, which causes a 40-fold increase in the solubility of Br, in
the absence of TBA*. This enhanced solvation increases the
predicted Br, residence time to ~1 s and decreases its
evaporation to just 1% when the TBABr concentration is raised
to 0.050 m, in accord with our inability to detect it. The high
concentration of TBA* and Br~ at the surface makes it likely
that Bry~ is created near the surface and forms ion pairs with
the segregated TBA™ cations. However, this interfacial ion pair
formation may not be essential. Even in the absence of
interfacial TBA®, the predicted 6 us solvation time for Br;~
allows these ions to diffuse ~400 A and encounters on average
five TBA" ions in the bulk of the 0.005 m solution before it
evaporates as Br,. Thus, Bry ions created by N,Os may be
trapped by TBA" at or below the interfacial region.

B CONCLUDING REMARKS

The N,Ojg scattering experiments described here provide the
first opportunity to explore the conversion of a reactant to
product through collisions of a reactive gas with salty and
surfactant-coated water microjets in vacuum. The reaction of
N,O; with Br™ in 6 m LiBr/H,0 at 263 K generates
evaporating Br,, likely passing through the Br;™ intermediate
shown in Figure 1. For the 6 m Br™ solution used here, the Br,
+ Br™ = Br;” equilibrium lengthens the average Br, residence
time in solution from much less than 1—6 us. This solvation
time increases even further to potentially 1 s by the addition of
0.05 m TBA" ions, which strongly pair with Br;~ ions.
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The extended residence time of Br, in solution as Br;~ may
provide opportunities for other interfacial and bulk-phase
reactions to proceed, including the bromination of double
bonds and aromatic rings in surface-active species. Indeed,
TBABr; is a standard reagent used to safely supply Br, for
these reactions.”® These studies may also be expanded to
investigate other soluble ocean surfactants, including short-
chain carboxylic acids and polysaccharides,”” following
characterization of their interfacial concentrations by high-
energy SF; scattering. In this way, we hope to explore reactions
of N,O; and hypohalous acids as well,”” with salty and
surfactant solutions that interconvert dissolved and gaseous
halogen species through gas—liquid oxidation—reduction
reactions.

B APPENDIX

Br, Residence Time and Evaporation Probability from the
Microjet

To estimate the residence time of Br, molecules in 6 m LiBr/
H,0 at 263 K in the absence and presence of TBABr, we first
calculate its effective solubility and diffusivity. The solubility of
Br, is enhanced by the reaction with Br™ to form Br;™ via the

reaction*>”°

Br, + Br = Bry = 16at 298 K

Assuming that the activity coefficient of Br, is close to one
and that the activity coeflicients of Br;~ and Br™ are similar, the
effective solubility of Br, is given by

[Br,] + [Brs_]
= (l + Kg,[Br ])
Hel'f PBI.I ph)rs B (A_])

where Hpy,s = [Br,]/Py, is the Henry’s law physical solubility

of Br, (equal to 0.77 M atm™" at 298 K in pure water). Using
the thermodynamic parameters of Liu and Margerum, we
extrapolate to values of Hpp,s = 4.3 M altm__1 , K, = 16, and Hy
=360 M atm™! for 6 m LiBr at 263 K.**’° The formation of
Br;~ therefore enhances Br, solubility by 90-fold. The
diffusivity of the dominant Br;~ species in 6 m LiBr at 263
K was estlmated by scaling its diffusion coeflicient of 1.2 X
107° cm® s™" in pure water at 298 K by the ratio of viscosities
(5 cP in 6 m LiBr at 263 K vs 0.89 cP in pure water at 298 K)
and temperatures to be D = 2.4 X 107% cm? s71.%

The characteristic residence time 7 for Br, in solution in the
form of Bry~ can be roughly estimated by assuming that N,O;
is converted into Br, and Br;™ in the near-interfacial region,
effectively acting as a source of Br, deposition into solution. In
this case,

[4}1 lafRT]
T=D——

av (A2)

where T is the solution temperature, 7 is the mean speed of
Br,, and a is the effective entry probability, limited by N,Oq
dissolution.***** £ is the time for the outgoing flux of Br,
molecules from a freshly exposed solution to rise to 57% of its
maximum value at saturation. GrZinic et al have measured
a(N,0O;) > 0.4 at 298 K, and we set it equal to 1 at 263 and
240 K in this analysis.*® Using the calculated values for H,
find that Br;~ formation extends the solvation time of Br, from
much less than 1—6 us for 6 m LiBr/H,0.

We next calculate the Br, evaporation probability for this
predicted 6 us solvation time. The incident N,Og beam strikes

the jet over its entire length, and we observe Br, evaporation
from t,.; = 90 ps at 2.6 mm to f,,g = 200 ps at 5.9 mm when
the jet is traveling at 30 m s™'. We model the 35 ym diameter
jet as a flat sheet because the diffusion depth over 200 us is
only 0.2 um."® The fraction Py, of evaporating Br, molecules is

then calculated by integrating the outgoing Br, flux F by
F(bpeg to tpg)  F(O tot,g) — F(O toty,,)
e (terld - tbeg) - (tend - tbeg)

(A3)
where

F(Otot) =t — *r[erfo::(‘/z]ef’hr + 2 r 1]
4 vE Nz (a4)

is proportional to the Br, evaporation flux over time .°**° Eqgs
A.3 and A4 yield an evaporation probability of 0.87, implying
that we measure a significant fraction of Br, produced by the
reaction between N,O; and Br~ over the short observation
window.

This analysis can be extended to determine the increase in
solubility of Br, upon adding 0.005 m TBABr to 6 m LiBr at
263 K. Under these conditions, we measure an 85% reduction
in signal (Figure 12). The presence of TBA® increases H.g
through the reversible reaction Br,~ + TBA* = TBA*/Br,",
characterized by Krpy. H.g is therefore enhanced by

[Br,] + [Br;"] + [TBABr]
P, Br,

Hg

€l

(1 + Ky [Br] + Ky Ky, [Br 1[TBA])

Hophys
(A5)
We find that Krp, must be near 8000 to force the Br, signal
to drop to 15% of its value by addition of 0.005 m TBABr. This
complexation increases H.¢ by 40 and 7 by 1600 to roughly
0.01 s. When the TBABr concentration is increased to 0.05 m,
the same value of K, causes 7 to rise to 1 s and the Br,
evaporation probability to drop to 1%, a low probability
consistent with our inability to observe any Br,. We assume
here that TBA* does not itself catalyze the production of Br,,
as we have observed when THABr is added to 0.3 and 2.7 M
NaBr/glycerol solutions.”® If TBA* does enhance Br,
production, then it must be captured for even longer times
in solution as Bry~ than we have estimated.
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