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ABSTRACT: Solvated electrons (es−) are among nature’s most powerful reactants, with over 2600 reactions investigated in bulk
water. These electrons can also be created at and near the surface of water by exposing an aqueous microjet in vacuum to gas-phase
sodium atoms, which ionize into es− and Na+ within the top few layers. When a reactive surfactant is added to the jet, the surfactant
and es− become coreactants localized in the interfacial region. We report the reaction of es− with the surfactant
benzyltrimethylammonium in a 6.7 M LiBr/water microjet at 235 K and pH = 2. The reaction intermediates trimethylamine
(TMA) and benzyl radical are identified by mass spectrometry after they evaporate from solution into the gas phase. Their detection
demonstrates that TMA can escape before it is protonated and benzyl before it combines with itself or a H atom. Diffusion-reaction
calculations indicate that es− reacts on average within 20 Å of the surface and perhaps within the surfactant monolayer itself, while
unprotonated TMA evaporates from the top 40 Å. The escape depth exceeds 1300 Å for the more slowly reacting benzyl radical.
These proof-of-principle experiments establish an approach for exploring the near-interfacial analogues of aqueous bulk-phase radical
chemistry through the evaporation of reaction intermediates into the gas phase.

Solvated electrons (es−) readily react with solutes in water
due to their potent reduction potential and role as

nucleophiles in breaking chemical bonds. Numerous studies
have provided kinetic and mechanistic information for these
es− reactions, along with parallel investigations of hydrogen
atoms and hydroxyl radicals.1,2 At the water−vapor interface of
a surfactant-coated solution, however, es− may react differently
because of its distinct solvation in an interfacial surfactant
environment,3−5 followed by the escape of neutral reaction
intermediates into the gas phase that would otherwise continue
to react in the bulk.6 Our experiments complement those in
bulk solution by probing reactions between es− and segregated
solute molecules at and near the surface of water. This study
follows earlier investigations of es− reactions near the surface of
pure glycerol that generate evaporating hydrogen atoms6 and
nonthermal electron reactions near the surface of pure
methanol that generate dimethyl ether.7

Several experimental approaches have been used to generate
es− in the near-interfacial region of liquid water. In pure water,
photoionization produces transient and partially hydrated
electrons at the air/water interface.8,9 Photoionization of the
surface-active I− anion in water3 and ethanol10 also delivers
solvated electrons near the surface. Adding the ionic surfactant
tetrabutylammonium iodide enhances the surface concen-
tration of I− and the solvated electrons released upon
photoionization.4,5 Both experiment and theory indicate that
these electrons rapidly become fully solvated and move below
the surface.3,4,11−15 The recent innovation of atmospheric
pressure plasmas has also enabled a steady source of solvated
electrons reacting within the top 100 Å of solution.16

Our group previously adopted sodium atom deposition and
ionization to produce electrons near the glycerol−vacuum
interface, limiting the reaction of solvated electrons within the

top ∼50 Å.6 Theoretically, molecular dynamics simulations
predict that the Na 3s electron significantly delocalizes within
10 ps upon contact with glycerol17 and within 1 ps with
water.18 Na atom hydrolysis has also been observed
experimentally at the surface of amorphous ice.19 These
studies support the use of sodium atom ionization as a means
to create transient, near-surface solvated electrons to explore
chemical reactions.
In order to localize reactions of solvated electrons in the

near-surface region, the reaction partner should also reside
close to the surface. A natural approach is to choose a
surfactant as the coreactant. Benzyltrimethylammonium
([C6H5CH2N(CH3)3]+, BTMA+) is an ideal choice for the
following reasons: first, BTMA+ is surface active in salty water,
as described below. Second, BTMA+ reacts quickly with es− to
generate the benzyl radical (C6H5CH2·) and trimethylamine
(TMA, (CH3)3N:) in water at ∼2 × 108/M/s at the 235 K
temperature of our experiments (Table S2 of the Supporting
Information),20 thus enabling these reaction products to be
generated in proximity to where the solvated electrons are
initially born. Third, both benzyl and TMA are neutral species
that can evaporate from solution and be probed by gas-phase
detection methods.21,22 Fourth, the reactions of TMA and
benzyl in bulk solution provide internal clocks for determining
their average depths before evaporation. In acidic solutions,
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TMA is quickly protonated to TMAH+, suppressing evapo-
ration. This protonation implies that any observable TMA in
the gas-phase must have escaped before protonation occurs,
thereby setting a characteristic depth for evaporating TMA. In
addition, the benzyl radical can combine with itself or react
with H atoms from H+ + es−, limiting the depth from which
benzyl can evaporate (Sections S8 and S9).23

We describe experiments below demonstrating that es−
reacts with BTMA+ close enough to the surface to generate
benzyl radicals and TMA that escape into the gas phase. The
average es− reaction depth is estimated to be only 20 Å,
spanning a distance of roughly two BTMA+ molecules. This
comparison suggests statistically that es− may be reacting
largely with BTMA+ in the surface region of the aqueous
solution.
The experiments were conducted using a gas-microjet

scattering apparatus in a vacuum (Figure S1).24 The
experimental scheme is shown in Figure 1a. A beam of sodium

atoms from an oven is directed at a 17 μm radius liquid jet in a
vacuum at an average kinetic energy of 19 kJ/mol (Section
S3). The aqueous microjet solution contains 6.7 M LiBr salt
and 0.25 M BTMA+ surfactant and is conditioned to pH ∼ 2 to
suppress natural hydrolysis of BTMA+ by OH− (No TMA or
benzyl is observed in the absence of Na atoms at pH = 2). The
salty microjet is cooled to 235 K (0.1 Torr vapor pressure, 210
K freezing point) to minimize interference from evaporating
water molecules colliding with the sodium atoms or
evaporating reaction intermediates.24 Liquid nitrogen cooled
panels maintain the chamber pressure below 1 × 10−5 Torr.
The jet travels at 14 m/s and is apertured to limit the
observation region to 2.5−5.5 mm from the nozzle tip,
corresponding to an observation time of 210 μs. The jet is
exposed to Na atoms over a longer time of 380 μs starting at
the nozzle tip. Nonreacting sodium atoms (Section S4) and
evaporating benzyl and TMA are chopped by a rotating wheel
into 80 μs packets that are ionized by electron impact and
filtered by a quadrupole mass spectrometer. The arrival times
of the mass-selected species are recorded as time-of-flight
(TOF) spectra.

The equilibrium surface concentration of BTMA+ was
determined by surface tension measurements (Section S2) to
be 2 × 1014/cm2 at 298 K for the 6.7 M LiBr/0.25 M BTMA+

solution, corresponding to an average molecular area of 44 Å2.
Although complete equilibration of the monolayer will not take
place in the 170 μs time for the solution to reach the beginning
of the observation region at 2.5 mm, studies of tetrabuty-
lammonium bromide in salty water imply that this time is
sufficient for nearly complete diffusion and segregation of
BTMA+ (Section S2).25 The reaction products we observe
below suggest that these segregated BTMA+ ions pack loosely
enough26,27 to be porous and at least partly hydrated, such that
Na atom ionization can occur within a region containing
BTMA+, H2O, Br−, and Li+. Evidence that Na atoms do not
always ionize in this environment comes from Figure 2, which

shows the TOF spectrum of impinging Na atoms scattered
from the microjet. It is well-modeled by a Maxwell−Boltzmann
distribution at the 235 K jet temperature, implying that these
Na atoms dissipate their energy upon collision and then desorb
in a thermal distribution before they fully ionize. We also find
that some impinging Na atoms thermally desorb from the bare
salty solution without surfactant. The escape probabilities of
these Na atoms will be measured in future experiments.
The products of reaction between es− and BTMA+ can also

be observed upon exposing the microjet to Na atoms. Figure 3
shows the TOF spectrum of evaporating TMA. This spectrum
closely mimics the Maxwell−Boltzmann distribution predicted
for thermal evaporation of TMA molecules at 235 K. The
slightly narrower arrival times likely arise from collisions of
TMA with evaporating H2O within the water vapor cloud
surrounding the jet.24,28

We also detected benzyl radical at the parent mass (m/z =
91) with a similar intensity as TMA, as shown in Figure 4a.
Three evaporating products may contribute to the m/z = 91
signal recorded by the mass spectrometer: nascent benzyl
radicals from the reaction of es− with BTMA+, toluene from
reaction of benzyl and H, and bibenzyl from the self-
combination of benzyl radicals. Bibenzyl is ruled out because
its heavier mass predicts much longer arrival times than are
measured. However, toluene and benzyl cannot be distin-

Figure 1. (a) Sodium atoms are directed at a 17 μm radius microjet
composed of 6.7 M LiBr and 0.25 M benzyltrimethylammonium
(BTMA+) at pH = 2 and 235 K. (b) Na atoms ionize into Na+ and es−
in the near-surface region. These es− can react with BTMA+ at and
near the surface to produce benzyl radical and trimethylamine, which
may then evaporate before reacting in solution. H and H2 are also
produced (from es− + H+ → H, es− + H2O → H + OH−, and H + H
→ H2) but were not monitored.

Figure 2. Time-of-flight spectrum of Na atoms following collisions
with the microjet at an incident energy of 19 kJ/mol. The spectrum is
fit well by a Maxwell−Boltzmann (MB) distribution at the 235 K jet
temperature.
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guished by their arrival times because of their similar masses.
Unlike benzyl, toluene also ionizes significantly at its parent
mass of m/z = 92. The flat spectrum in panel b, along with
calibration spectra of pure toluene (Section S6), excludes
toluene as the product. We therefore assign the m/z = 91
spectrum to benzyl radicals that evaporate before reacting in
solution.
To estimate where the observed TMA and benzyl radical

originate in the jet solution, we calculate bulk-phase diffusion-
reaction depths for es− and the neutral species (TMA, benzyl,
toluene, bibenzyl, H, and H2). These reactions include the

production of TMA and benzyl from BTMA+ and their
conversion into ionic (TMAH+) and evaporating neutral
(toluene and bibenzyl) species. The full reaction scheme is
shown in Figure S10. The concentration maps of each species
generated by the diffusion-reaction equations are shown in
Figure S11 as a function of exposure time and depth. Over the
380 μs Na atom exposure window, the calculated average
diffusion-reaction depths for es−, TMA, and benzyl are 20 ±
10, 40 ± 20, and 1300 ± 600 Å, respectively (Section S9).
These es− and TMA depths are small multiples of the ∼11 and
3 Å sizes of BTMA+ and H2O. They are determined from
diffusion-reaction calculations that incorporate bulk-phase
diffusion and rate constants but not reactions with the
monolayer itself. Within the 20 Å depth over which es− reacts,
the number of BTMA+ in the surfactant layer outnumber those
in this bulk-phase region by 7:1. This ratio suggests statistically
that es− encounters more segregated BTMA+ than bulk-phase
BTMA+ and therefore es− may react on average within the
surfactant region itself.
TMA molecules that escape protonation evaporate on

average from a 40 Å region at pH = 2, about twice as deep
as their production from es− + BTMA+; these TMA molecules,
perhaps produced within the surfactant region, then desorb
immediately or diffuse over a shallow depth before evaporating.
The absence of bibenzyl and toluene signals in Figure 4 is less
effective in constraining the reaction region, as deduced from
the larger 1300 Å average reaction depth for benzyl. This
region is much deeper because the reaction partners for benzyl,
either H or benzyl itself, are generated by es− from the
impinging Na atoms and are therefore dilute.
These initial experiments imply that es−, generated from Na

atoms, react with colocated surfactant molecules within tens of
Angstroms of the surface to produce reaction intermediates
that escape by evaporation rather than react further in solution.
We hope that these experiments can ultimately provide a
means to better distinguish between interfacial and subsurface
reaction regions. In particular, lower pH solutions should
compress the location of TMA protonation even closer to the
surface, while systematic variations in surfactant concentration
can discriminate between Langmuir-like surfactant and linear
bulk-phase behavior. Our measurements further demonstrate
that some Na atoms thermalize upon collision with the
microjet but evaporate before they ionize, both in the absence
and presence of surfactant. We are eager to learn how salt
identity and surfactant packing control the ionization of Na
atoms and reactivity of es− in close proximity to near-surface
cations and anions, where electron−ion pairing may alter
reactivity.5,29,30 These future experiments will help reveal the
range of reactivities exhibited by solvated electrons through the
production of reaction intermediates at and near the surface of
water and their escape into a vacuum.
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The Supporting Information is available free of charge at
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Discussions of experimental procedures, figures of gas-
microjet scattering apparatus, chemical structures, TOF
spectra, surface tensions, mass spectra, scheme for bulk-
phase reactions initiated by es− in the microjet solution,
concentration maps of time and depth, and concen-
tration profiles, and tables of experimental and predicted

Figure 3. Time-of-flight spectrum of evaporating TMA measured at
m/z = 58. A 235 K Maxwell−Boltzmann (MB) distribution for TMA
is shown for comparison.

Figure 4. TOF spectra recorded at mass-to-charge ratio (m/z) (a) of
91 (benzyl) and (b) 92 (toluene). Maxwell−Boltzmann (MB)
distributions of benzyl, toluene, and bibenzyl at 235 K are shown in
panel (a) for comparison.
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diffusion coefficients, predicted rate constants in 6.7 M
LiBr/H2O at 235 K, Henry’s law constants and
temperature coefficients, and characteristic depths for
es− and neutral species at 380 μs (PDF)
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