
pirical equation of state analogous to the ideal gas
law (30)

P ¼ CnxðkBTÞy ð4Þ

where P is the pressure of the 2D gas, x =
2/(1 + b) = 0.95(5), y = 2b/(1 + b) = 1.05(5), C =
0.8(2)(td2)w is a constant, and w = (1 − b)/(1 +
b) = −0.05(5).

Finally, we observe a weak dependence of the
critical entropy per particle on the atomic in-
teraction. Noting that a weakly interacting 2D
Bose gas follows similar scaling laws near m =
0 (18) because it belongs to the same under-
lying dilute Bose gas universality class (2, 32),
we apply similar analysis and extract the crit-
ical entropy per particle Sc/N at four interaction
strengths g ≈ 0.05, 0.13, 0.19, 0.26, shown
together with the lattice data (g ≈ 2.4) in Fig.
4B. We observe a slow growing of Sc/N with g,
and compare the measurements with mean-field
calculations. The measured Sc/N is systemati-
cally lower than the mean-field predictions, po-
tentially as a consequence of quantum critical
physics. The weak dependence on the interac-
tion strength can be captured by a power-law fit
to the data as Sc/NkB = 1.6(1)g0.18(2).

In summary, on the basis of in situ density
measurements of Bose gases in 2D optical lat-
tices, we confirm the quantum criticality near the
vacuum-to-superfluid quantum phase transition.
Our experimental methods hold promise for

identifying general quantum phase transitions,
and prepare the tools for investigating quantum
critical dynamics.
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Reactions of Solvated Electrons
Initiated by Sodium Atom Ionization
at the Vacuum-Liquid Interface
William A. Alexander,1 Justin P. Wiens,2 Timothy K. Minton,1* Gilbert M. Nathanson2*

Solvated electrons are powerful reagents in the liquid phase that break chemical bonds and
thereby create additional reactive species, including hydrogen atoms. We explored the distinct
chemistry that ensues when electrons are liberated near the liquid surface rather than within the
bulk. Specifically, we detected the products resulting from exposure of liquid glycerol to a beam of
sodium atoms. The Na atoms ionized in the surface region, generating electrons that reacted with
deuterated glycerol, C3D5(OD)3, to produce D atoms, D2, D2O, and glycerol fragments. Surprisingly,
43 T 4% of the D atoms traversed the interfacial region and desorbed into vacuum before
attacking C-D bonds to produce D2.

Radiolysis experiments provide funda-
mental insights into electron reactivity
in protic liquids such as water and al-

cohols through the use of ionizing reagents, in-
cluding gamma rays and high-energy electrons,

which penetrate deeply into solution. These re-
agents energize and ionize solvent molecules,
creating hydrogen atoms and other free radi-
cals, as well as solvated electrons, es

–, often in
high enough concentrations to react with each
other (1, 2). Electrons and radicals created at
the vacuum-liquid interface may behave differ-
ently from those in the bulk because of their
partial solvation (3–6) and because transient neu-
tral intermediates may evaporate before react-
ing further. Recent photoionization experiments

show that partially to fully solvated electrons
persist for ≥10−10 s at the surface of water, po-
tentially leading to enhanced destruction of or-
ganic molecules in contact with these electrons
(6–8). Molecular beam methods, using gas-phase
sodium atoms as neutral precursors, provide a
previously unexplored alternative for generating
interfacial electrons in protic liquids. These elec-
trons initiate a wide range of chemical events,
including the production of atomic and molec-
ular radicals that react at and near the surface or
escape by evaporating from solution.

We performed the experiments by directing
a weak effusive beam of sodium atoms at the
surface of a liquid glycerol (1,2,3-propanetriol)
film in vacuum. These Na atoms rapidly ionize
into Nas

+ and es
– in the interfacial region. We

chose glycerol because of its low vapor pressure
(10−4 torr) and water-like ability to solvate ions
and electrons (9, 10). Solvated electrons react
in more diverse ways with alcohols than with
water. In the latter case, the primary pathways
are slow dissociation, es

– + H2O → H + OH –,
and fast recombination, 2es

– + 2H2O → H2 +
2OH – (2, 11). The low flux of our effusive Na
beam ensures that similar electron-electron re-
combination and additional radical-radical reac-
tions do not compete with electron-solvent and
radical-solvent reactions, whereas the soft land-
ing and gentle ionization of Na generates elec-
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trons in the absence of high-energy excitations.
As shown below, reactions between these elec-
trons and glycerol generate atomic and molec-
ular hydrogen, water, and glycerol fragments
within an estimated depth of 50 Å.

The continuously refreshed glycerol film,
0.1 mm thick, was held at 287 K during Na-atom
exposure (fig. S1) (12, 13). To delineate the re-
action pathways, we used both C3H5(OD)3 and
C3D5(OD)3 isotopologues. The velocity and an-
gular distributions of the scattered Na atoms and
desorbed reaction products were monitored by
a rotatable mass spectrometer (14). Product sig-
nals were recorded as time-of-flight (TOF) dis-
tributions after the stream of molecules exiting
the liquid surface was divided into pulses by a
spinning slotted wheel. The Na oven (held at
670 K) produced a nearly effusive beam that de-
posited ~1monolayer of Na atoms on the glycerol
film during its 0.2-s exposure time.

Na-atom uptake into glycerol is explored in
Fig. 1A, which compares the Na-atom signal
after collision with the glycerol film to that ob-
tained from FEP (fluorinated ethylene propyl-
ene) Teflon, presumed to be much less reactive
than glycerol. The strength of the integrated flux
from Teflon is ~4 times that from glycerol, im-
plying that at least ~80% of the impinging Na
atoms dissolve into glycerol and do not escape.
The recorded distribution of Na atoms scattered
from Teflon was decomposed into two compo-
nents corresponding to (i) Na atoms that scat-
ter directly (higher velocities and shorter arrival
times; dashed line) and (ii) those that fully dis-
sipate their energy at the surface and then ther-
mally desorb in a Maxwell-Boltzmann (MB)
distribution at the glycerol temperature of Tgly =
287 K (lower velocities and longer arrival times;
dotted line). The glycerol distribution mimics
direct scattering from Teflon and is entirely miss-
ing the thermal desorption component. Thus, Na
atoms that thermally equilibrate on the glycerol
film do not desorb into vacuum but instead re-
main in contact with glycerol molecules. The
absence of thermally desorbed Na atoms implies
that they ionize into Nas

+ and es
– before motions

of the surface glycerol molecules can propel the
atoms back into the gas phase. Ab initio mo-
lecular dynamics simulations of Na-atom colli-
sions with H2O clusters corroborate this rapid
interfacial ionization and show that surface wa-
ter molecules reorient to point their OH groups
toward the evolving Nas

+ and es
– (15). The high

density of OH groups in glycerol likely pro-
motes both the immediate Na ionization inferred
here and the subnanosecond solvation of elec-
trons in the bulk (10). Reactions of these ioniz-
ing Na atoms with solvent glycerol may occur
through direct electron transfer from Na to glyc-
erol (16) or after partial or full electron solvation
to form contact Na+/e– ion pairs or solvent-
separated ions and electrons (17, 18).

Analysis of the observed product signals
revealed that electrons from Na atoms react with
C3D5(OD)3 to generate four volatile species: D

Fig. 1. (A) TOF distributions of Na atoms scattered
from FEP Teflon and glycerol. The dashed direct
scattering curve for Teflon is obtained by subtracting
the dotted Maxwell-Boltzmann (MB) distribution at
Tgly = 287 K from the solid curve, which is a fit to
the Teflon data. (B) Evaporated glycerol (green),
detected at m/z = 20, is subtracted from the total
signal (red) to isolate D2O desorption (blue). The
solid black line is a MB fit at Tgly and the D2O
parent mass. (C) m/z = 18 TOF distribution from
C3D5(OD)3 fit to a sum of MB distributions at the
parent glycerol and D2O masses. (D) Same as (C),
but a superior fit with a glycerol fragment mass of
82 amu. The signal levels for (B) to (D) represent
relative number densities, which are normalized
to the relevant signal from inelastically scattered
Na atoms.

Fig. 2. TOF distributions of molecular hydrogen isotopologues: (A) D2 from C3D5(OD)3, (B) D2 from
C3H5(OD)3, (C) HD from C3H5(OD)3, and (D) H2 + D from C3H5(OD)3. The contribution from evap-
orated glycerol has been subtracted from each distribution. The solid red curves are MB fits at Tgly =
287 K.
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atoms, D2, D2O, and glycerol fragments. The D
atoms are created close enough to the surface
that nearly half of them escape into the vacuum
before reacting with the solvent or with each other.

We observed copious water production from
both glycerol isotopologues upon Na-atom ex-
posure. Figure 1B shows D2O desorption from
C3D5(OD)3 detected at a mass-to-charge ratio
m/z = 20 (D2O

+). This desorption is accom-
panied by the natural evaporation of intact glyc-
erol molecules, which appear at m/z = 20 through
dissociative ionization in the mass spectrome-
ter. The D2O product molecules desorb with a
MB velocity distribution at Tgly (blue curve fit
to the net D2O signal) and a cosine angular dis-
tribution (fig. S2). These good fits demonstrate
that reactions of es

– create D2O molecules that
thermally equilibrate before desorbing into vac-
uum. D2O may be produced by ionic and neu-
tral routes, as established in previous radiolysis
studies of bulk liquid ethanol (19) and ethyl-
ene glycol (20). In the ionic pathway, an elec-
tron attacks solvent glycerol to make hydroxide,
es
– + C3D5(OD)3 → •C3D5(OD)2 + OD–, fol-

lowed by an acid-base reaction, C3D5(OD)3 +
OD– → D2O + C3D5(OD)2O

– (19). A second, neu-
tral pathway involves D-atom attack on solvent
glycerol to make D2 and •C3D4(OD)3, which sub-
sequently decomposes into D2O and the open-
shell ketone •CD2COCD2OD (20).

Figure 1, C and D, provides evidence for one
or both D2O channels through identification of
the matching glycerol fragments. The TOF distri-
bution, monitored at m/z = 18 (OD+), is much
broader than expected for pure D2O desorption
even after subtracting the parent glycerol sig-
nal. Figure 1C shows an attempt to fit this long–
arrival time component with evaporation of
parent glycerol (100 amu): The poor fit indicates
that this component cannot be explained by
glycerol desorption created by Na-atom sputter-

ing or the local heat of reaction. Instead, the
extra signal in Fig. 1D can be well fit by a MB
distribution in the mass range of 78 to 84 amu.
This range is consistent with evaporation of the
•C3D5(OD)2 and •CD2COCD2OD radicals and
their closed-shell products after abstracting a
D atom from a neighboring glycerol molecule
(13). To the extent that it occurs, the desorption
of the radical species provides a means to halt
their decomposition and the associated chain
reactions that occur in the bulk (20).

Na ionization also initiates reactions that
generate molecular hydrogen, as shown in Fig. 2.
As with D2O, the D2 molecules arising from re-
actions with C3D5(OD)3 in Fig. 2A are fit well by
MB velocity (solid lines) and cosine angular dis-
tributions (fig. S2). This D2 production implies
that D atoms are created by electron-induced
dissociation of O-D and C-D bonds, after which
the D atom abstracts a second D atom from the
solvent. We found that D2 is not produced from
the mixed isotopologue, C3H5(OD)3, as shown in
Fig. 2B. The absence of D2 in this case has two
implications. First, D atoms created by es

– near the
surface are not energetic enough to overcome the
high activation energy for D-atom abstraction
from O-D bonds (21). In the case of C3D5(OD)3
in Fig. 2A, D2 must instead arise from D-atom
abstraction from a C-D bond. Second, D atoms
react with solvent glycerol faster than they can
react with each other (D + D→D2) at our lowNa
beam flux. The missing D2 signal from C3H5(OD)3
instead appears as HD at m/z = 3 (Fig. 2C),
which arises fromD-atom attack on glycerol C-H
rather than O-D bonds. The signal at m/z = 2 in
Fig. 2D reflects the evaporation of bothH2 andD,
which have the same mass, where H2 is created
from H-atom attack on glycerol C-H. Although
D atoms almost exclusively break C-H bonds over
the stronger O-D bonds, we find that es

– pref-
erentially breaks O-D bonds, generating D and
C3H5(OD)2O

– (2, 13, 19, 22). A detailed analysis

of the H2 and HD signals from C3H5(OD)3 in-
dicates that es

– generates D and H from glyc-
erol O-D and C-H bonds in the ratio of 3:1 (13).
This ratio of electron-induced O-D to C-D bond
breaking for C3D5(OD)3 is expected to be even
higher because of the lower zero-point energy
and weaker reactivity of C-D bonds relative to
C-H bonds.

The most striking distinction between our
gas-liquid experiments and bulk liquid studies
is shown in Fig. 3. The data provide direct evi-
dence for the creation of D atoms near the
surface of glycerol and their evaporation into
vacuum. We monitored these D atoms at m/z = 2
from the C3D5(OD)3 isotopologue, where there
is no interference from desorbing H2. The TOF
distribution shown in Fig. 3A includes dissocia-
tive ionization components from parent glycerol
or glycerol fragments, D2O, and D2, in addi-
tion to D atoms themselves. These extra com-
ponents were subtracted from the distribution
after fitting each component with a MB distri-
bution at its parent mass with relative inten-
sities consistent with established mass spectral
patterns (table S1). The remaining signal in
the distribution at early arrival times was fit by
a MB distribution at the D-atom mass in Fig.
3B. Analysis of the D and D2 signal intensi-
ties (table S2) indicates that 43 T 4% of the D
atoms desorb before they react to form D2, im-
plying that D atoms are created close enough
to the surface that desorption and reaction occur
simultaneously.

The similar time scales for D-atom desorp-
tion and reaction may be used to gauge where
these atoms are created by Na-atom ionization
in glycerol. D-atom reaction times can be esti-
mated from the 1.0 × 107 M−1 s−1 rate constant
for the analogous D + (CD3)2CDOD → D2 +
(CD3)2ĊOD reaction in D2O at 287 K (22).
Using this rate constant and taking into account
the 14 M density of glycerol, the half-life (t1/2)

Fig. 3. (A) Deconvolution of the m/z = 2 TOF dis-
tribution after collisions of Na with C3D5(OD)3. The
distribution is fit by a sum of D, D2, D2O, and glyc-
erol MB distributions at Tgly. (B) D-atom signal after
subtraction.

Fig. 4. First steps in the Na atom–initiated electron reactions with deuterated glycerol, C3D5(OD)3.
Only the OD− pathway for D2O production is shown.
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for D atoms in pure glycerol is calculated to be
5 ns. D-atom desorption competes nearly equal-
ly with D-atom reaction; these atoms desorb on
average over a depth of (Dt1/2)

1/2 ≈ 50 Å, or ~10
glycerol layers, using a diffusion coefficient D ≈
4 × 10−5 cm2 s−1 for D atoms in D2O (23, 24).
This reaction depth may even be shallower if
the D atoms diffuse more slowly in pure glyc-
erol because of its viscosity, 2800 cP, at 287 K
(13). D atoms are therefore created by es

– close
to, but not necessarily within, the outermost re-
gion where Na atoms ionize (15).

Figure 4 summarizes the production of D,
D2, D2O, and glycerol fragments initiated by
surface Na-atom ionization, along with possible
scenarios for their creation. Each species de-
sorbs only after thermal equilibration. This ob-
servation is complementary to the nonthermal
ejection of D and O atoms after bombardment of
D2O ice by electrons carrying 5 to 50 eV of en-
ergy (25), which is substantially greater than the
–0.8 eV ionization enthalpy of Na in bulk water
(26, 27). Analysis of the TOF signals (table S2)
indicates that D, D2, and D2O desorb in the flux
ratio 1:1.3:3.2. We thus find that nearly half of
the D atoms produced by electron-stimulated
dissociation of O-D and C-D bonds escape into
the vacuum before they abstract a second D atom
from the solvent to produce D2. This high de-
sorption rate implies that near-surface reactions
of even this energetic species must compete
with its escape into the vacuum—a route that is
not available deep within glycerol or other sol-

vents, potentially including aqueous solutions.
Because of the proximity of surface molecules
to the gas phase, the observed competition be-
tween evaporation and reaction should be a
universal feature of the interfacial chemistry of
neutral energetic species created by interfacial
electrons. Alkali-atom collisions provide a prom-
ising approach to prepare these electrons and
the radicals they create, and to explore their re-
actions with both solvent and solute molecules
at or near the surfaces of liquids.
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No Straight Path: Roaming in Both
Ground- and Excited-State Photolytic
Channels of NO3 NO + O2
Michael P. Grubb,1 Michelle L. Warter,1

→
Hongyan Xiao,2 Satoshi Maeda,2,3

Keiji Morokuma,2,4 Simon W. North1*

Roaming mechanisms have recently been observed in several chemical reactions alongside
trajectories that pass through a traditional transition state. Here, we demonstrate that the visible
light–induced reaction NO3 → NO + O2 proceeds exclusively by roaming. High-level ab initio
calculations predict specific NO L doublet propensities (orientations of the unpaired electron
with respect to the molecular rotation plane) for this mechanism, which we discern experimentally
by ion imaging. The data provide direct evidence for roaming pathways in two different
electronic states, corresponding to both previously documented photolysis channels that produce
NO + O2. More broadly, the results raise intriguing questions about the overall prevalence of
this unusual reaction mechanism.

Traditionally, chemical reaction mechanisms
involving multiple bond breaking and for-
mation steps are characterized by a tran-

sition state in the form of a well-defined saddle
point on the potential energy surface. Recently,
however, a second type of mechanism termed
“roaming” has come to light, which bypasses this
saddle point entirely (1–3). Instead, a frustrated
bond cleavage leaves part of the molecule with-

out sufficient energy to escape, and it orbits the
remaining fragment until encountering a reactive
site to form the products via intramolecular ab-
straction. This mechanism has received consider-
able attention in the past 8 years, having been first
identified in formaldehyde dissociation as a mi-
nor channel (4, 5) and then later in acetaldehyde
as the dominant pathway to CH4 + CO products
(albeit still a minor fraction of the overall quan-

tum yield) (6, 7). Evidence of roaming dynamics
has since been observed in a handful of other
systems, but in all cases has been observed along-
side a traditional tight transition state channel (2, 8).

Recently, we reported that roaming may be
the dominant of the two observed pathways
that produce molecular products in NO3 photo-
dissociation (9), a reaction of considerable at-
mospheric importance. Additionally, theoretical
calculations implicated roaming on the excited-
state potential surface; previous observations of
roaming were restricted to the electronic ground
state (10, 11). Here, we report direct experimental
and theoretical evidence confirming the role of
excited-state roaming in NO3 photodissociation.
Thus, roaming is not only the dominant mecha-
nism for forming the molecular products of NO3

but the exclusive mechanism, with no evidence
of a competing traditional transition state.
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