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consider how to improve its activity. The DFT-
calculated DGH of the MoS2 edge site is slightly
positive at +0.08 eV, with calculations suggesting
an H coverage of only one-quarter on the edge
under operating conditions (8). Thus, only 1 in 4
edge atoms evolves molecular H2 at a given time,
unlike Pt(111) which operates at a H-coverage of
~1ML (7, 26, 27). If all MoS2 edge sites could be
made to adsorb H, activity could be increased by
a factor of 4. This might be accomplished by
appropriately tuning the electronic structure of
the edge to increase the bond strength of the ad-
sorbed H (23). Such a modification could simul-
taneously improve the inherent turnover of each
edge site, further improving the overall activity of
the material toward that of Pt-group metals.
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Understanding Reactivity at Very Low
Temperatures: The Reactions of
Oxygen Atoms with Alkenes
Hassan Sabbah,1 Ludovic Biennier,1 Ian R. Sims,1* Yuri Georgievskii,2
Stephen J. Klippenstein,3* Ian W. M. Smith4*

A remarkable number of reactions between neutral free radicals and neutral molecules have been
shown to remain rapid down to temperatures as low as 20 kelvin. The rate coefficients generally
increase as the temperature is lowered. We examined the reasons for this temperature dependence
through a combined experimental and theoretical study of the reactions of O(3P) atoms with a
range of alkenes. The factors that control the rate coefficients were shown to be rather subtle, but
excellent agreement was obtained between the experimental results and microcanonical transition
state theory calculations based on ab initio representations of the potential energy surfaces
describing the interaction between the reactants.

Application of the CRESU technique (1)
has shown that a surprising number of
bimolecular reactions between neutral

gas-phase species are rapid at very low tempera-
tures. To date, rate coefficients for some 45 neutral-
neutral reactions have been measured (2, 3), in

some cases at temperatures as low as 13 K (4).
All have rate coefficients at 298K [k(298K)] that
are equal to or exceed ~10−11 cm3molecule−1 s−1.
Moreover, the general trend with temperature is
for the rate coefficients to increase as the temper-
ature is lowered.

These observations have led to a reevaluation
of the chemistry that occurs in the cold cores (10
to 20 K) of dense, dark interstellar clouds (ISCs),
where the majority of interstellar molecules have
been identified. Although sequences of ion-
molecule reactions initiated by the cosmic ray–
induced ionization of H2 clearly play a central
role in this chemistry, neutral-neutral reactions
are now expected to be more important than
previously thought (5). Unfortunately, the kinetic
database required for detailed astrochemical

modeling (6) is still far from complete. There
are many reactions that may occur in ISCs, such
as those between pairs of unstable species, for
which low-temperature kinetic data neither exist
nor are likely to be obtained in the foreseeable
future. Theoretical or semi-empirical methods of
estimating these rate coefficients are therefore
desirable.

Several complementary theoretical treatments
(7−9) have been advanced to explain the
observed negative temperature dependences of
rate coefficients for radical-radical reactions,
principally on the basis of the notion of adiabatic
capture of the reactants via long-range attractive
forces. Although they differ in their details, these
treatments all predict large rate coefficients at
very low temperatures for radical-radical reac-
tions, where there is generally no barrier on the
minimum energy reaction path. In the case of
radical-molecule reactions, a key issue is whether
a potential energy barrier exists along the mini-
mum energy path from reactants to products:
either a real barrier (i.e., a maximum above the
energy of the separated reactants) or a “submerged”
barrier corresponding to a maximum along the
minimum energy path between the shallow min-
imum associated with a prereaction complex
and the products (see below). Further theoret-
ical work, particularly by Georgievskii and
Klippenstein (10, 11), has shown that a sub-
merged barrier can serve as a second inner tran-
sition state (or bottleneck), because the internal
states at this smaller interreactant separation are
more widely spaced than at the outer, capture
transition state. In these circumstances, the rate of
reaction falls below that predicted by capture
theories, and a version of microcanonical transi-
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tion state theory must be applied to make ac-
curate predictions of the rate coefficients and
their variation with temperature.

From the standpoint of modeling ISC chem-
istry, it would be useful to have semi-empirical
methods to predict which reactions might remain
fast at very low temperatures. In this spirit, Smith
et al. (3) examined the data available for reactions
between atomic and molecular free radicals and
unsaturated hydrocarbons, seeking a framework
to predict whether particular radical-molecule
reactions would be rapid enough (k > 10−11 cm3

molecule–1 s−1) to influence the abundances of
chemical species in ISCs at temperatures ≤ 20 K.
Their first method, based purely on an examina-
tion of the experimental data amassed to date, led
them to propose that a radical-molecule reaction
is likely to be rapid at 10 to 20 K if its room-
temperature rate coefficient, k(298 K), is greater
than ~5 × 10−12 cm3 molecule–1 s–1 and its ac-
tivation energy, Eact, around 298 K is zero or

negative. Conversely, reactions with k(298 K)
< 5 × 10−12 cm3 molecule–1 s–1 and Eact > 0 are
likely to be too slow at 10 to 20 K to be of im-
portance in ISC chemistry.

Their second approach to the problem of
predicting the presence of a real potential
barrier to reaction rests on the notion that such
barriers are often the product of an avoided
curve crossing between two states: the reac-
tant ground state, which correlates with a
product ionic state, and an excited reactant
ionic state, which correlates with the product
ground state (12). The barrier that arises de-
pends especially on the energy of the reactant
ionic state, which depends in turn on the dif-
ference between the ionization energy (I.E.)
of the molecule and the electron affinity (E.A.)
of the radical, corresponding to virtual electron
transfer between the molecule (the donor) and
the radical (the acceptor). If (I.E. – E.A.) is
small, in the presence of long-range attraction

this barrier can be submerged below the reactant
energy.

After analyzing the rate coefficients and their
temperature dependences for a large number of
such reactions, most of which had been studied at
very low temperatures, Smith et al. (3) proposed
that, when (I.E. – E.A.) is greater than 8.75 eV,
the reaction is likely to possess a true barrier and
will therefore become negligibly slow at 20 K.
On the other hand, reactions with (I.E. – E.A.)
<8.75 eV are likely to be characterized by, at
most, inner barriers that are submerged below the
asymptotic reactant energy. These latter reac-
tions will be rapid at 20 K and of potential
importance in ISC chemistry. Smith et al. fur-
ther noted that the reactions between oxygen
atoms in their 3P electronic ground state and
simple unsaturated hydrocarbons have values
of (I.E. – E.A.) that bridge the critical value of
8.75 eV (see Table 1) and would therefore pro-
vide an important test of their hypothesis.

To test these ideas, we measured rate co-
efficients for the reactions between O(3P) atoms
and the alkenes listed in Table 1 in a continuous-
flow CRESU apparatus (4). Experiments were
performed at temperatures between 23 and 298 K
with the use of different convergent-divergent
Laval nozzles and carrier gases. Details of the
experimental conditions are given in table S1.

For each kinetic experiment, in addition to the
carrier gas (which was present in large excess),
three gases were generally included in the su-
personic flow: the alkene whose reaction was
being studied; NO2, which was photolyzed at
355 nm by pulses from a frequency-tripled Nd:
YAG laser to produce O(3P) atoms; and NO.
Chemiluminescence from excited NO2, formed
in the association of O(3P) with NO, served as a
marker for the oxygen atom concentrations and
decayed as the atoms were consumed in reaction
with the alkene. Figure 1 shows two such decay
traces, one recorded at 298 K and one at 39 K,
both with a small concentration of iso-butene
present in the gas mixture. Each trace was fitted
to a single exponential curve to yield a pseudo–
first-order rate coefficient (k1st) for removal of
O(3P) atoms under the conditions of that par-
ticular experiment.

In each series of experiments, values of k1st
were determined for several different concentra-
tions of alkene and the second-order rate coeffi-
cient (k2nd) for the reaction of that alkene with
O(3P) atoms at that particular temperature was
derived, as shown in Fig. 1, from the gradient of a
plot of k1st versus the concentration of the alkene.
The results of these experiments are summarized
in Fig. 2. Full quantitative details are given in
table S1, and the errors in the experimental data
are shown in fig. S1.

Figure 2 shows the existence of three distinct
kinds of kinetic behavior for O(3P) + alkene re-
actions. Iso-butene, cis-butene, and trans-butene
have the lowest I.E.s of the alkenes used in our
experiments, and (I.E. −E.A.) is less than 8 eV for
the reactions of O(3P) with these alkenes.

Table 1. In the first three lines, rate coefficients, k(298 K), and activation energies, Eact, fromCvetanovic
(13) are compared with (I.E. – E.A.) for the reactions of O(3P) atoms with alkenes; the electron affinity of
the O(3P) atoms is 1.46 eV. The last two lines give CASPT2 energies on the minimum-energy path (all
relative to the energy of the separated reactants in their ground state): Emin, electronic + zero-point
energy at the minimum of the “prereaction complex”; Emax, electronic + zero-point energy at the inner
transition state. Bracketed entries are for the excited-state potential; where there are upper and lower
entries, the upper entries are for addition at a terminal site, lower entries for addition at a central site.

Ethene Propene 1-Butene cis-Butene iso-Butene trans-Butene
k(298) (10−11 cm3

molecule−1 s−1)
0.073 0.40 0.42 1.8 1.7 2.2

Eact (kJ mol
−1) 6.65 2.3 2.9 −1.2 −0.1 −0.1

(I.E. – E.A.) (eV) 9.05 8.27 8.09 7.65 7.76 7.64
Emin (kJ mol

−1) −1.3 (−0.9) −4.7 −5.2 −5.7 −5.9 −6.3
Emax (kJ mol

−1) 5.4 (11.8) 0.9 (5.9)
1.5 (8.0)

−0.5 (5.0)
0.1 (5.9)

−2.2 (3.3) −2.5 (2.6)
−1.3 (6.4)

−3.1 (2.3)
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Fig. 1. (A and B) Fitted decays of the chemiluminescence from NO2 observed in mixtures containing
(A) 3.20 × 1014 molecules cm−3 iso-butene at 298 K and (B) 1.62 × 1013 molecules cm−3 iso-butene
at 39 K. (C and D) Plots of the pseudo–first-order rate coefficients obtained from such experiments
plotted against the concentration of iso-butene at (C) 298 K and (D) 39 K.
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Moreover, the values of k(298K) exceed 10−11 cm3

molecule−1 s–1, with the rate coefficients showing a
zero or slightly negative dependence on temper-
ature between 300 and 500 K. Below 298 K, as
expected, the rate coefficients for these reactions
show a monotonic increase as the temperature is
lowered, reaching values of ~10−10 cm3molecule–1

s–1 at 23 K, the lowest temperature studied here.
The other limit of behavior is exhibited in the

O(3P) + C2H4 reaction. Our result of k(298 K) =
7.4 × 10−13 cm3 molecule–1 s–1 agrees very well
with literature values (13), but only upper limits
could be obtained at lower temperatures, k(39K) <
1.6 × 10−13 cm3 molecule–1 s–1. The appreciable
activation energy for this reaction (13, 14) and its
relatively large value of (I.E. –E.A.) both suggest

that this reaction should be very slow at the
temperatures accessible in a CRESU apparatus
(and present in dense ISCs). The existence of an
appreciable real barrier on the potential for this
reaction, as shown in Fig. 3, is also supported by
previous ab initio calculations (15).

The reactions of O(3P) atoms with 1-butene
and propene provide the most demanding test of
the hypotheses made by Smith et al. (3). The rate
coefficients for both reactions at 298 K are close
to the value of k(298 K) = 5 × 10−12 cm3

molecule–1 s–1, which Smith et al. proposed
might separate rapid from slow low-temperature
reactions. Moreover, the rate coefficients exhibit
small positive dependences on temperature,
represented by the activation energies given in

Table 1 and the curves in Fig. 2. On the other hand,
their values of (I.E. − E.A.) are less than, although
not much less than, 8.75 eV. The rate coefficients
below 298 K measured in the present work in-
crease as the temperature is lowered. The variation
of the rate coefficients with temperature for both
these reactions is similar to that found for the
reaction of CNwith C2H6 (16), which has recently
been reproduced in microcanonical transition state
theory calculations (11) that allow for the presence
of both an outer and inner transition state.

To understand more deeply both the observed
kinetic behavior of the reactions of O(3P) atoms
with alkenes and the origins of the partly suc-
cessful correlations of the rate coefficients and
the temperature dependence with (I.E. − E.A.),
we carried out calculations similar to those on
CN with C2H6 (11) and on OH with C2H4 (10).
These calculations consider only the rate of for-
mation of the strongly bound triplet addition
complex between O(3P) and an alkene. In gen-
eral, this complex is either stabilized by collision
with a third body or dissociates to exothermic
reaction products (13), such as CH2CHO + H
or CH3 + HCO when O(3P) atoms react with
C2H4. The focus of the present calculations is
the accurate treatment of both the inner and
outer transition state regions on the basis of high-
level ab initio studies of the potential energy
surface. These properties were determined with
second-order multireference perturbation theory
(CASPT2) using the MOLPRO quantum chem-
istry package (17).

For the O(3P) + alkene reactions, there are
multiple inner transition states correlating with
different addition sites and with different elec-
tronic states. In particular, theO(3P) atom can add
to either carbon atom of the p bond, with the
terminal addition (i.e., to the C atom of the =CH2

group) generally being preferred. Also, two of
the three orientations for the lone pair orbital
on the oxygen atom correlate with strong bond-
ing in the complex. However, the barrier for the
first excited state is always above the energy of
the reactants and thus has little effect at low
temperatures.

The electronic dynamics are assumed to be
adiabatic, and the ground and excited electronic
states at the inner transition state are correlated
with the long-range spin-orbit states (fig. S2).
The inner, N †

inner,i, and outer, N †
outer,i, transition

state number of states for a given electronic state i
are related to an effective number of states,N †

eff ,i,
in Eq. 1 (10, 11, 18)

1

N †
eff ,i

¼ 1

N†
inner,i

þ 1

N†
outer,i

ð1Þ

For each of the reactions studied here, a rate
coefficient for long-range capture of ~4 to 5 ×
10−10 cm3 molecule−1 s−1 is predicted at 20 K,
with a modest (~T1/6) increase with temperature.
The adiabatic electronic assumptions reduce the
low-temperature rate coefficients by a factor of

Fig. 2. The points show
the experimentally deter-
mined values of the rate
coefficients for the reac-
tions of O(3P) atoms with
alkenes at different tem-
peratures, and the dashed
lines show the results of
the theoretical calcula-
tions. The solid lines to
the right of the diagram
represent the Arrhenius
expressions recommended
by Cvetanovic (13) to fit
kinetic data between 300
and 500 K.
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Fig. 3. Curves showing the
variation of potential energy
along the minimum energy
paths for O(3P) + ethene (upper
pair of curves) and O(3P) +
trans-butene (lower pair of
curves), calculated using the
CASPT2 method. The ground
and first excited electronic states
are shown by the solid and
dashed lines, respectively. All
curves show minima associated
with the prereaction complex
and maxima associated with real
or submerged barriers. The zero
of energy is set at the energy of
the separated reactants.
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3/5, to 2.5 to 3 × 10−10 cm3 molecule−1 s−1 at
20 K, which is within a factor of 2 of the mea-
sured rate coefficients for cis- and trans-butene.

The CASPT2 predictions for the saddle point
energies, given in Table 1, correlate with the ex-
pectations, discussed earlier, based on the different
values of (I.E. – E.A.). For ethene, the positive
barrier leads to a low reactivity at low temperature.
Propene and 1-butene are near ideal intermediate
cases, with barriers within 1 kJ mol−1 of the reac-
tants. For propene, the inner transition state strong-
ly affects the rate coefficient even at 20 K, but the
barrier is just low enough that, with tunneling, the
rate coefficient does not decay to small values at
low temperatures. For 1-butene, the rate coefficient
rises with decreasing temperature but is still an
order of magnitude below the long-range capture
value at 20 K. For the other butenes, the ground-
state barriers are strongly submerged (i.e., by 2 to
3 kJmol−1) and the addition rates increase rapidly
with decreasing temperature, exceeding 10−10 cm3

molecule−1 s−1 by 20K. The changing nature of the
reaction with changing (I.E. – E.A.) is illustrated by
the plots in Fig. 3 of the minimum energy path
potentials as a function of the CO separation for
the ground and first excited states in the O(3P) +
ethene and O(3P) + trans-butene reactions.

The calculated rate coefficients for addition
arising from the present two–transition state
model are illustrated as dashed lines in Fig. 2.
The calculations have been extended down to
1 K, and the results for the range from 10 to 1 K
are given in fig. S1. For O(3P) + propene, the
predicted rate coefficients are highly sensitive to
the energy of the inner saddle point with a factor
of 2 variation at 100 K for a 0.7 kJ mol−1 change.
The CASPT2 predicted barrier was adjusted
downward by 0.6 kJ mol−1 to obtain optimum
agreement with experiment. For consistency, this
adjustment was applied to the other reactions as
well. For the butene cases, this adjustment has an
insignificant effect on the predictions.

The remarkably good agreement between
the theoretical predictions and experimental ob-
servations strongly validates the present two–
transition state model. The calculations show that
both the inner and outer transition states have an
effect on the reaction kinetics throughout the 20
to 400 K range. At low temperatures the outer
transition state dominates, whereas at high tem-
peratures the inner transition state dominates. The
increasing importance of the inner transition state
with increasing temperature causes the negative
temperature dependence between 200 and 20 K.
The O(3P) + C2H4 reaction, where the positive
barrier for the inner transition state dominates the
kinetics at all temperatures, provides the only ex-
ception. The accurate treatment of both transition-
state regions is a key prerequisite to understanding
and predicting the kinetics of these reactions at low
temperatures.

The agreement between experiment and
theory found for the O(3P) + alkene reactions
suggests two ways in which CASPT2 calcula-
tions of barrier heights might be used to estimate

the possible importance in ISCs of other reactions
between radicals and unsaturated molecules,
depending on whether experimental information
is available for the kinetics of the reaction in
question—for example, a measured value of the
rate coefficient at room temperature. If so, un-
certainty in the ab initio calculations of the inner
barrier height, which experience suggests might
amount to a few kJ mol−1, could be reduced by
comparing theoretical and experimental values of
the room-temperature rate coefficient so as to
tune the potential energy at the inner transition
state, and thereby improve the theoretical esti-
mate of the low-temperature rate coefficients. As
described above, we adopted this method with
the use of the data for O(3P) + propene, although
we found that the adjustment needed was quite
small. In cases where no kinetic data exist, such
as for the reactions of radicals with carbon chains
(19), more reliance will have to be placed on the
theory, guided by the success of the present cal-
culations, or on the semi-empirical arguments con-
cerning the value of (I.E. −E.A.). At the very least,
these methods should provide guidance at the
order-of-magnitude level, which is itself valuable
at the present level of astrochemical modeling.
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Long-Lived Giant Number Fluctuations
in a Swarming Granular Nematic
Vijay Narayan,1* Sriram Ramaswamy,1,2 Narayanan Menon3

Coherently moving flocks of birds, beasts, or bacteria are examples of living matter with spontaneous
orientational order. How do these systems differ from thermal equilibrium systems with such liquid
crystalline order? Working with a fluidized monolayer of macroscopic rods in the nematic liquid crystalline
phase, we find giant number fluctuations consistent with a standard deviation growing linearly with the
mean, in contrast to any situation where the central limit theorem applies. These fluctuations are long-
lived, decaying only as a logarithmic function of time. This shows that flocking, coherent motion, and large-
scale inhomogeneity can appear in a system in which particles do not communicate except by contact.

Density is a property that one can measure
with arbitrary accuracy for materials at
thermal equilibrium simply by increas-

ing the size of the volume observed. This is be-
cause a region of volume V, with N particles on
average, ordinarily shows fluctuations with stan-
dard deviation DN proportional to

ffiffiffiffiffi

N
p

, so that
fluctuations in the number density go down as
1/

ffiffiffiffi

V
p

. Liquid crystalline phases of active or self-
propelled particles (1–4) are different, with DN
predicted (2–5) to grow faster than

ffiffiffiffiffi

N
p

and as

fast asN in some cases (5), making density an ill-
defined quantity even in the limit of a large
system. These predictions show that flocking,
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