
random SL films were 20 to 60% when prepared
from the t-TPA gel and below 12% when pre-
pared from the TPA gel.

Another major application of zeolite films
is in membrane-mediated separation of small-
molecule mixtures into pure components. The
separation of xylenes has received particular
attention (4, 8). To investigate the performance of
uniformly b-oriented SL films as xylene mixture-
separation membranes, we prepared monolayers
of rounded coffin-shaped SL crystals on porous
silica supports and subsequently grew 1.0-mm-
thick uniformly b-oriented SL films (fig. S24)
in gel-2 (SOM methods). The use of porous
silica supports is necessary to maintain uniform
b-orientation of the SL films, because aluminum-
containing porous supports suppress the film
growth. The preparation of the porous silica sup-
ports was readily achieved by one step: 2 hours
of calcination at 1020°C (SOM methods). The
separation of the o- and p-xylene mixture was
conducted at two different temperatures (80°
and 150°C) under standard reported conditions
(SOM methods and fig. S25).

The initially measured permeance of p-xylene
at 80°C was much higher than that of o-xylene,
giving rise to a high (>1900) separation factor
(SF) (Fig. 4D). However, the permeances con-
tinuously decreased over a period of 216 hours
and reached a steady state. The steady-state
permeances of p-xylene and o-xylene were
0.7 × 10−8 and 0.0092 × 10−8 mol s−1 m−2 Pa−1,
respectively, giving rise to a steady-state SF of
71. We attribute the continuous decreases of
p-xylene permeance and the SF value to gradual
adsorption of o-xylene into the channels, leading
to a gradual increase in the degree of channel
blockage, which in turn decreases the diffusion
rate of p-xylene molecules (11). The fact that the
permeance decreases to near zero also indicates
that the b-oriented SL film does not have cracks.

At 150°C, the p-xylene permeance also con-
tinuously decreased from 21.6 × 10−8 to 5 × 10−8

mol s−1 m−2 Pa−1 over a period of 400 hours
(Fig. 4E). During the same period, the o-xylene
permeance decreased from 0.0097 × 10−8 to
0.0068 × 10−8 mol s−1 m−2 Pa−1. The gradual de-
crease of p-xylene permeance even at 150°C in-
dicates that the channel blocking by o-xylene still
continues at 150°C, and the b-oriented SL film
does not undergo crack formation during the op-
eration. During the period from 20 to 370 hours,
the SF value remained nearly constant at ~1000.
Although this steady-state SF value is lower than
the highest value observed from randomly ori-
ented tubular SL films (12), it is about two times
higher than those of randomly oriented non-
tubular SL films with similar thickness (table S5).

We have reported straightforward methods to
prepare uniformly a- and b-oriented SL films and
a-oriented Si-BEA films. The control of orienta-
tion is not limited to the channel upright direc-
tions but can be applied to any desired directions by
finding proper methods to uniformly orient SL and
Si-BEAcrystals in those directions on supports.We

believe our findings will trigger extensions of the
methods to the preparation of various other types
of zeolite films in perfectly uniform orientations.
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Revealing Atom-Radical Reactivity
at Low Temperature Through the
N + OH Reaction
Julien Daranlot,1 Mohamed Jorfi,2 Changjian Xie,3 Astrid Bergeat,1 Michel Costes,1

Philippe Caubet,1 Daiqian Xie,3 Hua Guo,4 Pascal Honvault,5,6 Kevin M. Hickson1*

More than 100 reactions between stable molecules and free radicals have been shown to remain rapid
at low temperatures. In contrast, reactions between two unstable radicals have received much less
attention due to the added complexity of producing and measuring excess radical concentrations. We
performed kinetic experiments on the barrierless N(4S) + OH(2P) → H(2S) + NO(2P) reaction in a
supersonic flow (Laval nozzle) reactor. We used a microwave-discharge method to generate atomic
nitrogen and a relative-rate method to follow the reaction kinetics. The measured rates agreed well with
the results of exact and approximate quantum mechanical calculations. These results also provide
insight into the gas-phase formation mechanisms of molecular nitrogen in interstellar clouds.

The chemistry of low-temperature environ-
ments, such as interstellar clouds (ISCs),
was thought to be governed by reactions

involving electrically charged species (1) until

recent advances in experimental and theoreti-
cal methods showed that reactions between un-
charged species could occur and even dominate
in some low-temperatures regions. The 1990s
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saw the emergence of the CRESU technique (2)
that applies Laval nozzle expansions to cool gases
isentropically while avoiding the wall-loss effects
incurred in conventional cryogenic systems. This
method has been used to measure the rates for
numerous reactions between neutral species at
temperatures as low as 6 K (3), although only
one of them was between two unstable radicals
(4). Several challenges face experimentalists study-
ing radical-radical kinetics: (i) Can sufficiently
large quantities of one of the radical species be
generated such that its concentration satisfies the
requirements for pseudo–first-order kinetics? (ii)
Can this reagent concentration be quantified to
extract the thermal rate constant? (iii) Can the
method be applied universally to investigate an
extensive range of radical-radical reactions?

The only radical-radical reaction to have been
studied with the CRESU technique below 100 K
is the O(3P) + OH(2P) → H(2S) + O2(

3Sg
–) re-

action (4). Excess atomic oxygen was produced
by pulsed-laser photolysis (PLP) of O2 at 157 nm,
whereas the decay of OH radicals was followed
by laser-induced fluorescence (LIF). The atomic
oxygen concentration was estimated from the ab-
sorption cross section of O2 at 157 nm and the
laser fluence. Similar schemes can neither produce
atomic hydrogen or nitrogen from their molec-
ular counterparts nor estimate their concentrations
due to negligible absorption at vacuum ultraviolet
wavelengths for both H2 and N2.

Given the limited application of PLP methods
in this respect, we have applied the microwave-
discharge technique as an alternative for the pro-
duction of atomic species. This method has been
used in the gas-phase chemical kinetics commu-
nity since the 1960s to generate large concentra-
tions of a wide range of atomic species, but it has
proven difficult to couple this technique to either
continuous or pulsed CRESU apparatuses. The
large reservoir volumes and high gas flows used
by other continuous CRESU systems mean that
the reactive atoms have ample time to recombine
and are highly diluted. In pulsed apparatuses, it is
difficult to pulse the discharge in a stable manner.
The continuous CRESU apparatus used in this
study overcomes such issues through reduced gas
flows, typically five times lower than other con-
tinuous CRESU systems, that are comparable to
those used in conventional flow-tube apparatuses.
Atoms created upstream of the Laval nozzle yield
high densities (1014 to 1015 cm−3) in the down-

stream cold supersonic flow, thereby allowing
atom-radical reactions with rate constants greater
than 5 × 10−12 cm3 s−1 to be studied.

Arguably, the more challenging problem in
radical-radical kinetics is the determination of
the excess reagent concentration. In kinetics ex-
periments where the excess reagent is a stable
molecule, this quantity is obtained directly from
its partial pressure, but when the excess reagent
is a radical, its production efficiency is poorly
known and losses occur both heterogeneously
and homogeneously, so a similar analysis for
atoms becomes hazardous. Instead, we used an
established technique, the relative-rate method,
in which the unknown rate of a target reaction is
measured relative to the known rate of a reference
reaction, the two reactions sharing a common
reagent species that is present in excess. The ratio
of the pseudo–first-order losses of the two minor
reagent species yields the ratio of the rate con-

stants for these processes, provided that second-
ary reactions do not consume or produce more
than a few percent of the minor reagent species.
No knowledge of the excess radical reagent con-
centration is required, but uncertainties arising
from the measurement of the reference process
must be incorporated into the unknown rate.

To test these methods, we measured rate
constants for the important interstellar reaction

N(4S) + OH(2P) → NO(2P) + H(2S) (1)

relative to that of a previously determined refer-
ence reaction (5)

N(4S) + NO(2P) → N2(
1Sg

+) + O(3P) (2)

Reaction 1 could be themajor source of NO in
dense ISCs and, in conjunction with reaction 2, me-
diates the transformation from atomic to molecular
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Fig. 1. (A) Exemplary temporal pro-
files at 147 K with estimated [N] =
1.1 × 1014 atoms cm−3. Blue squares,
NO(2P1/2) LIF signal; red circles,
OH(2P3/2) LIF signal. (B) As in (A)
but with estimated [N] = 4.1 × 1014

atoms cm−3.
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Fig. 2. Pseudo–first-order rate
constants for reaction 1 as a
function of the pseudo–first-
order rate constants for reaction
2 at 56 K. A weighted linear
least-squares fit yields the ratio
of the second-order rate con-
stants k1/k2. The vertical error
bars reflect the statistical un-
certainties at the level of a sin-
gle standard deviation obtained
by fitting to OH LIF profiles
such as those shown in Fig. 1.
The horizontal error bars were
obtained in the same manner
by fitting to the NO LIF profiles.
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nitrogen. As the fifth most abundant element
in the universe, nitrogen had been thought to
occur mostly in the form of N2 in these regions.
N2 is difficult to observe, however, given the ab-
sence of allowed vibrational and/or rotational
transitions, so its abundance has been inferred
through observations of N2H

+. These observa-
tions show that the atomic-to-molecular nitrogen
abundance ratio, N/N2, in such environments is
too high to be compatible with current gas-phase
formation mechanisms (6). Recommended rate
constants for reaction 1 (7, 8) are based on earlier
measurements using a cryogenic cooling meth-
od (9) with a negative temperature dependence
(T −0.2) for the rate down to 103 K. Recent cal-
culations (10–12) have brought the validity of
these measurements into question, suggesting
that reaction 1 may present a less pronounced
variation with temperature yielding substantially
smaller rate constants at low temperatures. If the
rate for reaction 1 is slower than currently pre-
dicted, it may present a bottleneck to N2 forma-
tion in dark clouds, thereby bringing models
more into line with observations.

We performed experiments in our continuous-
flow CRESU apparatus between 56 and 296 K
(13) [also see supporting online material (14)]. Ex-
cess concentrations of N(4S) atoms were produced
by microwave discharge upstream of the Laval
nozzle, and OH radicals were created in situ by
PLP of H2O2 vapor. We followed [OH] by LIF
to measure the pseudo–first-order rate constant
k′1. Simultaneously, NO molecules produced and
consumed by reactions 1 and 2, respectively, were
also followed by LIF, yielding kinetic traces sim-
ilar to those shown in Fig. 1. Under conditions
where the formation and loss of NO were gov-
erned solely through these two reactions, the tem-
poral evolution of NO was given by

[NO] ¼ k ′1[OH]0
k ′2 − k ′1

(e−k
′
1t − e−k

′
2 t) ð3Þ

where k′2 is the pseudo–first-order rate constant
for reaction 2, [OH]0 and [NO] are the initial OH
and time-dependent NO concentrations, respec-
tively, and t is time. The value of k′1 previously
obtained was reinserted into Eq. 3 as a constant,
and k′2 was varied until a best fit to the data was
obtained. Values of k′1 were then plotted as a
function of the corresponding k′2 value for
different atomic nitrogen concentrations (Fig. 2)
to yield the rate constant ratio k′1/k′2 ≡ k1/k2 at a
specified temperature from the slope. The
second-order rate constant k1 follows from the
product of the ratio and the previously measured
k2 values (5). Values of k1 obtained in this manner
are listed in table S1 (14) and are given as a
function of temperature in Fig. 3 alongside ear-
lier experimental and theoretical results.

To check the rate constants obtained for re-
action 1 and the validity of the experimental meth-
od, we used two quantum mechanical approaches
to calculate the rate constants with a high-quality
potential energy surface of the a3A′′ state (the

lowest triplet electronic state of HNO) developed
recently (12). First, we used a time-independent
quantum mechanical (TIQM) method employ-
ing body-frame hyperspherical coordinates (15).
At each hyperradius r, a set of reference Hamil-
tonian eigenstates was calculated. At small r, the
adiabatic states in each sector spanned a large
fraction of configuration space, allowing for atom
exchange. These states were expanded on a basis
of pseudo-hyperspherical harmonics with ap-
propriate symmetries, dissociating at large r
into various NO and OH rovibrational sets. The
expansion coefficients satisfied a set of second-
order coupled differential equations with cou-
plings arising from the difference between exact
and reference Hamiltonians. The range of varia-
tion of r was divided into 147 equal sectors be-
tween 2.9 and 21.1 bohr. The crucial parameters
for convergence were the number of states in-
cluded and the asymptotic matching distance,
both of which we checked carefully. All TIQM
calculations were performed for N + OH (v = 0,
j = 0) → NO + H (that is, OH in its ground
rovibrational state) (where v and j are the vibra-
tional and rotational quantum numbers, respective-
ly). Once the accurate total reaction probability
had been computed for a total angular momen-
tum J = 0, the rate constant was obtained by the
J-shifting approach (16) from 10 to 350 K. High-
er vibrational states of OH were not considered,
as excited states are unpopulated below 350 K. In
addition, recent quasi-classical trajectory studies
(11) down to 5 K show that the rate constant is
relatively insensitive to the OH rotational state, as
the rate constant calculated for v = 0, j = 0
approaches the thermal rate.

Second, we performed exact time-dependent
quantum mechanical (TDQM) calculations in-
cluding contributions from all angular momenta
J in the N + OH Jacobi coordinates. A Gaussian
wave packet with the ground rovibrational state
OH reactant was launched in the N + OH chan-
nel and propagated in time with the split-operator

method. The wave packet was discretized in a
mixed representation in which the radial coordi-
nates were represented in grids and angular coor-
dinates in basis functions; the S-matrix elements
were obtained by projecting the wave packet to
the product basis (17). We calculated the total re-
action cross section by summing the total reaction
probability over all partial waves, and the rate
constant was averaged over the Boltzmann factor
to obtain values from 10 to 100 K.

To compare the theoretical rate constants to
the measured ones, a temperature-dependent elec-
tronic factor (18) was included to describe the
fine-structure distribution of OH(X2P) and the
degeneracy of the electronic states of HNO and
N(4S). Detailed descriptions of both the exper-
imental and theoretical methods can be found in
(14). The measured rate constants are in excel-
lent agreement with the present theoretically de-
termined values at all temperatures, as well as
with other recent calculations (10–12) predicting
a weak variation of the reaction rate between
50 and 500 K, with the exception of Ge et al.
(19). Moreover, the good agreement between the
J-shifted TIQM and all J TDQM results indi-
cates the validity of the J-shifting model for this
system. This is in contrast to a recent study of
the O + OH → H + O2 reaction (20) where the
J-shifting approach led to substantial errors. The
present experimental results are also in good
agreement with a previous room-temperature
study (21), although they neither support the pro-
nounced negative temperature dependence nor
the overall magnitude of the previously measured
low-temperature rate constants (9, 22). The dis-
crepancy between the current and previous low-
temperature experimental studies of reaction
1 may originate from several sources. Cryogenic
cooling methods such as those used by Smith
and co-workers (9, 22) are potentially susceptible
to interferences from heterogeneous processes.
Moreover, the accurate determination of atomic
concentrations in such systems is far from trivial.

Fig. 3. Rate constants for
the N(4S) + OH(2P) reaction
as a function of tempera-
ture. Experimental values:
solid red triangles, Smith
and Stewart (9); open red
triangles, Howard and Smith
(22); open green squares,
Brune et al. (21); solid blue
squares, this work. Theo-
retical values: pink line,
Edvardsson et al. (10); light
blue line, Jorfi et al. (11);
red line, Li et al. (12); dark
blue line, Ge et al. (19).
This work: solid black line,
TIQM J-shifting; green line,
TDQM all J. Recommended
values: dot-dashed line,
Woodall et al. (7); dashed
line, Wakelam et al. (8). Error bars on the present values indicate the combined statistical uncertainty at the
level of a single standard deviation and an estimated 10% systematic uncertainty (see table S1).
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Conversely, the present technique is hampered
by neither of these issues (14).

The excellent agreement between theoretical-
ly and experimentally determined rate constants
for reaction 1 presented here validates these
methods and should permit the measurement of
rate constants for a wide range of atom-radical
reactions in the near future. It is envisaged that
reactions of ground-state atomic nitrogen and
oxygen with other small diatomic radicals (CN,
CH, C2) will be among the first to be investi-
gated. Our results also bear on the discrepancies
between observed N/N2 abundance ratios and
those predicted by current astrochemical mod-
els. Maret et al. (6) used parameters given by
the Ohio State University astrochemical data-
base (OSU 2005) (23) to obtain rate constants
for reactions 1 and 2 in their chemical model
of the B68 prestellar core. At 10 K, these pa-
rameters yield rate constants of 1.4 × 10−10

cm3 s−1 and 2.3 × 10−10 cm3 s−1 for reactions
1 and 2, respectively. The present results can
be used to estimate a rate constant for reaction
1 of 2.5 × 10−11 cm3 s−1 at 10 K. Similarly, from
recent experimental (5) and theoretical studies
(24, 25) of reaction 2, we estimate a rate con-
stant of 7 × 10−12 cm3 s−1. With values 5 and 30
times smaller than those used in the model
example (6), this gas-phase N2 formation mech-

anism should be less important than previous-
ly thought.
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Observing the Multiexciton State in
Singlet Fission and Ensuing Ultrafast
Multielectron Transfer
Wai-Lun Chan, Manuel Ligges, Askat Jailaubekov, Loren Kaake, Luis Miaja-Avila, X.-Y. Zhu*

Multiple exciton generation (MEG) refers to the creation of two or more electron-hole pairs from
the absorption of one photon. Although MEG holds great promise, it has proven challenging to
implement, and questions remain about the underlying photo-physical dynamics in nanocrystalline
as well as molecular media. Using the model system of pentacene/fullerene bilayers and
femtosecond nonlinear spectroscopies, we directly observed the multiexciton (ME) state ensuing
from singlet fission (a molecular manifestation of MEG) in pentacene. The data suggest that the
state exists in coherent superposition with the singlet populated by optical excitation. We also
found that multiple electron transfer from the ME state to the fullerene occurs on a subpicosecond
time scale, which is one order of magnitude faster than that from the triplet exciton state.

Theabsorption of one photon in most semi-
conductor materials creates one electron-
hole pair, which may be separated to give

electrical current in a photovoltaic device. The
solar-to-electric power-conversion efficiency from
such a device comprising a single semiconductor
material is theoretically limited to ~31%. This
value, referred to as the Shockley-Queisser (SQ)

limit (1), comes about because any excess kinetic
energy of electron-hole pairs excited by photons
with energy above the bandgap is typically lost as
waste heat. One viable approach to exceed the
SQ limit is to use materials in which the excess
energy from the absorption of one photon can
create two or more electron-hole pairs in a pro-
cess called multiple exciton generation (MEG),
or carrier multiplication in inorganic semicon-
ductors (2, 3) and singlet fission (SF) in the more
localized molecules (4). MEG has been observed
in semiconductor nanocrystals (5–8) and single-
walled carbon nanotubes (9) and has been pre-

dicted to occur efficiently in graphene (10). SF
in organic molecules is also well established (4)
and can approach quantum efficiencies as high
as 200% (11).

Implementing MEG or SF in high-efficiency
solar cells requires extraction of multiple elec-
trons or holes from the light-harvesting material.
This is challenging because in competition with
charge extraction, there are a number of com-
peting channels for the decay of multiple exci-
tons. For example, enhanced Coulomb interaction
(12) is believed to be responsible for high MEG
yield in quantum-confined materials but also in-
creases the efficiency of Auger recombination
(the reverse of MEG). Charge-carrier extraction
from multiple excitons has been demonstrated
with the assistance of external bias voltage in
photodiodes of single-walled carbon nanotubes
(9), PbS nanocrystal thin films (13), and pentacene/
C60 multilayers (14). Multiple charge transfer
has also been reported for molecular electron ac-
ceptors anchored to semiconductor nanocrystals
(15) and in semiconductor nanocrystal-sensitized
electrochemical solar cells (16).

In the above demonstrations and in extensive
ongoing efforts, the common strategy has been to
extract charge carriers from the product of the
MEG or SF process, that is, relaxed (band-edge)
or localized multiple excitons. However, this ap-
proach may not be the best strategy to harvest
carriers resulting from MEG. Theoretical studies
of SF in molecular materials have shown that the
process involves a multiexciton (ME) interme-
diate state, which is essentially a correlated triplet
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