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molecules that persists into the postcleavage
state (fig. S6).

Conclusion. The g/mS ribozyme differs
from typical riboswitches in two fundamental
ways. First, the g/mS ribozyme adopts a rigid
fold that does not change upon metabolite bind-
ing (fig. S5) or during the course of the reaction
(Fig. 3C). In contrast, conventional riboswitches
couple the energy derived from metabolite bind-
ing to substantial conformational change of the
RNA and only adopt a stable fold once they bind
their cognate metabolites (3, 4, 6, 7, 9, 10). Sec-
ond, unlike the purine, S-adenosylmethionine,
and thiamine pyrophosphate riboswitches,
which achieve specificity by completely encap-
sulating their ligands (3, 4, 7, 9, 10), the glmS
ribozyme achieves high specificity and satisfies
its requirement for a precisely positioned
functional group with a pK, suitable for general
acid-base catalysis using a solvent-accessible
binding pocket. The open and rigid coenzyme-
binding pocket of the g/mS ribozyme, which is
only partially filled by the natural ligand (Fig.
4B), appears to be an excellent target for the
development of novel small-molecule activa-
tors or inhibitors that may have antibiotic
properties.
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Irreversible Organic Crystalline
Chemistry Monitored in Real Time

Peter R. Poulin and Keith A. Nelson*

Because multiple laser shots are typically required to monitor ultrafast photochemical reaction
dynamics, sample depletion and product accumulation have greatly restricted the range of
substrates and structural environments amenable to study. By implementing a two-dimensional
spatial delay gradient across the profile of a femtosecond probe pulse, we can monitor in a single
laser shot organic crystalline reaction dynamics despite the formation of permanent photoproducts
that cannot be conveniently removed. We monitored the photolysis of the triiodide anion,

I;7, and subsequent recombination or relaxation of its reaction products, in three very different
pure organic molecular crystals. The experimental results and associated molecular dynamics
simulations illustrate the intimate connection between lattice structure and reaction dynamics,
highlighting the role of lattice constraints in directing phase-coherent geminate recombination of

photofragments within a crystalline reaction cage.

irect time-resolved observation of chem-
istry in the solid state offers an experi-
mental precision especially well suited to
detailed modeling of local influences on re-

activity. Advantages include the uniformity of
the crystal lattice structure and the constraints it
places on the motions of reactants and products;
the limited number of well-defined lattice vibra-

tional modes through which dynamical exchange
of energy between the reacting species and the
surroundings may occur; and the systematic
variation of the lattice environment encountered
in related members of a crystalline family (/—4).
This potential for detailed analysis and under-
standing cannot be matched in liquid-state
photochemistry, because even though short-time
reaction dynamics in liquids also are strongly
influenced by local intermolecular geometries
and interactions, experimental measurements are
invariably averaged over myriad local environ-
ments; consequently, the distinct time-dependent
signatures of different surroundings are ob-
scured. Mechanistic insight into the influence of
crystal structure and local intermolecular topolo-
gy on reaction dynamics and yields has been
termed topochemistry (/) and discussed qualita-
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tively or semiquantitatively in terms of a reac-
tion cage formed by the local lattice structure
(5). Beyond its fundamental interest, such in-
sight can guide the design of molecular crystals
with applications ranging from solid-state or-
ganic synthesis to organic electronics to ener-
getic materials. Direct time-resolved observation
of ultrafast reaction dynamics in zeolites (6) and
related porous structures would also be of con-
siderable interest for catalyst optimization.

Unfortunately, the probing of ultrafast crys-
talline photochemistry using conventional tech-
niques of femtosecond spectroscopy (7) is
generally frustrated by the buildup of perma-
nent reaction products and by the difficulty of
replacing a degraded sample with fresh mate-
rial, as achieved through flow in studies of
liquid- or gas-phase samples. Thus, ultrafast
spectroscopy of crystalline chemical reactions
has been rare and has focused on a small set of
reversible reactions in organic crystals and rare
gas matrices (8). A generally applicable method
for unrestricted study of photochemistry in
complex organic lattice environments, includ-
ing covalent bond breakage, molecular frag-
mentation into new chemical products, and
product evolution, has been lacking. Here we
apply a single-shot probing approach that re-
veals crystalline reaction dynamics with femto-
second resolution.

To gauge the impact of lattice environment on
reactivity, we studied three pure molecular crystals,
each containing the same photolabile anion,
triiodide (I;™), and a different complex organic
counterion (9). The substantial differences in
lattice structure are evident from the crystal struc-
tures (Fig. 1) of tetra-n-butylammonium triiodide
(TBAT) (10), tetracthylammonium triiodide
(TEAT) (I1), and tetraphenylphosphonium
triiodide (TPPT), determined through x-ray
diffraction.

Gas and liquid-state spectroscopy (12—19)
have established that photoexcitation of I,~ at
an ultraviolet (UV) wavelength of 300 nm leads
to rapid dissociation, yielding a bound I, ~ anion
and a neutral I atom. The I,~ species may be
probed through its broad absorption band in
the visible and near-infrared (IR) spectral
regions without interference from the 1,7 UV
absorption. In all three crystalline systems, ex-
posure to a single weak UV excitation pulse
(9) produces a clearly visible, permanent dis-
coloration of the crystal at the site of irra-
diation. The usual approach to femtosecond
spectroscopy of repeated sample excitation,
with data accumulated over many thousands
of laser shots, was clearly inapplicable to
solution-grown crystals, each offering only a
small region of acceptable optical quality for
measurement.

To circumvent this problem, we developed
a technique to acquire multiple time-resolved
data points with a single laser pulse. The use of
an echelon structure (Fig. 2B) to subdivide the
transverse profile of a probe beam into mul-

tiple distinct pulses, each of which reaches the
sample at a different time, was introduced in
the early days of picosecond spectroscopy

REPORTS

(20). However, the scheme was difficult to
implement and was supplanted by the use of a
variable delay line (Fig. 2A). The echelon

TEAT (orthorhombic Pnma) TPPT (monoclinic P2/n)

TBAT (triclinic P-1)

Fig. 1. Crystal structures of (A) tetra-n-butylammonium triiodide (TBAT), (B) tetraethylammonium
triiodide (TEAT), and (C) tetraphenylphosphonium triiodide (TPPT). The structures are determined by
x-ray diffraction. I,~ ions are oriented in approximately longitudinal columnar chains in TBAT and
in nearly orthogonal side-on stacks in TEAT. In TPPT, each I, ion is situated in a local lattice
pocket. The structures of TBAT and TPPT are derived from our x-ray data, and the depiction of TEAT
is adapted from (3).

Fig. 2. Conventional and
single-shot femtosecond
spectroscopy. (A) In conven-
tional femtosecond time-
resolved measurements, an
excitation (or pump) pulse
initiates a reaction and a
probe pulse monitors the
evolution at a single, se-
lected time delay t (PD,
photodetector). The proce-
dure is repeated for many
different excitation-probe de-
lays to provide a complete
time-dependent data set. (B)
In the present study, a
complete data set is recorded
following a single pump
laser shot with 400 probe
pulses that arrive at the
sample successively delayed
by 25-fs time increments
and covering a total tempo-
ral range of 10 ps. The 400
pulses are formed from one
original probe beam that is expanded in diameter and passed through two orthogonally oriented
stair-step echelon structures. Portions of the probe pulse that pass through thicker combined glass
regions are delayed by longer times. Each echelon has 20 steps, with step heights yielding relative
delays of 25 fs in one structure and 500 fs in the other. The resulting 20 x 20 array of pulses is
focused to a common spot at the sample position and then imaged onto a CCD camera, along with a
reference image that bypasses the sample. The reference image is used to correct for variation in the
incident beam spatial profile, imperfections in the echelon structures, and scattering of probe light
due to imperfect sample optical quality. The CCD image shows data and reference images recorded
from a single-shot measurement on a glass (fused silica) test sample. One vertical region of the data
image shows substantial changes in probe pulse transmission through the sample, which are induced
by the arrival of the excitation pulse. These changes last for ~300 fs (~12 distinct probe regions on
the CCD image). The photoinduced responses of chemical interest in the present work are far smaller
in magnitude and cannot be discerned by eye from the raw data images. The overall time resolution of
the single-shot experimental setup, which is limited by probe pulse broadening within the echelons,
the noncollinear pump-probe angles, and the optical properties of the samples, is ~50 fs.

reference

data

thick echelon thin echelon
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approach is far more practical on femtosecond
time scales, which require echelon step heights
on the order of micrometers rather than mil-
limeters. The advent of two-dimensional (2D)
detector arrays and sophisticated computer-
based image-processing techniques has en-
abled the use of two echelons rather than one,
thereby greatly increasing the number of
time-delay sampling points that can be recorded
in a single laser shot (2/-23). Our initial
demonstrations of this approach focused on
catastrophic sample damage under extreme
high-intensity irradiation (2/, 22) and, more
recently, on reaction dynamics in supercooled
liquids and amorphous solids with essentially
perfect optical quality and uniformity (23). In
the present work, through substantial improve-
ments in sensitivity and automated data
analysis, we are able to extend single-shot
methods to the study of chemical reaction
dynamics in homegrown organic crystals. In
such samples, the scattered probe light in-
tensity typically exceeded the induced change
in probe transmission that was being mea-
sured, and the pattern of scattered light at the
charge-coupled device (CCD) detector
changed appreciably from one crystalline
region to another. The entire 20 x 20 grid
pattern of transmitted probe beams at the
CCD, as well as distortions of the grid
pattern, also shifted as a sample crystal was
translated because the front and back crystal
faces through which the beams passed were
not perfectly flat and parallel. To deal with
these factors, we developed advanced algo-
rithms in our laboratory for pattern recogni-
tion of the 20 x 20 data and reference array
grids superimposed over raw images; exclu-
sion of CCD pixels at or near known ir-
regularities (such as grid boundaries); scaled
averaging over the roughly 1000 CCD pixels
within each grid region that corresponds to a
specific delay time; and normalization based
on comparison between data and reference
grids recorded first without, and then with,
the excitation pulse. These measures, taken
to improve the sensitivity of the experimental
method, reduce the single-shot noise floor to
~0.1% of the transmitted probe light intensity
(roughly two orders of magnitude lower than
achievable otherwise), thereby enabling single-
shot measurements of ultrafast photochemistry
in organic crystals.

Transient absorption traces of the aforemen-
tioned crystals, each measured in a single laser
shot, were acquired at seven probe wavelengths
(three of which are shown in Fig. 3) spanning
the ground-state I,~ absorption spectrum (9).
Each laser shot impinged on a fresh region of
the crystal. TPPT, the crystal with the least
constrained environment around I,~, shows
features that are typical of liquid-state triiodide
photochemistry (/2): initial absorption at all
probe wavelengths from the I, excited state;
formation, after ~400 fs, of I,” and I photo-

fragments as evidenced by the characteristic
L,~ absorption spectrum centered near 740 nm;
coherent vibrational oscillations of the I,~
fragment, which by alternately stretching and
compressing gives rise to corresponding blue-
and red-shifting of its absorption spectrum (fig.
S1); and vibrational dephasing and cooling, the
former marked by the decay of the coherent
oscillations and the latter by a gradual narrow-
ing of the absorption spectrum (observed as
substantial decay of absorption at the wings and
slower decay or rise of absorption at the center
of the spectrum) as the initially excited
vibrational population relaxes to the bottom of
the I, potential well.

Similar behavior is observed within the first
picosecond in the two crystals with more
severely constrained environments around the
anions: I,~ excited-state absorption and frag-
mentation followed by coherent vibrational
oscillations of the 1,~ photoproduct. At later
times, however, the dynamics differ strikingly
from those observed in TPPT or in liquid-state
environments. In TBAT, which confines the
I,~ ions within pseudo-columnar channels
formed by the tetrabutylammonium counter-
ions, 1,7 absorption decays abruptly and
almost completely after 1.1 to 1.3 ps. In the in-
termediately constrained environment of TEAT,
the 1, absorption decays 1.4 to 1.7 ps after the
initial photolysis, somewhat later and less ab-
ruptly than in TBAT. These results suggest sub-
stantial lattice environmental effects on the
chemistry of the nascent photofragments.

The reaction dynamics were explored fur-
ther through molecular dynamics simulations.
Model systems of 3 x 3 X 3 unit cells were
constructed using reported potentials for I,
and 1,~ (/4, 24, 25), bond-order potentials
(26, 27) for certain covalently bonded counter-
ions, and Lennard-Jones potentials for interac-
tions between other bonded and nonbonded
atoms (9). A Gaussian thermal distribution of
30,000 trajectories at 298 K was constructed
and propagated forward in time in each simu-
lation. Simulations were launched in each model
crystal by placing each of the reactive I, ions
in a selected electronic excited state (9) and
then solving the classical equations of motion
for each atom; the well-established Verlet
algorithm was used to compute new atomic
positions and momenta after successive 1-fs
time increments. We focus on calculation of
I, absorption because this is the experimen-
tally measured property that reveals the lattice-
mediated dynamics of key interest. Formation
of 1,7 is initiated by defining a “dissociation
distance” for the parent I~ ion. The first of the
two terminal I atoms to move beyond the
dissociation distance from the central atom is
considered to have dissociated, and the other
two I atoms, which remain bonded, are
smoothly transferred to the ground-state I,
potential-energy surface. The dissociation dis-
tance is taken as roughly 115% of the mean

equilibrium I,~ bond length in order to re-
produce the temporal onset of I, absorption
observed experimentally.

For all three crystals, the simulations repro-
duce semiquantitatively the onset of I, ™ absorp-
tion and coherent vibration. Crucially, the
abrupt decay of I,” absorption in TBAT and
TEAT and the absence of any such decay in
TPPT are also reproduced. Individual trajecto-
ries selected at random out of the sets of 30,000
show highly consistent outcomes with the
respective average trajectories (Fig. 4). The
results support the conclusion that the abrupt
disappearance of I,” spectral signatures arises
from lattice reaction cage-mediated recom-
bination of photofragments. In TBAT, the re-
combination is highly synchronized across the
~1012 excited unit cells and confined to a
narrow time window of ~200 fs. In TEAT, the
recombination is quite well synchronized, oc-
curring mostly within a time window of ~300
fs. In TPPT, however, no signature of syn-
chronized recombination is apparent in either
experiment or simulation. In all three crystals,
simulations show that the I,~ fragment moves
relatively little after I,~ photodissociation,
whereas the I fragment leaves with about 0.5 eV
of kinetic energy, travels a substantial distance
(3.3,4.9, and 3.9 A on average, respectively, in

e STIEESTY 880 nm
I TBAT
|
[ T 740 0m |
I|Il’-.
| # T 600 nm
g [\
2 __'. ST 880 nm
] |[N"~" TEAT
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Fig. 3. Single-shot measurements of crystalline
chemical reactions. Single-shot data from each of
three different crystals are shown at three probe
wavelengths. The maximum change in transmitted
light intensity is ~2%.
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TBAT, TEAT, and TPPT) before its first
collision with a neighboring lattice constituent,
and loses only a modest amount of its kinetic
energy (4, 13, and 13%, respectively) during
that encounter. In the TBAT Ilattice, the
dissociated I atom moves away from its parent
fragment, remaining within the confines of its
pseudo-1D channel, until it collides with a
neighboring I,~ fragment. It then recoils
principally along its original path of motion
to recombine with its original partner. Al-
though we have conducted classical numerical
simulations of the motion, the simulation and
experimental results and the particular lattice
geometry of TBAT suggest approximate
modeling, classically or quantum mechanical-
ly, in terms of a particle in a 1D box with
rather little dephasing on the time scale of the
single round trip that occurs before recom-
bination. Thus, the photofragment’s con-
strained translational motion, from inception
through collision to recombination, is substan-
tially phase-coherent. The dynamics are dis-
tinct from those observed in photolysis of I, in
rare gas cryogenic matrices (8, 28), in which
energetic molecular states that are dissociative
in the gas phase become “cage-bound” by
lattice constraints that strongly resist even the
initial dissociation event, so there is no free I
translation before recoil, which occurs in the
molecular electronic excited state but not the
ground state. In the present case, a fully
dissociated I atom undergoes a rather leisurely

excursion whose distance is long compared to
the original bond length (2.9 A) and whose
duration is long compared to the period during
which sudden recombination occurs. In the
case of TEAT, this excursion lasts even longer
and covers a longer distance. In TEAT,
columns of I,~ ions are oriented in roughly
side-on stacks, so that the nearest-neighbor
lattice environment for a dissociating I, ion is
formed mainly by pseudo-spherical tetraethy-
lammonium ions and adjacent side-oriented
I,~ ions. Our simulations show that different
initial conditions among the thermal distribu-
tion of I,~ ions before photoexcitation,
particularly different symmetric versus anti-
symmetric stretching and librational motions,
produce different molecular trajectories that
give rise to substantial variations in the
interactions between a dissociated I atom
and its neighbors. This results in recom-
bination that is somewhat less synchronized
than in TBAT, in which the local geometry is
sufficiently restrictive that similar variations in
initial conditions do not appreciably affect the
recombination dynamics. Nevertheless, the
degree of phase coherence in the recom-
bination of TEAT as well as TBAT, apparent
directly from the experimental data as well as
from the simulations, is surprising given the
complexity of organic crystalline environ-
ments generally. The TPPT crystal, whose
local lattice surroundings present greatly re-
duced steric constraints as compared to TBAT

Fig. 4. Molecular dy-
namics simulations of
crystalline chemical reac-
tions. The results are
averaged over 30,000
trajectories (left) and for
randomly selected indi-
vidual trajectories (right)
for a model of I,~ pho-
tolysis in 3 x 3 x 3
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and TEAT, permits a wide range of
dissociated I-atom trajectories, and both ex-
periment and simulation show no notable
recombination during the time window
following dissociation.

The experimental and computational results
point consistently to a clear correlation between
crystalline structure and reaction dynamics. In
the cases examined here, well-defined variations
in static structure lead to distinct recombination
behavior on the part of caged photofragments.
Dynamical effects involving transfer of photo-
product translational energy to lattice degrees of
freedom, which may permit lattice accommoda-
tion of the permanent photoproducts that evi-
dently are formed to some degree in all three
crystals, should be studied as a function of
temperature. In some systems, dense crystal
packing around the reactive species and rapid
flow of energy from molecular reactive modes
into lattice modes may suppress even the initial
photodissociative events. In partially disordered
lattices, energy flow from the reactive mode into
well-defined degrees of freedom [such as mo-
lecular rotation in plastic crystalline phases (29)]
may suppress reaction through dissipation. This
process should be more amenable to incisive
analysis than is possible in liquids, which
obscure similar phenomena on account of the
wide range of ill-defined bath coordinates
whose effects generally cannot be examined
separately.
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Anomalous Increase

in Carbon

Capacitance at Pore Sizes
Less Than 1 Nanometer

]. Chmiola,* G. Yushin, Y. Gogotsi,** C. Portet,t P. Simon,? P. L. Taberna®

Carbon supercapacitors, which are energy storage devices that use ion adsorption on the surface of
highly porous materials to store charge, have numerous advantages over other power-source
technologies, but could realize further gains if their electrodes were properly optimized. Studying
the effect of the pore size on capacitance could potentially improve performance by maximizing the
electrode surface area accessible to electrolyte ions, but until recently, no studies had addressed
the lower size limit of accessible pores. Using carbide-derived carbon, we generated pores with
average sizes from 0.6 to 2.25 nanometer and studied double-layer capacitance in an organic
electrolyte. The results challenge the long-held axiom that pores smaller than the size of solvated
electrolyte ions are incapable of contributing to charge storage.

double-layer capacitors (EDLCs), occu-
py a region between batteries and dielec-
tric capacitors on the Ragone plot describing the
relation between energy and power (/). They
have been touted as a solution to the mismatch
between the fast growth in power required by
devices and the inability of batteries to effi-
ciently discharge at high rates (2, 3). This large
capacity for high power discharge is directly
related to the absence of charge-transfer resist-
ances that are characteristic of battery Faradaic
reactions and subsequently leads to better
performance at low temperature. Improvements
in the energy density may accelerate the advent
of electrical and fuel-cell cars, as well as enable
numerous industrial and consumer applications
for supercapacitors (4). Improvements have
been made in cell packaging and electrolytes
(5, 6), but a lack of substantial progress in
carbon material design has limited energy
density, effectively preventing wide-scale usage
of supercapacitors.
Unlike batteries and fuel cells that harvest
energy stored in chemical bonds, supercapacitors

Supercapacitors, also called electrical
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exploit the electrostatic separation between elec-
trolyte ions and high—surface area electrodes,
typically carbon (7). This results in capacitances
of tens of Farads per gram of active material,
unlike traditional dielectric capacitors that have
capacitances typically measured in microfarads.
Energy stored in supercapacitors is linearly pro-
portional to the capacitance of its electrodes,
making material optimization crucial.

The large capacitance, C, and hence energy
storage potential, of supercapacitors arises due
to the small (~1 nm) separation, d, between
electrolyte ions and carbon and high (typically
500 to 2000 m?/g) specific surface area (SSA)
of carbon electrodes according to

€A

c== (1)
where 4 is the electrode surface area accessible
to electrolyte ions, and € is the electrolyte di-
electric constant. Because SSA is explicitly re-
lated to pore size, understanding its effect on
specific capacitance is especially important and
has been the subject of numerous studies over
the past decade (7-9).

Traditional methods of producing porous
carbon from either natural precursors such as
coconut shell or synthetic precursors such as
phenolic resin do not offer sufficient control
over porosity (/0). Mesoporous carbons synthe-
sized by template techniques have produced
controllable pores in the range of 2 to 4 nm
(11). Tt is believed that pores substantially
larger than the size of the electrolyte ion and

its solvation shell are required for high capac-
itance. The use of carbon nanotubes (/2) has
provided a good model system with large pores
and high conductivity, leading to impressive
power densities but low energy density.

A less well-known class of porous carbons
offers great potential for controlling pore size.
Carbide-derived carbons (CDCs) are produced
by high-temperature chlorination of carbides,
whereby metals and metalloids are removed as
chlorides, leaving behind nanoporous carbon
with a 50 to 80% open pore volume (73).
Atomic-level porosity control in CDC is
achieved by exploiting the host carbide lattice
as a template, permitting controlled layer-by-
layer metal extraction by optimizing the chlo-
rination parameters. CDCs have a narrow
pore-size distribution with a mean value that
is tunable with better than 0.05-nm accuracy in
the range of ~0.5 to ~3 nm (/4) and a SSA up
to 2000 m?/g (15), which make them attractive
candidates for studying porosity in supercapac-
itor applications. The ease of pore tunability in
CDC previously allowed experimental determi-
nation of the optimal pore size for hydrogen
storage (16). Also, CDC has shown impressive
specific capacitance when used as the active
material in supercapacitors with many electro-
lyte systems (/7-20). The use of CDC allows
precise control over properties found in all car-
bon materials, allowing broad trends to be dis-
covered that are applicable to other carbons.
Previous work with titanium carbide—derived
carbon (TiC-CDC) as the active material in
supercapacitors with aqueous H,SO, electro-
lyte (/8) showed a correlation between the
micropore size (pores <2 nm) and capacitance
but did not explore pores smaller than 1 nm.
This study focused on the small-pore effect by
using CDC with pores tuned from 0.6 to 2.25
nm and an electrolyte consisting of a 1.5 M
solution of tetraecthylammonium tetrafluorobo-
rate in acetonitrile.

TiC-CDC was synthesized by chlorination
at 500° to 1000°C (21), and its bulk properties
were characterized by Raman spectroscopy and
transmission electron microscopy (TEM). Con-
ductivity measurements were performed on
compacted powders. Porosity was characterized
by argon sorption at 77 K and confirmed with
data from small-angle x-ray scattering (SAXS)
(22) and CO, sorption at 300 K. The use of
multiple techniques for porosity measurement
ensures greater confidence in the results. Elec-
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