
pattern of uplift rates inferred from marine iso-
tope stage 5.5 marine terrace elevations (33). If
uplift rate does play a role, it may be in modu-
lating channel steepness as a function of sinuosity
(fig. S3).
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Transition-State Spectroscopy of Partial
Wave Resonances in the F +HDReaction
Wenrui Dong,* Chunlei Xiao,* Tao Wang, Dongxu Dai, Xueming Yang,† Dong H. Zhang†

Partial wave resonances, quasi-bound resonance states with well-defined rotation in the
transition state region of a chemical reaction, play a governing role in reaction dynamics but have
eluded direct experimental characterization. Here, we report the observation of individual
partial wave resolved resonances in the F + HD → HF + D reaction by measuring the collision
energy–dependent, angle- and state-resolved differential cross section with extremely high
resolution, providing a spectroscopic probe to the transition state of F + HD → HF + D. The
agreement of the data with the high-level theoretical calculations confirms the sensitivity of this
probe to the subtle quantum mechanical factors guiding this benchmark reaction.

Direct characterization of transition states,
the fleeting structures at the boundary
between the reactants and products in

molecular transformations, is one of the grand
challenges in physical chemistry (1–3). Substan-
tial progress toward this goal has been made in
the past two decades by using negative-ion photo-
detachment spectroscopy, which probes a reaction
transition state by directly photodetaching an elec-
tron from an appropriate negative-ion precursor
that has a similar geometric structure to the tran-
sition state (4). However, it is much more diffi-
cult to measure the transition-state structures in
crossed molecular-beam experiments, even with
full quantum mechanical state resolution of the
initial and final states, because in most chemical
reactions experimental observables come from
the contributions of collisions with many partial
waves, or in classical terms, of collisions with a
range of impact parameters or total angular mo-
mentum. A partial wave is a quantum-scattering

state with a well-defined total angular momen-
tum quantum number (J ), which specifies the
overall rotation of the reaction system and is
conserved in the reaction process. A full reaction

process can be considered as a combination of
reactions of many partial waves (J = 0 to Jmax)
that contain the most detailed information on the
reaction transition state. However, contribution
of a single partial wave to the experimental ob-
servables is extremely hard to resolve because
different partial wave contributions are severely
overlapped under most circumstances.

Reaction resonances are transiently stabilized
quantum states in the transition-state region with
well-defined energies, and energy widths, which
change with individual partial waves. When the
energy changes associated with certain partial
waves are larger than the energy width of the
resonance states, the experimental observables
may be largely determined by a few or even one
partial wave in that energy region. As a result,
detection of partial wave reaction resonances would
offer the most detailed picture of the quantum
mechanical factors guiding chemical reactivity and
so has attracted great attention in the field. The

State Key Laboratory of Molecular Reaction Dynamics, Dalian
Institute of Chemical Physics, Chinese Academy of Sciences,
Dalian 116023, Liaoning, People’s Republic of China.
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Fig. 1. Experimental
and theoretical DCS of
the HF(v′ = 2, j′ = 6)
product of the F(2P3/2) +
HD(j = 0) reaction in the
backward scattering di-
rection. The solid circles
are experimental data;
the red curve, the result
of full quantum dynamics
calculations convoluted
with the experimental res-
olution and shifted 0.03
kcal/mol lower in energy.
The error bars in the ex-
perimental data are the
estimated measurement
errors (T1s) for the HF(v′=
2, j′ = 6) product peak
intensity (fig. S1) in the collision energy scan. The three peaks are assigned to the partial wave Feshbach
resonances of J = 12, 13, and 14 in the F + HD → HF + D reaction, as explained in the text. The three-
dimensional DCS shown was measured at 1.285 kcal/mol, with F and B indicating the forward- and
backward-scattering, respectively, directions for HF with respect to the F-atom beam direction.
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F + H2 reaction system has been a textbook case
in the study of resonances (5–8). In this work,
we report the experimental observation of partial
wave resolved resonances in the F +HD→HF+D
reaction, providing an extremely accurate probe
of its reactive resonance potential energy surface
(PES).

We performed a fully quantum state–resolved,
crossed-beam reactive scattering experiment on
the F(2P3/2) + HD( j = 0)→HF(v′, j′) + D reaction
by using the D-atom Rydberg tagging technique
(9). A unique double-stage discharge F-atom beam
was used in this experiment so that a high-intensity
F-atom beam with high-speed ratio (v/dv) could
be obtained (10). Both beam sources (F and HD)
were cooled cryogenically to maximize resolution.

Time-of-flight (TOF) spectra of the D atom
products from the F + HD reaction in the back-
ward scattering direction were measured at vari-
ous collision energies from 0.9 to 1.5 kcal/mol
and are shown in fig. S1. Full product (HF) rota-
tional state resolution was achieved, and differen-
tial cross sections (DCS) for HF(v′ = 2) products
in individual rotational states were obtained. A
clear oscillatory structure is evident (Fig. 1) in the
collision energy dependence of the DCS for the
HF(v′ = 2, j′ = 6) product in the backward scat-
tering direction. Theoretically, we carried out
full quantum scattering calculations on a recently
reported PES (11). The theoretical DCS in the
backward direction for the HF(v′ = 2, j′ = 6)
product were computed at various collision en-
ergies. For better comparison, the experimental
resolution factor was included in the theoretical
simulation. The original theoretical results are shifted

lower in energy by 0.03 kcal/mol in Fig. 1 to
compare with the experimental results. With this
small shift, the agreement between the theory and
the experiment is remarkable.

In order to trace the dynamical origin of the
oscillatory structures, we calculated the DCS in
the backward direction for the HF(v′ = 2, j′ = 6)
product with different Jmax. It turns out that the
three main peaks exhibited in Fig. 1 emerge sub-
sequently by taking Jmax = 12, 13, and 14 (fig.
S2). In other words, the assigned J = 12 peak in
Fig. 1 emerges only after including the J = 12
partial wave in the calculations. The same is true
for the peaks labeled J = 13 and 14. This clearly
confirms that the detected oscillations are con-
tributed by the J = 12, 13, and 14 partial wave
Feshbach resonances in the F + HD → HF + D
reaction. It is interesting to point out that the final
heights of the specific peaks of these oscillations
can be obtained only by including larger J con-
tributions in the calculations, implying that quan-
tum interference among the partial wave resonances
is quite significant in the observed DCS. In addition
to the HF(v′ = 2, j′ = 6) product, partial wave
resonances are also observed in the DCS of other
well-resolved rotationally excited HF(v′ = 2)
products in the backward direction.

The partial wave resolved resonances can only
be observed in both angle- and state-resolved DCS
measurement with extremely high translational en-
ergy resolution in a scattering experiment. It is
necessary to point out that the reaction resonance
that we are dealing with here is the same reso-
nance studied in (7) and (11). DCS in different
scattering directions was also measured in this

work at the collision energy of 1.285 kcal/mol
(Fig. 1). The three-dimensional DCS plot shows
a narrow forward-scattering peak with a broader
backward-scattering distribution, indicating a strong
resonance effect in the reaction. The present ex-
periment provides a spectroscopic probe of the
resonance potential far beyond the generally ac-
cepted “chemical accuracy” of about 1 kcal/mol.
The observation of the partial wave resolved
resonances provides opportunities to study their
effect on chemical reactivity at the truly state-to-
state-to-state level.

References and Notes
1. G. C. Schatz, Science 288, 1599 (2000).
2. F. Fernández-Alonso, R. N. Zare, Annu. Rev. Phys. Chem.

53, 67 (2002).
3. J. C. Polanyi, A. H. Zewail, Acc. Chem. Res. 28, 119 (1995).
4. D. M. Neumark, Science 272, 1446 (1996).
5. D. E. Manolopoulos et al., Science 262, 1852 (1993).
6. R. T. Skodje et al., Phys. Rev. Lett. 85, 1206 (2000).
7. R. T. Skodje et al., J. Chem. Phys. 112, 4536 (2000).
8. M. Qiu et al., Science 311, 1440 (2006).
9. The experimental technique used in this work is described

in detail in the supporting materials available on Science
Online.

10. Z. Ren et al., Rev. Sci. Instrum. 77, 016102 (2006).
11. Z. Ren et al., Proc. Natl. Acad. Sci. U.S.A. 105, 12662

(2008).
12. We acknowledge the support of this work by the Chinese

Academy of Sciences, the National Natural Science Foundation
of China, and the Ministry of Science and Technology of China.

Supporting Online Material
www.sciencemag.org/cgi/content/full/327/5972/1501/DC1
Materials and Methods
Figs. S1 and S2
References

8 December 2009; accepted 28 January 2010
10.1126/science.1185694

Mechanosensitive Self-Replication
Driven by Self-Organization
Jacqui M. A. Carnall,1 Christopher A. Waudby,1,2 Ana M. Belenguer,1 Marc C. A. Stuart,3,4
Jérôme J.-P. Peyralans,4 Sijbren Otto4*

Self-replicating molecules are likely to have played an important role in the origin of life, and a
small number of fully synthetic self-replicators have already been described. Yet it remains an open
question which factors most effectively bias the replication toward the far-from-equilibrium
distributions characterizing even simple organisms. We report here two self-replicating
peptide-derived macrocycles that emerge from a small dynamic combinatorial library and
compete for a common feedstock. Replication is driven by nanostructure formation, resulting
from the assembly of the peptides into fibers held together by b sheets. Which of the two
replicators becomes dominant is influenced by whether the sample is shaken or stirred. These
results establish that mechanical forces can act as a selection pressure in the competition
between replicators and can determine the outcome of a covalent synthesis.

The ability to replicate is an essential com-
ponent of evolvable life, yet how repli-
cation emerged during the origin of life

remains an unanswered question (1–3). The ex-
perimental approach to this subject has focused
largely on kinetically controlled autocatalysis,
whereby a molecule is able to catalyze its own for-
mation from a set of precursors. This outcome has
been achieved using both biological molecules—

such as DNA (4, 5), RNA (6) and a-helical pep-
tides (7, 8)—and nonbiological molecules (9–12).
Also, cross-catalytic systems have been reported
wherein two or more sets of compounds induce
one another’s synthesis (13, 14). These relatively
simple systems are still far from the complexity
exhibited by contemporary organisms, which can
undergo Darwinian evolution and exhibit a com-
plex internal organization.

We previously proposed that it should be
possible to use dynamic combinatorial libraries
to develop molecules capable of promoting their
own formation, while forming extended assem-
blies at the same time (15). Dynamic combina-
torial libraries are created by mixing building
blocks that can react with each other through the
formation of reversible covalent bonds, leading
to a mixture of products that are all in rapid
equilibrium. We reasoned that if two or more
molecules of a particular product could stabilize
one another through noncovalent binding, the
equilibrium would shift toward formation of this
product at the expense of the other library mem-
bers. A number of examples have very recently
appeared that exploit this principle. Giuseppone
described a dynamic equivalent of the Rebek
replicator (16) as well as an autopoietic system
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resonances.
hydrogen atoms. Their data agree with theory and reveal oscillating peaks in reaction probability, termed partial wave
resolution sufficiently to distinguish the impact of subtle angular momentum variations on the reactivity of fluorine with 

) have honed their spectroscopicAlthorpe (p. 1501; see the Perspective by et al.Dong angular momentum distributions. 
encompasses a vast number of collisions over multiple−−even in the confines of a molecular beam apparatus−−reactions

 momentum of reagents on the outcome of a chemical reaction. In practice, however, observation of most chemical
 strikes in a collision. In principle, quantum mechanics can be used to predict the analogous impact of the angular

 Skilled billiard players can easily predict how spinning of one ball will affect the trajectory of the second ball it
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