
the representative structural candidates formed in
the early stages of reduction of the TiO2 (110)
surface.

Four schematics in each structural model are
shown: (110) plan-view, [001] projection, [110]
projection, and a bird’s-eye view of the Ti inter-
stitial coordination polyhedra. From the [001]
projection, the reconstructed Ti atoms (Fig. 3,
light blue) are viewed to occupy the same in-
terstitial sites in the two models. However, from
the [110] projection, we can distinguish the two
models by the positioning of the Ti interstitials
along the [001] direction. In the [110] projected
models, Ti interstitials are positioned on top of
Ti-only columns (iv sites) in the Onishi-Iwasawa
model, whereas they are on top of Ti-O columns
(ih sites) in the Park et al. model. The present
[ 110] projected HVEM and HAADF-STEM
images show that the Ti interstitials are found
on top of Ti-O columns. In all observations, our
results directly evidence the formation of Ti
interstitials in the ih sites under the present re-
ducing condition, which is consistent with the
Park et al. model but not with theOnishi-Iwasawa
model.

It has been theoretically predicted that the
above twomodels are energetically favorable struc-
tures (10, 12). However, the fundamental differ-
ence in the two models is the stoichiometry of
the surface: O is more deficient in the Park et al.
model than in the Onishi-Iwasawa model. As
shown in the schematics, the Ti interstitials are
octahedrally coordinated to O in the two models,
but the O atom at one apex of the O octahedra
is absent (one Ti-O dangling bond is present) in
the Park et al. model. However, if we remove
the topmost O atoms (Fig. 3, yellow) from the
Onishi-Iwasawa model to equalize the surface
stoichiometry, two Ti-O dangling bonds would
be introduced to the Ti interstitials because these
O atoms lie on the equatorial plane of the O
octahedra. Thus, simple dangling bond consid-
erations suggest that the Ti interstitials in the ih
sites should be energeticallymore favorable under
the progressive reduction, which is consistent with
our experimental findings.

Our observations show that interstitial Ti
atoms (in ih sites) are actually involved in the re-
construction of TiO2 (110) surfaces. The distance
between proximate ih and iv sites is less than
1.5 Å along the [001] direction, but the present
direct atomic-resolution images distinguish the
two interstitial sites on the surface. These re-
sults not only provide an atomic-scale corner-
stone for complex surface reconstructions in TiO2,
they also open up new possibilities for character-
izing the atomic-scale structure and chemistry of
oxide surfaces. Recently, Ti interstitials near the
TiO2 (110) surface region have been proposed to
be responsible for the defect state in the band gap
(24), although O vacancies have been thought to
be the key for many years. The ability to directly
see interstitial atoms at surfaces should substan-
tially assist our understanding of surface struc-
tures and, hence, properties of TiO2 and other oxide

materials. Direct atomic-scale imaging with recent
advanced EM is a powerful method for unravel-
ling complex atomic structures of oxide surfaces.
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The Extent of Non–Born-Oppenheimer
Coupling in the Reaction of Cl(2P)
with para-H2
Xingan Wang,1 Wenrui Dong,1 Chunlei Xiao,1 Li Che,1 Zefeng Ren,1 Dongxu Dai,1 Xiuyan Wang,1
Piergiorgio Casavecchia,1* Xueming Yang,1† Bin Jiang,2 Daiqian Xie,2,3† Zhigang Sun,1,4
Soo-Y. Lee,4 Dong H. Zhang,1† Hans-Joachim Werner,5 Millard H. Alexander6†

Elementary triatomic reactions offer a compelling test of our understanding of the extent of
electron-nuclear coupling in chemical reactions, which is neglected in the widely applied
Born-Oppenheimer (BO) approximation. The BO approximation predicts that in reactions between
chlorine (Cl) atoms and molecular hydrogen, the excited spin-orbit state (Cl*) should not participate
to a notable extent. We report molecular beam experiments, based on hydrogen-atom Rydberg
tagging detection, that reveal only a minor role of Cl*. These results are in excellent agreement with
fully quantum-reactive scattering calculations based on two sets of ab initio potential energy
surfaces. This study resolves a previous disagreement between theory and experiment and confirms
our ability to simulate accurately chemical reactions on multiple potential energy surfaces.

For more than 150 years, the reaction of
chlorine atoms with molecular hydrogen,
Cl(2P) + H2→HCl + H, has been one of

the most widely studied elementary chemical re-
actions (1–3). In particular, investigations of this
reaction laid the framework for the development
of transition-state theory (4). Recently, this re-
action (2, 5–8), as well as the reaction of F with
H2 (9–11), have become testing grounds for im-
proving the depth and accuracy of our under-
standing of how quantummechanics ismanifested
in chemical reactivity.

The Cl atom is a free radical, with an unfilled
p shell, which imparts an electronic directionality
to the atom. Only one of the three possible ori-
entations leads, over a substantial barrier, to
products (5, 12). The other two orientations are

nonreactive at low to moderate energies (Fig. 1).
The interaction between the orbital and spin an-
gular momenta of the atom results in two pos-
sible spin-orbit states, separated energetically by
~2.5 kcal/mol of energy (880 cm–1). The depen-
dence of the reactive potential energy surfaces
(PESs) on the orientation of the p shell then man-
ifests itself in a differing reactivity for the two
spin-orbit states of the atom.

The understanding of collisions between atoms
and molecules is vastly simplified by the Born-
Oppenheimer (BO) approximation, which states
that nuclear motion will occur on PESs that cor-
respond to the energies of the rapidly rearranging
electrons as a function of the positions of themore
slowly moving nuclei. Thus, a particular electron-
ic energy state of the reactants will evolve along a
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single PES. In the case of the Cl + H2 reaction,
the excited spin-orbit statewill react only if the BO
approximation is broken during the reaction,which
then allows the excited spin-orbit reactants to trans-
fer from a nonreactive PES to the reactive PES, by
means of what is called a “nonadiabatic transition”
(13). This process is illustrated schematically inFig. 1.

The overall applicability of the BO approxi-
mation to chemical reactions has been established
by a large number of experimental studies (3, 14).
More specifically, in the case of the analogous
reaction of F with D2, Yang, Alexander, Werner,
and their co-workers have shown (11) that the
reactivity of the excited spin-orbit state of the F
atom, compared to that of the ground spin-orbit
state, is small except at very low collision energies,
where the barrier limits reaction of the ground
spin-orbit state. Here, molecular-beam experi-
mental measurements agreed quantitatively with
predictions of fully quantum calculations based on
the accurate ab initio PESs for the FD2 system
determined by Li, Werner, and co-workers (15).

A natural extension would be to the Cl + H2

reaction. Because of the significant increase in the
reaction barrier [8.45 kcal/mol for Cl +H2 (16) as
compared to 1.63 kcal/mol for F + H2 (17), with-
out including the atomic spin-orbit splitting], the
reaction cross section will be much smaller, so
that experimental investigation of Cl + H2 is a
greater challenge. Quantum-scattering studies,
similar to those done for F + H2/D2, predicted
that the excited spin-orbit state of Cl will be even
more unreactive than that of F, because of the
larger spin-orbit splitting in the heavier Cl atom
(5, 12). However, contrary to the predictions of
theory, an experimental molecular-beam study of
the Cl +H2 reaction bymeans of Doppler-selected
time-of-flight (TOF) detection of theH-atomproduct
suggested that reactivity of the excited spin-orbit
state becomes increasingly dominant as the col-
lision energy increases (18, 19).

Other experiments have been designed to
resolve this disagreement (8, 7, 20). Crossed–
molecular beammeasurements of differential cross
sections for the Cl + H2 reaction by Casavecchia
and co-workers by means of mass-spectrometric

detection of the HCl product suggested that the
excited spin-orbit state played only a minor role
(7). However, the experimental resolution was in-
sufficient to separate unambiguously products
formed by reaction of Cl* from those formed by
Cl. Recently, Neumark and co-workers (8) used
photodetachment spectroscopy of the ClH2

– anion
to probe the extent of non-BO coupling in the
region of the ClH2 PES where this coupling is
most likely to occur. Neumark’s experiments, and
the analysis of the accompanying theoretical cal-
culations (21), indicate that the breakdown in the
BO approximation is small.

Having achieved high precision in the com-
parison of theory and experiment for the F + D2

reaction (11), we applied the same strategy to the
Cl +H2 reaction. As discussed above, a particular
challenge is the much smaller cross section for
the latter reaction, due to the higher reaction bar-
rier. We report here a high-resolution, crossed–
molecular beam study of the Cl + H2 reaction in
which we make use of the H-atom Rydberg
tagging method (22). We concentrated on low
collision energies (Ec = 4 to 6 kcal/mol), where
nonadiabatic effects are expected to be most
pronounced (5, 12). Because the barrier to the
Cl + H2 reaction, corrected for zero-point energy,
is ~5.5 kcal/mol (23), quantum-mechanical tun-
neling will contribute appreciably to the reaction
at the collision energies considered here.
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Fig. 1. Relative energies
(to scale) for the Cl/Cl* +
H2 reaction, after inclusion
of the spin-orbit splitting,
with a schematic represen-
tation of the three ClH2
electronically adiabatic
PESs, labeled for collinear
geometry. The vibrational
zero-point energy (for re-
actants, products, and at
the barrier) has been in-
cluded. The PESs for the
twoP states correlate, in
theproduct arrangement,
with HCl(a3P) +H, which
lies at least 150 kcal/mol
above the Cl(2P3/2) + H2 asymptote. Consequently, the position of this asymptote is not drawn to scale.
Reaction of Cl(2P3/2) is BO-allowed and can proceed along the lowest PES (shown schematically by the
solid arrow). However, for the excited spin-orbit state to react, a nonadiabatic “hop” (shown schematically
by the dashed arrow) must occur from an excited PES to the lowest PES.

Fig. 2. Velocity spectra of the H-atom
product from the Cl(2P3/2)/Cl*(

2P1/2) + H2
reaction in the backward direction at col-
lision energies of (A) 4.16 kcal/mol, (B)
4.46 kcal/mol, and (C) 5.18 kcal/mol. In
these spectra, the solid blue circles are
the experimental results. To fit the ex-
perimental spectra, we used two compo-
nents, corresponding to reaction of Cl and
Cl*. As described in more detail in the
SOM (25), we used the fitting proce-
dure described in our F/F* + D2 work
(11). The blue curve shows the overall
fit to the experimental velocity spectra
and is the sum of the Cl component (red
curve) and the Cl* component (green curve).
From the simulations, it is apparent that
the faster component, which corresponds
to reaction of Cl*, makes a smaller contri-
bution as the collision energy increases.
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Our experimental apparatus has been described
previously (10, 24, 25). Briefly, we generated a
doubly skimmed Cl-atom beam by expanding a
mixture of 5% Cl2/95% He through a two-stage
discharge. We determined the Cl:Cl* ratio in the
beam to be 3.3, by using 2+1 resonance-enhanced
multiphoton ionization (REMPI). This ratio is sim-
ilar to the ratio in the earlier experimental scheme
of Liu and co-workers (18, 19). Measurement of
this ratio made it possible for us to extract the rela-
tive reactive cross sections of Cl* compared to Cl.

The p-H2 was made by passing n-H2 gas
through a column filled with an o-p conversion
catalyst cooled to about 20 K. The pure p-H2 was
expanded through a pulsed nozzle at room tem-
perature. We estimate the rotational temperature
of the emergent H2 beam to be 140 K, at which
point 89% is cooled to the lowest ( j = 0) rota-
tional state. The H-atom product from the Cl re-
action with p-H2 was detected with the H-atom
Rydberg tagging technique (25).

TOF spectra of the H-atom products from the
Cl/Cl* + p-H2 reaction (with an intial Cl:Cl* ratio
of 3.3) were measured at a range of laboratory
angles varied in ~10° intervals. These TOF spec-
tra were then converted to velocity spectra of the
H-atom product. For scattering in the backward
direction (H products rebounding opposite to the
direction of the initial H2 beam), Fig. 2 shows
three typical H-atom velocity spectra at Ec =
4.16, 4.46, and 5.18 kcal/mol. The velocity spec-
tra, which are proportional to the HCl product
intensity at various laboratory scattering angles,
were then simulated, as described in the Sup-
porting Online Material (SOM) (25), to obtain
the relative differential cross sections (DCSs) in the
center-of-mass (CM) frame for the Cl and Cl* re-
actions. With this, and the experimentally de-

termined Cl:Cl* population ratio in the beam,
we can determine the relative reactivity of Cl and
Cl* with H2.

The accompanying theoretical simulations
entailed time-independent, fully quantum-reactive
scatteringcalculations, basedon the time-independent
formalism of Alexander, Manolopoulos, Werner
and colleagues (26, 27). This treatment of the
dynamics includes explicitly four diabatic PESs;
three of these correspond to the three possible
orientations of the singly filled Cl 3p orbital with
respect to theH2, whereas the fourth diabatic PES
represents the coupling between the two PESs of
A' reflection symmetry (23, 26). In addition, we
include two coordinate-dependent spin-orbit con-
stants, as well as Coriolis coupling between the
four internal angular momenta (electronic spin,
electronic orbital, diatomic rotational, and overall
tumbling).

To determine differential reactive cross sec-
tions, we extended standard expressions to treat a
system with multiple internal angular momenta
(27). Our calculations were based on the Capecchi-
Werner (CW) set of PESs (23) that were used in
our previous work (5, 8, 7, 12, 21). In addition, to
rule out any inaccuracies introduced by themethod
used to fit the CW ab initio points, we used a
second set of diabatic PESs, which are a fit to ad-
ditional multireference, configuration-interaction
calculations by Jiang and Xie (JX). The methodol-
ogy (in particular, the determination of the diabatic
PESs) and computer codes used by JX were iden-
tical to those used by CW (23, 26, 28), but with
some differences in the technicalities of the cal-
culations, the number of points determined, and
theway in which the ab initio points were fit (25).

Figure S3 displays the calculated DCSs for a
collision energy of 4.75 kcal/mol, predicted by

simulations on both sets of PESs. For reaction of
both Cl and Cl*, the DCSs are smooth and peaked
in the backward direction, identical in qualitative
appearance to figures 2 to 4 of (27). The calcu-
lated DCSs for the BO-allowed reaction of Cl are
nearly identical to those determined in earlier re-
active scattering calculations in which the spin-
orbit Hamiltonian and the electronic anisotropy
of the Cl atom were ignored (2, 29). The DCSs
for reaction of the excited SO state are less back-
ward peaked, which is consistent with the 2.5-
kcal/mol increase in the total available energy
due to the spin-orbit energy of Cl*. Figure 3 com-
pares the CW DCSs at 4.75 kcal/mol, summed
over accessible HCl rotational levels, with the
experimentally determined CM angular distribu-
tions. The agreement between experiment and
theory is excellent, although theory predicts a
slightly broader distribution for the Cl* channel.

To assess the relative reactivity of the Cl and
Cl* reactants, we examined the dependence on
collision energy of the DCSs in the backward
direction in the center-of-mass frame, where they
are the largest. Figure 4 compares the experi-
mentally determined, and theoretically predicted,
DCSs in the backward direction (qCM = 180°) for
the Cl and Cl* reactions for collision energies
ranging between 4 and 6 kcal/mol. For all colli-

Fig. 3. Angular distributions in the CM
systemat a collision energy of 4.75 kcal/mol
for reaction of Cl(2P3/2) (red curve) and
Cl*(2P1/2) (blue curve) + p-H2, as deter-
mined by our crossed–molecular beam
experiments (A) and by fully quantum
simulations on the CW set of PESs (B).
In both cases, angular distributions were
determined for the j= 0 and 2 rotational
levels of H2 with fractional populations
corresponding to a Boltzmann distribu-
tion at T = 140 K. The error bars in (A)
indicate the range of error in the exper-
imentally derived CM angular distribu-
tion P(q). The evaluation of the error
bars of the experimental data is discussed
in the SOM (25).
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Fig. 4. (A) Collision-energy dependence of the
differential reactive scattering cross sections, in
the backward direction, summed over product vi-
brational and rotational levels, for the Cl/Cl* + p-H2
reactions for 4 ≤ Ec ≤ 6 kcal/mol. The squares and
circles are the experimental data, and the lines
display the theoretical results from calculations
on the CW set of PESs. (B) The ratio of the cross
sections shown in (A). The red curve and the green
circles indicate, respectively, the results of our theo-
retical calculations on the CW and XJ PESs, whereas
the diamonds indicate the experimental results.
The evaluation of the error bars of the experimen-
tal data in this figure is discussed in the SOM (25).
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sion energies at which experiments were done,
the experimental Cl/Cl* + H2 DCSs were scaled
to the theoretical CW values by means of a single
multiplicative factor.

The reactive backwardDCS for theBO-allowed
Cl-atom reaction increasesmuchmore rapidlywith
increasing collision energy than that for the BO-
forbidden reaction of Cl*. This was the prediction
of our earlier scattering calculations (5). The energy
dependence of the ratio of the backward DCSs for
the Cl and Cl* reactions is shown in Fig. 4B.
As can be seen, agreement with the predictions
of quantum-scattering calculations on both PESs
is almost always within the experimental uncer-
tainty limits. Only at the lowest collision energy
studied here, ~ 4.2 kcal/mol, is the excited spin-
orbit state more reactive than the ground spin-
orbit state.

The excellent overall agreement between our
molecular beam experiments and the results of
quantum-reactive scattering calculations on two
sets of ab initio PESs indicates that the theoretical
formulation includes correctly the essential phys-
ics governing the nonadiabatic processes of im-
portance in the Cl + H2 reaction. The degree of
agreement, both for this and the F/F*+D2 reac-
tion (11), demonstrates that we can now attain the
same level of accuracy in the theoretical model-
ing of triatomic reactions involvingmultiple PESs
as has been achieved previously for reactions in
which only one PES is included (6, 10, 30, 31).
Ultimately, the success attained here should en-

courage similarly detailed experimental-theoretical
investigations of non-BO effects in more complex
chemical reactions (32, 33).
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Midbody Targeting of the ESCRT
Machinery by a Noncanonical
Coiled Coil in CEP55
Hyung Ho Lee,1 Natalie Elia,2 Rodolfo Ghirlando,1 Jennifer Lippincott-Schwartz,2 James H. Hurley1*

The ESCRT (endosomal sorting complex required for transport) machinery is required for the
scission of membrane necks in processes including the budding of HIV-1 and cytokinesis.
An essential step in cytokinesis is recruitment of the ESCRT-I complex and the ESCRT-associated
protein ALIX to the midbody (the structure that tethers two daughter cells) by the protein
CEP55. Biochemical experiments show that peptides from ALIX and the ESCRT-I subunit TSG101
compete for binding to the ESCRT- and ALIX-binding region (EABR) of CEP55. We solved the crystal
structure of EABR bound to an ALIX peptide at a resolution of 2.0 angstroms. The structure
shows that EABR forms an aberrant dimeric parallel coiled coil. Bulky and charged residues at the
interface of the two central heptad repeats create asymmetry and a single binding site for an
ALIX or TSG101 peptide. Both ALIX and ESCRT-I are required for cytokinesis, which suggests that
multiple CEP55 dimers are required for function.

Cytokinesis, the division of the cytoplasm,
is the final step of the M phase of the cell
cycle. Cytokinesis begins with the for-

mation of the contractile ring, which drives the
growth of the cleavage furrow. Vesicle trafficking
components, including the exocyst complex and
SNAREs (solubleN-ethylmaleimide–sensitive fac-
tor attachment protein receptors), deliver the addi-
tional membrane needed for the cleavage furrow

to grow (1–3). When the extension of the furrow
ends, the contractile ring disassembles, and a struc-
ture known as the midbody remains as the final
tether between the two daughter cells. The last
step in cytokinesis, the cleavage of the plasma
membrane at the midbody, is referred to as ab-
scission. The mechanism of abscission became
clearer with the discovery that the midbody pro-
tein CEP55 (4–6) recruits two key components of

the ESCRTmachinery (7–11): the ESCRT-I com-
plex and ALIX (12, 13). The role of ALIX and
ESCRT-I in abscission appears to be recruitment
of ESCRT-III subunits, which are required for
normal midbody morphology (14) and are wide-
ly believed to have a membrane scission activity
(15).

Deletion analysis of ALIX mapped the inter-
action with CEP55 to a putative unstructured Pro-
rich sequence near its C terminus (12, 13). Similarly,
the TSG101 subunit of ESCRT-I interacts via an
unstructured linker between its ubiquitin-binding
UEV domain and the region that forms the core
complex with other ESCRT-I subunits (12, 13).
CEP55 is a predominantly coiled-coil protein that
otherwise lacks familiar protein-protein interac-
tion domains. The predicted coiled coil of CEP55
is interrupted near the middle by a ~60-residue
region that has been suggested to serve as a hinge
between theN- and C-terminal coiled-coil regions
(13). Remarkably, this putative hinge region is
also the locus for binding to the putative unstruc-
tured Pro-rich regions of ALIX and TSG101.
Because it is very unusual for two unstructured
regions from two different proteins to drive spe-
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