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observed link ratios of those MTV-MOFs syn-
thesized from an equimolar ratio of links in-
volving the most sterically unencumbered link
A, where a disproportionately higher amount
of link A is retained in the resulting MTV-MOFs
(Table 1).

The possible presence of distinct sequences
of functionalities along the MOF backbone
would inevitably lead to a complex pore envi-
ronment and provide opportunities for uncov-
ering unusual properties. Because the same-link
MOF-5 structure can take up large amounts of
gases (for example, Hy, CO») (8, 11-13), we
sought to test the MTV-MOFs in these appli-
cations and to determine whether their perform-
ance is greater than that of their constituents. In
Fig. 2A, we compare the H, storage capacities
of MTV-MOF-5-AHI, -AH, -Al, and MOF-5.
The isotherms demonstrate that the uptake ca-
pacity of MTV-MOF-5-AHI is greater than that
of MTV-MOF-5-AH, -Al, and -A (MOF-5) by a
maximum of 84%. Similarly, an unusual in-
crease in the selective uptake capacity of CO,
over CO was observed: 400% better selectiv-

ity in the case of MTV-MOF-5-EHI for CO,
compared with MOF-5 (4, 14, 15) (Fig. 2B).
These findings demonstrate that the properties
of MTV-MOFs are not simple linear combina-
tions of their constituents, thus supporting the
notion that the sequence of functionalities within
MTV-MOF may very well be useful as code for
the enhancement of a specific property or achiev-
ing a new property.
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Break-Up of Stepped Platinum Catalyst
Surfaces by High CO Coverage

Feng Tao,™? Sefa Dag,? Lin-Wang Wang,? Zhi Liu,* Derek R. Butcher," Hendrik Bluhm,*>

Miquel Salmeron,™¢* Gabor A. Somorjai®?*

Stepped single-crystal surfaces are viewed as models of real catalysts, which consist of small metal
particles exposing a large number of low-coordination sites. We found that stepped platinum (Pt)
surfaces can undergo extensive and reversible restructuring when exposed to carbon monoxide (CO) at
pressures above 0.1 torr. Scanning tunneling microscopy and photoelectron spectroscopy studies
under gaseous environments near ambient pressure at room temperature revealed that as the CO
surface coverage approaches 100%, the originally flat terraces of (557) and (332) oriented Pt crystals
break up into nanometer-sized clusters and revert to the initial morphology after pumping out the CO
gas. Density functional theory calculations provide a rationale for the observations whereby the
creation of increased concentrations of low-coordination Pt edge sites in the formed nanoclusters
relieves the strong CO-CO repulsion in the highly compressed adsorbate film. This restructuring
phenomenon has important implications for heterogeneous catalytic reactions.

particles exposing different atomic termina-

tions that exhibit a high concentration of step
edges, kink sites, and vacancies at the edge of the
facets, which are thought to be the catalytically
active sites (/-3). Stepped single-crystal surfaces
with well-defined surface structures can be prepared
with a high density of such sites. They are models

Industrial catalysts usually consist of small
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of real catalysts because vicinal surfaces mimic
closely the rough regions of the catalyst surface.

Adsorbates are known to induce structural
changes, known as reconstructions in surface
science. Steps are particularly notable for being
modified when adsorbates bind to the surface.
These are phenomena well known in vacuum sur-
face science (4—6). The present work deals with
more profound changes, driven by the formation
of dense adsorbate layers. These can be formed
when the adsorption energy is high—for example,
when oxygen adsorbs and initiates the oxidation
process. When the adsorption energy is weaker,
however, dense layers can only be formed under
reaction conditions of high reactant pressures near
or above room temperature.

Real catalysts operate under pressures rang-
ing from millitorr to atmospheres and from room
temperature to hundreds of degrees Celsius, so

that the surfaces can easily change and adopt the
structure corresponding to thermodynamic equi-
librium. However, most surface science experi-
ments are usually performed under high vacuum
where the high adsorbate coverage characteristic
of working catalysts cannot be attained unless the
samples are kept at low temperature. These con-
ditions will likely inhibit any restructuring pro-
cess that requires overcoming of even moderate
activation barriers. Thus, to understand catalytic
processes at the atomic and molecular level, it is
crucial to explore the structural and chemical evolu-
tion of catalyst surfaces under reaction conditions.
The limitations of traditional surface science
techniques can be overcome with the use of
techniques that operate under realistic conditions
(7-13), including high-pressure scanning tun-
neling microscopy (STM) and ambient pressure
x-ray photoelectron spectroscopy (AP-XPS). With
these two techniques, we can image the atomic
structure and identify the chemical state of cat-
alyst atoms and adsorbed reactant molecules
under realistic conditions. Here we concentrate
on carbon monoxide (CO), a reactant in many
important industrial catalytic processes, such
as Fischer-Tropsch synthesis of hydrocarbons
(14, 15), CO oxidation in automobile catalytic
converters (16, 17), and degradation of Pt elec-
trodes in hydrogen fuel cell processes (/8—20).
Our studies revealed an unexpected and re-
versible large-scale restructuring of the surfaces
of two Pt stepped surfaces, Pt(557) and Pt(332),
both of which consist of six-atoms-wide terraces
of (111) orientation separated by monoatomic
steps of different orientation. On Pt(557) the step
atoms form a (100)-type square cell, whereas on
Pt(332) they form a (111)-type triangular cell (fig.
S1) (21). Under high coverage of CO, these flat
terraces break up into an array of nanoclusters
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aligned along the step directions. Density func-
tional theory (DFT) calculations were performed
to help elucidate the energetics and the mecha-
nisms underlying the restructuring from steps and
flat terraces to nanoclusters.

Representative images of the Pt(557) under
ultrahigh-vacuum conditions (base pressure 1 x
10710 torr), under ~5 X 1078 torr of CO, and
under 1 torr of CO are shown in Fig. 1. When
CO was introduced in the reactor cell at low
pressure, the initially straight steps (Fig. 1A) be-
came wavy (Fig. 1B). The STM images also re-
vealed a doubling of terrace width and step height

Fig. 1. STM images of
Pt(557) (A) in ultrahigh
vacuum with a background
pressure of 1 x 1072° torr;
(B) under ~5 x 1072 torr
of CO; and (C) under 1 torr
of CO. Images are 40 nm
by 50 nm in size. (D) En-
larged view of (C) show-
ing the roughly triangular
shape of the nanoclusters
formed at 1 torr. Two of
the clusters are marked
with red lines.

on the Pt(557) surface (figs. S2B and S3B) (21).
On Pt(332) the step edges did not increase their
roughness under the same pressure conditions,
a result that we ascribe to the different atomic
packing of the Pt(332) and Pt(557) steps (fig. S1,
A and B) (21). More dramatic effects occurred
when the CO pressure was increased to 0.1 torr
and higher. The terraces on Pt(557) broke down
into nanoclusters about 2.2 nm by 2.1 nm in size,
along [1-12] and [110] directions (Fig. 1C).

The nanoclusters have a roughly triangular
shape with the vertex pointing to the lower ter-
race (Fig. 1, C and D). On Pt(332) the nano-

Fig. 2. Photoemission A
spectra of the Pt4f (A)
and O1s core levels (B)
acquired with 340- and
800-eV x-rays, respec-
tively, under different
CO pressures. Binding
energies were referenced
to the Fermi level mea-
sured under the same
conditions. The red spec-
tra were obtained at 5 x
107" torr. The red and
green arrows in (A) and
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clusters are rectangular or roughly parallelogram
shaped (fig. S4B) (21), a difference in geometry
that is probably related to the different step struc-
ture of the surfaces. Line profiles indicate that on
Pt(557) the nanoclusters in adjacent terraces are
separated by 4.2 A, i.e., two atoms in height (fig.
S2D) (21), whereas neighboring nanoclusters in
the same terrace are separated by ~2 A deep gaps,
i.e., a single atom.

XPS experiments under similar pressure con-
ditions [Fig. 2 and fig. S5 (21)] reveal several
peaks from the Pt4f core level corresponding to
atoms in different coordination geometries (bulk,
surface, and low-coordinated sites), and Ols peaks
from CO bound to different sites (top, bridge, and
low-coordinated sites). The deconvoluted Pt4f
spectra (fig. S5) (27) show the increase of relative
intensity of the peak component at 72.15 eV for
pressures of 0.1 torr and higher (marked with red
arrows), which we attribute to low-coordinated Pt
atoms at cluster edges. In the Ols region in fig.
S5 (21), two peaks were observed at 5 x 107° torr
that indicate two adsorption sites on the terraces
at low pressure. They are consistent with reported
Ols peaks at 532.7 and 531.1 eV from CO bonded
to top and bridge sites on Pt(111), respectively
(22). At high pressure (>0.1 torr), an increased
intensity in the high-binding energy side of Ols
spectra is observed.

With increasing CO coverage, the relative
intensity of the Ols peak at 532.6 eV (top sites)
and 531.0 eV (bridge sites) decreased, whereas
there is a substantial build-up of intensity at
533.1 eV (red arrows in Fig. 2B), as the CO
pressure increased to 5 x 10" torr. This peak is
attributed to CO bound to low-coordinated Pt
sites. The reversible changes of the Pt4f and
Ols photoemission features as the CO pressure
changed from high (5 x 10" torr) to low (2 x
10® or 3 x 10°® torr) (Fig. 2) agrees with the
reversibility of the morphological changes in the
surface structure. Indeed, the nanoclusters form
and disappear as the pressure is cycled between
high and low values, as shown in fig. S6 (21). A
similar reversible formation of nanoclusters was
observed on Pt(332).

XPS allows us to determine the coverage
of CO as a function of pressure (Fig. 2C). On
Pt(557), the high-pressure coverage is 1.94 times
that at low pressure (5 x 10~ torr). Using the
coverage of 0.5 for CO in the ¢(2 x 4) adsorption
layer on Pt(322), Pt(355), and Pt(111) (23-25) at
5 x 10" torr at room temperature, we calibrated
the XPS peak areas and found the coverage of
CO on Pt(557) to be 0.97 at 5 x 10”" torr. The
coverage decreased to ~0.5 after the CO was
pumped out, and increased again to 0.93 after
the CO was reintroduced to 5 x 10" torr. Sim-
ilarly, the CO coverage on Pt(332) at high pres-
sure increased by 0.3 to 0.4 relative to that at low
pressure (10°° to 1077 torr), and it alternately
increased and decreased at high pressure and low
pressure (fig. S10) (21). Such dramatic changes
in real-space structure, shown by STM, and core-
level binding energies, shown by XPS, between

12 FEBRUARY 2010

Downloaded from www.sciencemag.org on March 17, 2010


http://www.sciencemag.org

REPORTS

Fig. 3. Models of double-stepped Pt(557) surface covered by CO at high pressure used in the DFT
calculations: (A) unrestructured terrace, (B) parallelogram-shaped nanoclusters, and (C) triangular-shaped
nanoclusters. Dashed line frames in each image show the periodic supercell used in the DFT calculations.
First- and second-layer Pt atoms are represented with olive green and blue balls, respectively. Red dots
represent the oxygen atoms of CO molecules. In (C), 1 and 2 indicate step edge heights (one or two Pt atoms).

high and low pressure on Pt(557) and Pt(332)
were not observed on Pt(111) by XPS (fig. S7)
(21) or by STM (295).

The restructuring of steps upon CO adsorp-
tion at low pressure (step height doubling, kink
formation) is due to changes in the energetics of
the electronic and elastic step-step interaction, as
has been discussed extensively (4-6). The more
dramatic changes observed at higher pressure
must be related to the very high coverage of
CO, one molecule per surface Pt atom, which
cannot be achieved under vacuum. This high
density should result in a strong repulsion be-
tween CO molecules. We thus propose that the
observed break-up of the surface is driven by the
relaxation of the repulsive CO-CO interaction,
which is facilitated by the formation of nano-
clusters. Such restructuring provides a substantial
increase in the number of low-coordinated edge
atoms where CO molecules can tilt away from the
center and thus decrease their mutual repulsion.
We found also that this broken-up surface is
active for CO oxidation even at room temperature
(26), possibly because of a low activation barrier
for CO desorption at the very high coverage.

DEFT calculations were done using the exper-
imentally observed surface structure and CO
coverage as starting points. In the low-pressure
regime (<10 torr), a ¢(2 x 4) CO adlayer with
a coverage of 0.5 on the flat terraces was as-
sumed, while at 0.1 torr or higher, a full CO
layer with a coverage of 1 was assumed. Calcu-
lations were carried out on a clean surface with
single-atom height steps, on a surface with dou-
ble terrace widths and double-atom height steps,
and on a surface restructured with triangular- and
parallelogram-shaped clusters. To compare ener-
gies, we used the chemical potentials of Pt and
CO to account for possible differences in the
number of atoms and molecules in different sys-
tems with the same surface area. Whereas the Pt
chemical potential is just the bulk binding ener-
gy, the CO chemical potential was calculated
from the pressure-dependent gas-phase entropy
(21). On the clean Pt(557) surface, the single-
atom height step structure is energetically more
favorable than the double-atom height one by
0.12 eV per edge atom [table S1 (21)]. The

double-width terrace structure is energetically
more favorable by 0.40 eV per edge atom upon
adsorption of CO in a c¢(2 x 4) layer, consistent
with the experimental observations (Fig. 1, A and
B). In contrast to Pt(557), calculations show that
on Pt(332), the surface with double-atom step
heights is not more stable upon CO adsorption,
again in agreement with the experimental results.

For the high-pressure (1 x 1) CO layer on
Pt(557), we calculated the total free energy of the
three structures shown in Fig. 3: a flat double
terrace (A), a parallelogram created by removing
two rows of Pt atoms (B), and a triangle nano-
cluster spanning the width of the terrace (C). For
the double terrace [fig. S3B (27)], whether the
CO molecules are adsorbed on Pt atoms at the
bottom of the steps [A1 in fig. S3B (21)] or not
gives a slightly different total energy. The calcu-
lation shows that covering the step-down side
will reduce the total free energy by 0.144 eV per
atom. This difference is much smaller than the
adsorption energy of CO on the nanoclusters.
Thus, as shown in Fig. 3, each Pt atom in the
step-down side adsorbs one CO molecule in the
models. The total free energies of these three
systems (table S2) show that the structure with
triangular nanoclusters has the lowest energy,
followed by the parallelogram, and then by the
flat double terrace. In the final structure after
relaxation, the CO molecules adsorbed at the
edge of the nanoclusters fan out considerably.
This binding configuration reduces the repulsion
between adjacent CO molecules and therefore
decreases the energy. The increased density of
low-coordinated Pt sites and coverage of CO
molecules bound to such sites at high pressure
(>0.1 torr) (27) is consistent with the Pt4f and
Ols photoemission peak structure. For example,
the coverage of CO molecules bound to low-
coordinated sites in the nanoclusters is ~53% at
0.1 torr or higher (28) and 20 to 24% at 2 x 108
to 1.1 x 10 7 torr (Fig. 4) (29).

The occurrence of large-scale surface restruc-
turing of stepped Pt crystals highlights the strong
connection between coverage of reactant mole-
cules and atomic structure of the catalyst surface
under reaction conditions. These results have im-
portant implications for catalysis where high pres-

1.0
eCO bound to edge Pt atoms
0.8
0.6
0.4

0.2

T T T T T T
7 1 -8 1 8 -

Log, Pco (/Torr)

Fig. 4. Coverage of CO molecules adsorbed on low-
coordination sites as a function of pressure. The red
curve is the coverage calculated with the O1s peak
component at 533.1 eV [D in fig. S5 (21)]. For the
black curve, we used Pt4f peak component C in fig.
S5 (21).

sures and high coverage of reactant molecules on
the catalyst surfaces are the norm.
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Quantum-State Controlled Chemical
Reactions of Ultracold
Potassium-Rubidium Molecules
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P. S. Julienne,? J. L. Bohn,* D. S. Jin,*t J. Ye't

How does a chemical reaction proceed at ultralow temperatures? Can simple quantum mechanical
rules such as quantum statistics, single partial-wave scattering, and quantum threshold laws
provide a clear understanding of the molecular reactivity under a vanishing collision energy?
Starting with an optically trapped near—quantum-degenerate gas of polar “°k®’Rb molecules
prepared in their absolute ground state, we report experimental evidence for exothermic
atom-exchange chemical reactions. When these fermionic molecules were prepared in a single
quantum state at a temperature of a few hundred nanokelvin, we observed p-wave—dominated
quantum threshold collisions arising from tunneling through an angular momentum barrier
followed by a short-range chemical reaction with a probability near unity. When these molecules
were prepared in two different internal states or when molecules and atoms were brought together,
the reaction rates were enhanced by a factor of 10 to 100 as a result of s-wave scattering,
which does not have a centrifugal barrier. The measured rates agree with predicted

universal loss rates related to the two-body van der Waals length.

the fundamental aspects of chemical reac-

tions and controlling their dynamic pro-
cesses has stimulated pioneering work on
molecular beams to study state-to-state reactions
using molecular alignment, velocity selections,
and angle-resolved measurement (/—5). However,
substantial motional energies remained in earlier
work, and thermal statistical averages were a
necessary ingredient. By preparing a molecular
ensemble’s translational degrees of freedom in the
quantum regime, we expect to develop fundamen-
tal insights into how chemical reaction processes
may be precisely guided by quantum mechanics.
Reaction dynamics at vanishingly low energies
remain a fascinating and yet unexplored scientific
realm (6). Under unprecedented energy resolution,
each step of a complex reaction may be analyzed
on the basis of single quantum states and single
reaction channels. For example, we can study how
reactivity is dictated by the quantum statistics of
the molecule as a whole.

S cientific interest in precisely understanding
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That chemical reactions could occur at ultra-
low temperatures seems at first glance counter-
intuitive. However, ultracold collisions, where
particles scatter only in the partial wave with
lowest angular momentum, are governed by
quantum statistics and quantum threshold behav-
iors described by the Bethe-Wigner laws (7-9).
In this regime, particles are represented by their
de Broglie wavelength, which increases with re-
duced temperature. This wave nature of particles
replaces our intuitive and classical picture of
collisions. The wave manifestation of tunneling
through reaction or angular momentum barriers

Fig. 1. Hyperfine structure of rovibronic
ground-state “°k®Rb molecules at 545.9 G.
We label the 36 nuclear spin states by
their spin projections, mi® and mf. The
energy spacing between hyperfine states
is ~h x 130 kHz for IAm{| = 1 and ~h x
760 kHz for |IAmf®l = 1. By comparison, at
a temperature of 300 nK, the molecules’
thermal energy is equivalent to ~h x 6 kHz,
which is more than an order of magnitude
smaller than the spin flip energy. In our ex-
periments, molecules are prepared in either
a single state or in a mixture of |-4,1/2)
and the lowest-energy state |-4,3/2) (open
ellipses).
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may play a dominant role in dynamics, and scat-
tering resonances can have dramatic effects on
reactions (/0). In addition, any barrierless chem-
ical reactions will always take place when two
reactants are sufficiently close together (/7). In
this case, chemical reaction rates will be deter-
mined to a large extent by collisional properties at
large intermolecular separations, and thus by how
the two partners approach each other. Once their
separation reaches a characteristic length scale
(~10aq, where ay = 0.53 x 1071° m), a chemical
reaction happens with a near unity probability.
Therefore, chemical reactions can be surprisingly
efficient even at ultracold temperatures. Indeed,
this model for barrierless reactions predicts loss
rates that are universal in the sense that they do
not depend on the details of the short-range inter-
actions, but instead can be estimated using only
knowledge of the long-range interactions (/2).
Like the case of collisions of ultracold atoms,
the study of ultracold chemical reactions will
play a fundamental role in advancing the field
of molecular quantum gases. For example, un-
derstanding and manipulating collisions of atoms
at ultralow temperatures (<1 puK) has been cru-
cial for the realization of quantum degenerate
gases (13—15), Fermi superfluids that provide
opportunities to explore the underlying connection
between superconductivity and Bose-Einstein
condensation (/6), neutral atom-based systems
for quantum information science (/7-19), and
strongly correlated quantum gases (20, 21). Ultra-
cold molecules undergo a more diverse set of
collisional processes, with distinct inelastic colli-
sion mechanisms arising from chemical reactions,
in addition to the traditional state-changing
collisions seen with ultracold atoms and highly
vibrationally excited molecules (22). Furthermore,
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