
the fluctuations in our measurements were

random in time and, in many cases, suggested

bistability with leakage current moving be-

tween two stable values. We discuss the origin

of such fast bistable fluctuations in the sup-

porting text.

The ensemble of random nuclear spins that

gives rise to the mixing of two-electron states

as observed in this experiment also gives

rise to an uncertainty of gm
B
¾bB

N
2À 0 0.03

meV in the Zeeman splitting of one electron.

When averaged over a time longer than the

correlation time of the nuclear spin bath

(È100 ms) (27), this implies an upper limit

on the time-averaged spin coherence time of

T �
2 0 ð h

2pÞ=gmB¾b
2
3

BN
2À 0 25 ns Eas defined

by Merkulov et al. (4)^, comparable to the

T
2
* found in recent optical spectroscopy mea-

surements (28). This value is four orders of

magnitude shorter than the theoretical pre-

diction for the electron spin T
2

in the absence

of nuclei, which is limited only by spin-orbit

interactions (29–31).

One way to eliminate the uncertainty in

Zeeman splitting that leads to effective de-

phasing is to maintain a well-defined nuclear

spin polarization (12). Many of the regimes

explored in this paper show leakage current

that is stable when current-induced polariza-

tion is allowed to settle for some time. These

may in fact be examples of specific nuclear

polarizations that are maintained electrically.
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Gas Adsorption Sites
in a Large-Pore

Metal-Organic Framework
Jesse L. C. Rowsell,1 Elinor C. Spencer,2 Juergen Eckert,3,4

Judith A. K. Howard,2 Omar M. Yaghi1*

The primary adsorption sites for Ar and N2 within metal-organic framework-5, a
cubic structure composed of Zn4O(CO2)6 units and phenylene links defining
large pores 12 and 15 angstroms in diameter, have been identified by single-
crystal x-ray diffraction. Refinement of data collected between 293 and 30
kelvin revealed a total of eight symmetry-independent adsorption sites. Five of
these are sites on the zinc oxide unit and the organic link; the remaining three
sites form a second layer in the pores. The structural integrity and high sym-
metry of the framework are retained throughout, with negligible changes re-
sulting from gas adsorption.

Metal-organic frameworks (MOFs) have re-

cently emerged as an important class of po-

rous materials for their amenability to design

and the flexibility with which their pores can

be functionalized (1–3). In particular, their

extraordinary low density (1.00 to 0.20 g/cm3)

and high surface area (500 to 4500 m2/g) make

them ideal candidates for the storage and

separation of gases (N
2
, Ar, CO

2
, CH

4
, and

H
2
) (4–12). In this context, identifying the gas

adsorption sites in MOFs is critically important

to our ability to fine-tune those sites, sterically

and electronically, in order to achieve the max-

imum storage capacity and selectivity.

Precise determination of adsorption sites in

large-pore materials remains an ongoing chal-

lenge, because the characterization techniques

that are commonly applied to this problem,

such as inelastic neutron scattering (INS) and

diffuse reflectance infrared spectroscopy, do

not provide adequate information on the struc-

tural details of the adsorption sites (9, 13). The

recent powder x-ray diffraction (XRD) studies

of gases in MOFs (14, 15) do not elucidate the

nature of adsorption sites because the MOFs

used have very small pores and lack the pos-

sibility of adsorbing gases on multiple sites.

For large-pore structures, a more precise tech-

nique is required to determine whether adsorp-

tion sites lie on the metal oxide or the organic

moieties, how many exist, and precisely where

they are located in the MOF structure.

We report the detailed single-crystal XRD

study of Ar and N
2

adsorbed on the internal

surface of a large-pore open-framework mate-
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rial, MOF-5 (4). We were able to identify the

metrics and geometry of five different primary

adsorption sites on the Zn
4
O(CO

2
)
6

and the

C
6
H

4
units of MOF-5 and uncover edgewise

C
6
H

4
IIIAr and C

6
H

4
IIIN

2
interactions previous-

ly unknown in gas-phase studies of aromatic

van der Waals complexes.

Diffraction-quality single crystals of MOF-

5 were produced by the solvothermal reaction

of zinc nitrate with terephthalic acid in N,N-

diethylformamide (16). The material used

in the present study was initially evacuated

(G10j3 Torr) of any gas or volatiles, and its

stability was checked by thermal gravimetric

analysis, which revealed a large temperature

range (100- to 470-C) of stability with no ob-

servable weight loss (Fig. 1). The crystal spec-

imens were mounted in capillaries connected

to a gas manifold for evacuation before being

backfilled with Ar or N
2

and flame-sealed.

The amount of gas available for adsorption

was estimated from the backfill pressure, crys-

tal size, and the dimensions of the capillaries

to be about 5 to 10 gas molecules per formula

unit of MOF-5, Zn
4
O(BDC)

3
(BDC is 1,4-

benzenedicarboxylate), which is less than

half the established saturation uptake for

MOF-5 (4).

XRD data were collected by using a sin-

gle crystal diffractometer equipped with a

charge-coupled device camera and an open-

flow helium cryostat at temperatures between

293 and 30 K (16, 17). To confirm the com-

pleteness of the evacuation procedure, we

collected data at 30 K on a single crystal of

MOF-5 sealed under vacuum. Refinement of

these data confirmed the maintainance of the

cubic symmetry of MOF-5 and the absence of

guest molecules in the pores (largest electron

density peak and hole were 0.444 and –0.238

e–/)3
, respectively) as shown in the thermal

ellipsoid plot of Fig. 2A.

Further XRD data were collected from crys-

tals of MOF-5 loaded with Ar or N
2

between

293 and 30 K. Refinement of data collected at

293 K revealed no significant peaks of elec-

tron density attributable to guests in the extra-

framework region in either case, as would be

expected from their weak interaction (Fig. 2, B

and C). As the temperature was lowered, many

local maxima were located in the observed

structure factor (F
obs

) Fourier maps, providing

evidence of the localization of the gas atoms.

This localization is most apparent at 30 K in the

regions proximal to the Zn
4
O(CO

2
)
6

unit. The

shape and amplitude of the electron density

contours of Ar and N
2

atoms near this unit are

shown in Fig. 2, D and E, respectively. This first

site, denoted a(CO
2
)
3
, lies on a triangular face

of the octahedron whose vertices are defined by

the carboxylate C atoms. This site (Wyckoff site

32f, x coordinate È 0.34) exhibits the highest

occupancy in all refinements over the tempera-

ture range examined and can be identified as the

primary adsorption site. Its symmetry allows the

adsorption of up to four adsorbates per formula

unit. At this site, the curvature is higher than

anywhere else on the framework surface, which

allows the adsorbates to interact with three car-

boxylates and three Zn atoms. The Zn–O and

C–O dipoles are presumably most effective in

polarizing the gas atoms and lead to compara-

tively strong interactions.

An additional seven adsorption sites were

identified from local maxima of electron den-

sity, which are partially occupied by Ar at 30 K.

In total, there are five primary adsorption sites,

including a(CO
2
)
3
, that are closest to the frame-

work, and three secondary ones that form a

second layer of adsorption in the pores (Fig. 3,

Fig. 1. Thermal behavior of MOF-5
in the as-synthesized, chloroform-
exchanged, and evacuated states.
The as-synthesized material (black
trace) displays a multistep weight
loss of 48% up to 300-C, at-
tributed to the desorption of 7.0
N,N-diethylformamide molecules
per formula unit before the onset
of decomposition at 410-C. In
contrast, the chloroform guests in
the exchanged material (blue
trace) are completely removed by
100-C (60% weight loss, equiva-
lent to 9.7 chloroform molecules
per formula unit). The evacuated
framework (red trace) shows no
weight loss to 470-C.

Fig. 2. (A) The MOF-5
structure consists of
a cubic array of
Zn4O(CO2)6 units con-
nected by phenylene
links (atoms shown as
thermal ellipsoids of
90% probability: C,
black; H, white; O, red;
and Zn, blue), which
define large pseudocu-
bic pores that can be
completely evacuated.
The yellow sphere
represents the largest
sphere that can occupy
the pore without con-
tacting the van der
Waals surface of the
framework. (B) A mag-
nification of the corner
of the pore schemati-
cally shows the loca-
tion of adsorption site
a(CO2)3, located equi-
distant to the three carboxylates. (C) The corresponding three-dimensional
electron density map (Fobs) of this site, determined from single-crystal
XRD data obtained at 293 K from crystals loaded under either N2 or Ar.
Only regions of electron density assigned to the framework atoms shown

in (B) are observed. At 30 K, regions of electron density assigned to
adsorbed (D) Ar or (E) N2 become prominent. At 30 K, Fourier ripples
around the Zn atoms can also be observed. Contours (e–/Å3): silver, 93;
blue, 910; red, 960.
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A to G). Their respective distances from frame-

work atoms and adjacent sites are summarized

in Table 1. In addition to a(CO
2
)
3
, the primary

sites include the site above the face of a ZnO
4

tetrahedron, b(ZnO)
3
; the site above the edge

of a ZnO
4

tetrahedron, g(ZnO)
2
; the site above

the C
6
H

4
phenylene face, d(C

6
); and the site

on the phenylene edge, e(CH)
2
. Two addi-

tional sites were observed in the large pore, f
and h, as well as a third secondary site at the

center of the pore, q.

The known difficulties associated with the

high correlation of site occupancy and thermal

displacement parameters were carefully con-

sidered, and comparison of the peak heights at

these positions with those of the framework

atoms in the F
obs

Fourier maps allowed atomic

assignments and subsequent convergence of

the least squares refinement with acceptable

statistics (16). Unlike a(CO
2
)
3
, the remaining

seven adsorption sites exhibit smaller relative

occupancies, indicating that the binding ener-

gies at these sites are similar and less than

those at a(CO
2
)
3
. The small occupancies (10

to 20%) of some of these sites reflects the

limiting amount of Ar in the capillary; how-

ever, it must be noted also that any two sites

separated by less than the sum of the van der

Waals radii cannot be simultaneously occu-

pied in any one unit cell. For Ar, the nearest

neighbor separation of 3.76 ) is taken from

the structure of its solid phase (18). We note

that Ar packing at all adsorption sites (Fig. 3)

is not appropriate for all unit cells. At full ca-

pacity (28.8 Ar per formula unit) (4), it would

be necessary to invoke a highly disordered

model. One packing arrangement might in-

volve full occupation of sites a(CO
2
)
3
, d(C

6
),

e(CH)
2
, h, and q and 70% filling of site

g(ZnO)
2

(corresponding to 28.9 Ar per formula

unit), but this model also requires some posi-

tional disorder from the high symmetry sites.

Evidence that these sites are intrinsic to

MOF-5 was provided by the adsorption of N
2

and our ability to readily observe the adsorp-

tion sites from the XRD data, which were

determined to be the same as those found for

Ar. Even at a temperature as high as 120 K,

significant electron density was located at the

primary adsorption site a(CO
2
)
3
. At 30 K, the

two distinct atoms of the N
2

molecule can be

Fig. 3. At 30 K, eight
symmetry-independent
sites are crystallo-
graphically identified
as partially occupied
by Ar atoms (shown
as yellow spheres) in
the pores of MOF-5.
These include (A to C)
three sites primarily
associated with the
secondary building unit
and those above the
(D) face and (E) edges
of the linker. Sites are
labeled according to
the description in the
text. (F) Sites f (or-
ange spheres) and h
(brown spheres) form
a second layer in the
large pore above site
d(C6) (yellow spheres);
(G) site q (brown
sphere) is located at
the center of the small
pore surrounded by
site e(CH)2 (yellow
spheres).

Table 1. Important interatomic distances for Ar adsorbed in MOF-5 at 30 K. Atomic labels correspond to
those used in the crystallographic refinements, and primes indicate symmetry equivalents. Dashed
entries indicate no close framework contacts.

Adsorption site Closest framework contacts (Å) Intersite distances (Å)

a(CO2)3

Three Ar(1)IIIC(1)
Six Ar(1)IIIO(2)

Three Ar(1)IIIZn(1)

3.572
3.601
3.926

a(CO2)3IIIg(ZnO)2

a(CO2)3IIIh
3.677
3.828

b(ZnO)3

Three Ar(2)IIIO(2)
Three Ar(2)IIIH(3)
One Ar(2)IIIZn(1)

3.492
3.281
3.686

b(ZnO)3IIIe(CH)2

b(ZnO)3IIIg(ZnO)2

3.270
3.471

g(ZnO)2

Two Ar(3)IIIO(2)
Two Ar(3)IIIH(3)

3.792
3.306

g(ZnO)2IIIb(ZnO)3

g(ZnO)2IIIa(CO2)3

g(ZnO)2IIIf
g(ZnO)2IIId(C6)

g(ZnO)2IIIe(CH)2

3.471
3.677
3.729
3.820
3.968

d(C6)
Three Ar(4)IIIC(2)
Three Ar(4)IIIC(3)

3.635
3.639

d(C6)IIIh
d(C6)IIIg(ZnO)2

d(C6)IIIf

3.652
3.820
4.112

e(CH)2 Two Ar(5)IIIH(3) 3.288

e(CH)2IIIb(ZnO)3

e(CH)2IIIe(CH)2¶

e(CH)2IIIg(ZnO)2

e(CH)2IIIq

3.270
3.770
3.968
4.073

f —
fIIIh

fIIIg(ZnO)2

fIIId(C6)

3.716
3.729
4.112

h —

hIIId(C6)
hIIIf
hIIIh¶

hIIIa(CO2)3

3.652
3.716
3.763
3.828

q — qIIIe(CH)2 4.073
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modeled at three adsorption sites equivalent to

a(CO
2
)
3
, g(ZnO)

2
, and e(CH)

2
of the Ar-

loaded structure (Fig. 4A). For site a(CO
2
)
3
,

the molecule is aligned with the threefold

axis, allowing a closer approach of one atom

(N1) to the framework. Site g(ZnO)
2

is also

strongly associated with the inorganic cluster,

interacting with two separate carboxylate O

atoms and two H atoms of the phenylene links.

There are 12 of these sites per formula unit

(Wyckoff site 96k). Site e(CH)
2

is located at

the edges of the phenylene links, and there are

six of these per formula unit (Wyckoff site

48h). The nearest neighbor (center of mass)

distances between sites a(CO
2
)
3
, g(ZnO)

2
, and

e(CH)
2

are similar to those found in the solid

N
2

phases E3.79 to 4.05 ) (19)^, the dense

quadrupolar-ordered phase of N
2

on graphite

E4.04 ) (20)^, and the high-order commensurate

structure of N
2

on MgO(100) E3.58 ) (21)^.
As the temperature is increased to 50 K,

site d(C
6
) is occupied but site e(CH)

2
is not

(Fig. 4B). At 90 K, sites g(ZnO)
2
, d(C

6
), and

e(CH)
2

do not show appreciable occupancy;

instead, it is primarily at sites a(CO
2
)
3

and

b(ZnO)
3

(Fig. 4C). At 120 K, only site

a(CO
2
)
3

is partially occupied (Fig. 4D). These

results imply a qualitative relation in terms of

energy of adsorption for the sites in the order

a(CO
2
)
3
d b(ZnO)

3
9 g(ZnO)

2
9 d(C

6
) È

e(CH)
2
. Packing effects cannot be ignored; the

separation of the b(ZnO)
3

and g(ZnO)
2

sites is

too small for them to be simultaneously oc-

cupied, and because g(ZnO)
2

has a greater mul-

tiplicity (i.e., greater capacity per formula unit),

it may become the more important site of the

two at lower temperatures to accommodate

further adsorbate. The lack of observable

electron density at sites f, h, and q may be at-

tributed to the lesser tendency for N
2

to create

an ordered second layer at this small loading.

Our ability to observe and determine the

sequential adsorption of gases at well-defined

and multiple sites within the large pores of

MOF-5 contrasts with other studies performed

on molecular materials with much smaller cav-

ities or constricted channels (14, 15, 22–24). In

such cases, gases are confined by the nar-

rowness of the pores, and the systems lack the

potential for fine-tuning the steric and elec-

tronic attributes of the adsorption sites. The

openness of MOF-5, however, gives adsorption

sites that exhibit partial occupancies through

factors related to guests reversibly adsorbing

and desorbing and migrating between adjacent

sites and the inability to occupy simultaneously

sites that are separated by less than the sum of

the guests_ van der Waals radii. It is not pos-

sible to distinguish between these cases with

XRD data because they correspond to a time-

averaged view of the gas behavior. However,

related experimental and theoretical work on

small guest molecules in zeolites suggest that

each of these situations do occur as a function

of temperature (25–28).

Nevertheless, the presence of multiple ad-

sorption sites in MOF-5 and our ability to pre-

cisely locate their positions leads to a rare

insight into MOF structures. Specifically, the

C
6

phenylene rings are profoundly altered by

the presence of the zinc oxide units as evi-

denced by the observation of Ar and N
2

ad-

sorption sites on the edges of the phenylene

ring, e(CH)
2
; a mode, unlike that of the phenyl-

ene face, d(C
6
), previously unobserved in the

gas-phase studies of van der Waals complexes

of gases with benzene (29, 30). As the MOF-5

structure shows (Fig. 2A), one finds that each

C
6

ring is attached to two six-membered rings

of –O–C–O–Zn–O–Zn– composition. These

heterorings are coplanar to the C
6

ring and

undoubtedly alter its electronic character rela-

tive to C
6

rings of free benzene, graphite, and

carbon nanotubes. Confinement effects enhanc-

ing adsorbate-adsorbate interactions may also

contribute to the stabilization of binding at

these edge sites.

Our findings here also shed some light on

the basis for H
2

binding in MOFs. Analysis of

INS data collected from MOF-5 as a function

of H
2

loading suggested that the favored

binding site was near the inorganic secondary

building unit (9). Additional molecules would

then occupy sites closer to or (lastly) on the

organic linkers as the loading is increased.

However, single-site occupation was not ob-

served in the INS study even at the lowest

loading of four H
2

molecules per formula unit,

which is equal to the crystallographic multi-

plicity of this site. This situation is similar to

the case in zeolites and suggests that the

corrugation of the potential energy surfaces

for binding of these molecules is very small.

The present study corroborates the qualitative

picture developed from the INS studies and

provides the missing details of the adsorption

sites (Figs. 2 to 4).

The recorded increase of È200 )3 (1%) in

the unit cell volumes of the materials upon

decreasing the temperature from 293 to 30 K

suggests that the framework may exhibit neg-

ative thermal expansion (31). This possibility

is being investigated in greater detail by fur-

ther multitemperature experiments.
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High Frictional Anisotropy of
Periodic and Aperiodic Directions

on a Quasicrystal Surface
Jeong Young Park,1 D. F. Ogletree,1 M. Salmeron,1* R. A. Ribeiro,2

P. C. Canfield,2 C. J. Jenks,2 P. A. Thiel2

Strong friction anisotropy is found when the twofold surface of an atomical-
ly clean aluminum-nickel-cobalt quasicrystal slides against a thiol-passivated
titanium-nitride tip. Friction along the aperiodic direction is one-eighth as much
as that along the periodic direction. This anisotropy, which is about three times
as large as the highest value observed in anisotropic crystalline surfaces, dis-
appears after the surface is oxidized in air. These results reveal a strong con-
nection between interface atomic structure and the mechanisms by which
energy is dissipated, which likely include electronic or phononic contributions,
or both.

The origin of friction and the energy dissipa-

tion mechanisms that underlie it are still being

explored in fundamental studies. To this day,

simple ideas from the times of Leonardo da

Vinci, such as the existence of a strong con-

nection between the geometric corrugation

profiles (even at the atomic scale) of two con-

tacting surfaces, are still invoked to explain

friction (1). The idea is that commensurability

leads to intimate interlocking and high friction,

whereas incommensurability leads to low fric-

tion, because the two materials do not come

into registry at any length scale. Some of these

ideas have been verified recently by rubbing

two surfaces of graphite or mica against each

other (2, 3) under conditions where wear and

plastic deformation are minimized, so that fun-

damental dissipation forces can be explored.

Friction was found to be largest when the crys-

tallographic orientation of the two identical sur-

faces coincided. Commensurability, however,

is only one aspect of the friction problem and

does not apply to most interfaces, because the

contacting materials are different and there-

fore almost always incommensurate. Friction

anisotropy between incommensurate surfaces

has been observed when at least one of the

surfaces is crystalline and anisotropic, i.e.,

when the periodicity changes in different di-

rections. This anisotropy is typically less than a

factor of 2 (4), although in the case of some

organic monolayers on mica, a factor of 3 was

observed (5).

A different question is whether the exis-

tence of periodicity itself is important in fric-

tion. For example, it is in periodic systems that

the highest thermal and electrical conductiv-

ities are found. To explore this question, one

could compare the friction properties of a ma-

terial prepared in crystalline and amorphous

forms. This, however, is very difficult, because

the two surfaces of the material are likely to be

chemically different, which would change the

friction properties. As we discuss below, our

quasicrystal surface provides a unique example

of a material where the periodicity exists only

in one direction.

Quasicrystal intermetallics (6, 7), which

have long-range atomic order but no periodic-

ity, are ideal samples for exploring this idea,

because in two-dimensional quasicrystals, such

as decagonal Al-Ni-Co, certain surface termi-

nations exhibit periodic as well as aperiodic

atomic ordering along different directions.

Quasicrystal surfaces, which are oxidized un-

der ambient conditions, are already known for

their high hardness and low friction (8–12),

although these results were obtained under

conditions where plastic deformation occurred

during sliding. To investigate fundamental

aspects of friction on quasicrystals, we cut an

Al-Ni-Co single quasicrystal perpendicular to

its 10-fold rotational axis to produce a surface
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Fig. 1. (A) Schematic model of a decagonal Al-Ni-Co quasicrystal, showing the orientation of
decagonal and twofold planes. The 2-fold plane is periodic along the 10-fold direction and
aperiodic along the 2-fold direction. (B) Schematic of the cantilever and the scanning geometry
during friction studies.
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