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ABSTRACT: The application of atomic layer deposition
(ALD) to metal−organic frameworks (MOFs) offers a
promising new approach to synthesize designer functional
materials with atomic precision. While ALD on flat
substrates is well established, the complexity of the pore
architecture and surface chemistry in MOFs present new
challenges. Through in situ synchrotron X-ray powder
diffraction, we visualize how the deposited atoms are
localized and redistribute within the MOF during ALD.
We demonstrate that the ALD is regioselective, with
preferential deposition of oxy-Zn(II) species within the
small pores of NU-1000. Complementary density func-
tional calculations indicate that this startling regioselectiv-
ity is driven by dispersion interactions associated with the
preferential adsorption sites for the organometallic
precursors prior to reaction.

Atomic layer deposition (ALD) is a versatile synthetic tool
for atomically precise materials growth based on well-

defined surface chemistries. ALD alternately delivers two
complementary gaseous reagents to a substrate surface in
sequential, self-limiting reactions,1,2 and it has been widely
applied to thin-film growth on locally flat surfaces1−3 More
recently, ALD has been extended to functionalize the three-
dimensional internal surface of metal−organic frameworks
(MOFs).4,5 ALD in MOFs (or AIM) offers new routes to tune
their surface chemistry for selective guest sorption and to
produce designer catalysts.4 The large aspect ratios of MOF
pores, the heterogeneity of the pore surface (with inorganic and
organic regions), and the complex pore architecture (with
locally nonplanar surfaces) present new challenges for ALD.
The influence of the MOF architecture on ALD reactions must
be understood before we can control the structure and, thereby,
the function of the resulting surface.
AIM has been widely explored for NU-1000, a zirconium-

based MOF.4 Its robust Zr6O8-based nodes impart high thermal
and chemical stability,6 allowing the structure to withstand the
elevated temperatures and reactive gases utilized in ALD, and

its open pores permit transport of the large organometallic
ALD precursors.4 AIM has been used to deposit various metal
oxides and sulfides within NU-1000,4,7−10 enabling catalysis of
diverse reactions.8,9,11

The NU-1000 framework (Figure 1) has large hexagonal
channels (∼30 Å diameter) and triangular channels (∼10 Å

diameter) parallel to the c direction. Small pores (∼8 Å)
connect adjacent channels. The framework is formed by
Zr6(O)4(μ-OH)4 nodes connected via pyrene-based tetracar-
boxylate ligands.4 Each node is coordinated by eight carboxylate
donors, with terminal −OHx groups around the equator of the
nodes providing surface sites for reaction with ALD precursors.
While the −OHx groups are chemically equivalent, pairs of
these reactive −OHx groups are alternately directed into either
hexagonal channels or small pores.12

The uniform distribution of reactive −OHx groups around
each node may be expected to yield uniform ALD, but our
recent observations suggest that species are preferentially
deposited in some pores. While diffusion (and, accordingly,
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Figure 1. (a) Zr6-based node (teal) in NU-1000 with pairs of −OHx
ligands (red) directed into (b) the small pore and (c) hexagonal
channels. (d) Schematic of an ALD reaction.
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reaction) of the organometallic precursor through the large
hexagonal channels is presumably most favorable,4 new
electron density following ALD treatment is observed in the
small pores for the wide range of different ALD chemistries
studied to date. This selective deposition on only half the node
faces raises important questions about the mechanisms and
energetics of the ALD processes.
Here we combine in situ synchrotron powder diffraction

experiments and density functional calculations to explore
these. We focus on Zn deposition using a diethylzinc (DEZ)
precursor;4 however, other ALD chemistries yield similar
distributions and may be expected to follow similar reaction
pathways. Differential analysis of structure envelopes (surfaces
separating regions of high and low electron density13,14) yields
coarse maps of the electron density associated with the
deposited oxy-Zn(II) species. These analyses resolve whether
the organometallic precursor preferentially reacts at certain
−OHx sites and whether energy released by the precursor’s
decomposition redistributes species.
Powder X-ray diffraction data suitable for difference envelope

density (DED) analysis were collected at beamline 17-BM (λ =
0.72768 Å). NU-1000 was diluted with SiO2 powder (∼1:1) to
mimic its dispersal within in a standard ALD reactor and then
loaded into a capillary assembled into a flow cell reactor.15

Powder diffraction data were collected and analyzed as detailed
in the Supporting Information, following progressive dosing of
(A) DEZ vapor and (B) water vapor at 125 °C. Four (A+B)
ALD cycles were monitored. Structure envelopes were
calculated16,17 using 24 reflections (to {6−1 0}, hmax, kmax,
lmax ≥ 2), subtracting the envelope for NU-1000 at 125 °C to
produce the DED.
The diffraction peak positions and intensities evolve during

reaction of both the DEZ and H2O vapors (Figure 2). These

reflect changes to the NU-1000 lattice dimensions and electron
density distribution, respectively. For each half-cycle, dosing
was continued until minimal further changes to the diffraction
data were evident. During DEZ (A) half-cycles these changes
were gradual; during H2O (B) half-cycles they were more
abrupt, likely reflecting different diffusion rates for these
species. Peak broadening, apparent following multiple ALD
cycles, reflects increasing lattice disorder.
The changes to the NU-1000 lattice parameters induced by

the ALD reactions, quantified through Le Bail analysis (Figure
2), reveal expansion in the ab-plane and contraction along the c
axis, opposite to changes for a thermally induced distortion of
the Zr6-based nodes.18

During the first (A) half-cycle, DED analysis (Figure 3 and
supplemental video) reveals new electron density localized on

the nodes, exclusively on node faces within the small pores,
with no evidence of additional electron density on node faces
within the large hexagonal channels. The electron density on
the two nodes within each small pore is separated by a region of
low electron density. Following subsequent exposure to water
vapor during the (B) half-cycle, electron density on individual
nodes within the small pores redistributes to bridge the nodes.
The electron density distribution following a complete (A+B)
cycle yields a picture that matches that of Zn-AIM prepared ex
situ.
Subsequent ALD cycles show similar trends (Supporting

Information and supplemental video). A second DEZ half-cycle
added electron density in the small pore, localized close to the
nodes; this density was redistributed to be centered in the small
pores following the water half-cycle. A third DEZ half-cycle
again added electron density in the small pore, localized close
to the nodes, with a minor amount in the hexagonal channel; all
electron density was redistributed to be centered in the small
pores following the water half-cycle.
Several observations suggest that, in the present in situ study,

DEZ dosing did not attain saturation as in ex situ synthesis. The
lattice changes for Zn-AIM prepared ex situ match those seen
here over multiple cycles. The lattice retains a greater degree of
crystallinity than seen ex situ. Inductively coupled plasma−
optical emission spectroscopy of the recovered material
indicated that about eight Zn/Zr6-based nodes were deposited
after four ALD cycles, which includes an unknown amount of
ZnO deposited on intermixed SiO2 powder; four Zn per node
can be deposited in a single conventional ALD cycle.
Kohn−Sham density functional theory was used to calculate

the potential energies for the following steps in the deposition
(TS is the transition state),

and the results are summarized in Table 1, in which calculations
are presented with three different exchange-correlation func-
tionals. A geometry-optimized model for NU-1000 was derived
from the reported crystal structure4 using the PBE-D2 or M06-
L functional within CRYSTAL14.19 In the optimization, the 6-
31G(d)20 basis set was used for H, C, and O, and the SDD
effective core potential and corresponding basis set were used
for Zr21,22 and Zn,23 with exponents less than 0.06 removed.

Figure 2. (Left) Powder X-ray diffraction data for NU-1000 during in
situ ALD and (right) the corresponding lattice dimensions.

Figure 3. Difference envelope densities from in situ ALD during (a)
the (A) half-cycle and (b) the (B) half-cycle, and (c) Zn-AIM prepared
ex situ, focusing on the small pore of NU-1000.
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For the resulting optimized geometry, the final energy was
calculated by applying larger basis sets to fragments involved in
the reaction (6-311++G** for C and H in DEZ, for the
transferred H, and for the two O atoms that bond to Zn in the
product), and diffuse functions on Zn discarded in the
optimization were added back. The exponent of the diffusive
basis was changed to 0.06 if smaller than 0.06.
The most reliable calculation is obtained with the M06-L17

functional, which has been validated for bond energies and non-
covalent interactions at van der Waals distances.18 This
functional provides reasonable predictions of damped dis-
persion at van der Waals distances but does not include the
long-range component. The PBE-D2 functional combines the
PBE functional19 and the D2 molecular mechanics term20 to
account for dispersion. The D2 term is an atom-pairwise sum of
damped r−6 functions, where r is an atom−atom distance. This
term includes the long-range component of dispersion and
damped dispersion at van der Waals distances.
Table 1 shows that the M06-L and PBE-D2 functionals,

which both include dispersion effects, predict a lower energy for
the transition state (TS) and (A) half-cycle product in the small
pore relative to the large channel, in agreement with
experiment. This explains the faster local deposition rate in
the small pore and validates PBE-D2 for this problem, which
allows a physical interpretation of the interaction energy
differences in the two pores by recalculating the energy with
just the PBE term. This calculation is denoted PBE//PBE-D2
to denote that the PBE-only calculation was carried out at the
geometry optimized with PBE-D2. The lower energy for
binding in the small pore is found only when dispersion is
included.
To better understand the preferred binding in the small pore,

the contributions to the D2 correction for dispersion were
separated by partitioning atoms into three components: the
ALD additive, the MOF ligand, and the node (Table 2). The
preference for the small pore is dominated by additive−ligand
interactions, whose sum is 3.3 and 2.3 kcal/mol larger in the
small pore for the transition state and the product, respectively.
Interactions between other components contribute less than 1.0
kcal/mol. The difference in D2 correction between the large

channel and small pore is maximized at 4−5 Å; this indicates
that, although the local coordination is equivalent in both
pores, medium-range dispersion differentiates their energetics.
The present experiments demonstrate that the initial reaction

of DEZ within NU-1000 occurs selectively on node faces within
the small pores. This confirms that the selective deposition is
associated with preferential reactivity at these sites and is not a
consequence of relocation to the small pore during the B half-
cycle.
Interestingly, some rearrangement of the deposited material

occurs during the B half-cycle, whereby electron density that
was localized on opposing nodes is redistributed to be centered
between the nodes. This redistributed electron density bridges
nodes along the c axis. It is accompanied by a substantial
contraction of the lattice along this axis; the distance between
nodes is reduced by ∼1 Å from ∼8.5 Å (O···O) in pristine NU-
1000. We propose that, during the B half-cycle, species on
opposing nodes within the same pore connect to form a ZnxOy

cluster that draws the bridged nodes closer together, as
reflected by a contraction of the c axis.
The density functional calculations suggest that dispersion

interactions are implicated in the selective reaction within the
small pores. The four benzoate ligands that form a cup around
the node face within the small pore allow for greater dispersion
interactions between organic ligands on the MOF surface and
organics on the periphery of the organometallic reagent. By
contrast, the node face within the more accessible hexagonal
channel provides fewer dispersion interactions. For precursors
such as DEZ, these dispersion effects outweigh any steric
constraints. For larger ALD reagents, steric hindrance may
become important.
The regioselectivity of ALD reactions can be understood by

considering the preferential adsorption sites for the organo-
metallic precursor. This recognizes that the precursor must be
adsorbed as a guest within the MOF before it can react. Where
guest−framework interactions are dominated by van der Waals
rather than directional (e.g., hydrogen-bonding) interactions,
the lowest energy adsorption sites are typically those that
maximize contact with the guest. This interaction is maximized
for pores that match to the size and shape of the adsorbate
moleculein this case, the small pores.
Adsorption and reaction are important, but separate,

processes involved in AIM, with the interplay between the
rates of reaction and transport (i.e., hopping between
adsorption sites) influencing the result. While the ALD reagents
are considered highly reactive, here, the reaction must occur on
a slower time scale than transport between adsorption sites.
The reagent molecule will spend more time in energetically
favorable sites rather than moving between them. Molecular
dynamics simulations are being pursued to explore how the
precursor infiltrates the pores.
The importance of adsorption sites on the ALD process and

resulting material is specific to MOFs. For ALD on locally flat
surfaces (including larger mesopores) without favorable
adsorption sites, uniform deposition is observed.
An interesting implication of the role of sorption and

dispersion interactions is that this site selectivity could be
modified or eliminated in condensed-phase reactions. In
solution-based processes (e.g., for DEZ in toluene), the solvent
can also be adsorbed within the MOF pores, with two possible
effects. First, the more abundant solvent molecules may bind in
the small pore and impede access by DEZ. Second, with solvent

Table 1. Calculated Energies (kcal/mol) of DEZ Addition

large channel small pore difference

TS product TS product TS product

M06-L −5.1 −53.2 −7.8 −54.4 −2.7 −1.2
PBE-D2 −10.6 −49.7 −13.7 −51.2 −3.1 −1.5
PBE//PBE-D2 3.1 −32.8 3.6 −32.2 +0.4 +0.6

Table 2. Contributions to the Dispersion D2 Term (kcal/
mol)a

large channel small pore difference

TS product TS product TS product

additive−linker −4.9 −6.5 −8.1 −8.8 −3.3 −2.3
additive−node −11.7 −13.5 −11.8 −12.4 +0.1 +1.0
additive−
additive

−82.0 −5.7 −81.9 −6.4 +0.1 −0.7

aAdditive includes Zn, C, H in Zn(Et) and ethane. Linker includes C,
H in pyrene and benzoate. Node includes Zr, O, H in the node. There
is no significant difference between the energies calculated for other
pairs of components.
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molecules filling all pores, the dispersion interactions may be
equalized.
In summary, we have uncovered an unsuspected regiose-

lectivity for ALD in MOFs using in situ synchrotron X-ray
scattering. The organometallic ALD reagent is only deposited
at half of the available reaction sites. Counterintuitively, the
deposition occurs not in the more accessible hexagonal
channels, but instead in the small cavities that connect these
channels. The surface functionalization achieved through AIM
is modulated by the adsorption interaction of the organo-
metallic precursor with the organic ligands of the MOF. This
regioselectivity may be influenced by using precursors of
different sizes. Ultimately, it is clear that the reaction and design
rules for ALD in MOFs are far more complex than those of
conventional ALD.
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