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ABSTRACT: Postsynthetic functionalization of metal organic frameworks (MOFs) enables the
controlled, high-density incorporation of new atoms on a crystallographically precise
framework. Leveraging the broad palette of known atomic layer deposition (ALD) chemistries,
ALD in MOFs (AIM) is one such targeted approach to construct diverse, highly functional, few-
atom clusters. We here demonstrate the saturating reaction of trimethylindium (InMe3) with
the node hydroxyls and ligated water of NU-1000, which takes place without significant loss of
MOF crystallinity or internal surface area. We computationally identify the elementary steps by
which trimethylated trivalent metal compounds (ALD precursors) react with this Zr-based
MOF node to generate a uniform and well characterized new surface layer on the node itself,
and we predict a final structure that is fully consistent with experimental X-ray pair distribution function (PDF) analysis. We
further demonstrate tunable metal loading through controlled number density of the reactive handles (−OH and −OH2)
achieved through node dehydration at elevated temperatures.

■ INTRODUCTION

Metal−organic frameworks (MOFs) are attractive systems for
catalytic studies,1,2 in part because they exhibit uniform
mesoscale and/or microscale porosity, generated by periodic
and atomically well-defined structures. Importantly, these
structures, comprising organic linkers and inorganic, metal-
containing nodes, are amenable to full experimental structural
characterization and rigorous computational modeling.3−6

Although the vast majority of MOF catalysis work focuses on
linkers as catalysts7 for condensed-phase reactions, a few
reports of node-based catalysis have also appeared,8−16

including at least one for high temperature (350 °C)
heterogeneous catalysis of a gas-phase oxidation reaction.17

Increasingly popular as nodes for these types of studies are
hexa-zirconium(IV)oxo/hydroxo/aqua species and their
hafnium(IV) analogues. The lability and reactivity of the
nodes’ oxygen-rich ligandsspecifically, aqua and terminal
hydroxo ligandsallows for site-specific functionalization, both
with nonstructural organic ligands18−22 and, in principle, with
nonstructural metal ions. We have shown that the latter can be
accomplished in reproducible fashion with a suitably porous
MOF, NU-1000 (aperture width >3 nm), via chemistry akin to
atomic-layer deposition (ALD), a materials synthesis technique
typically applied to hydroxyl-presenting surfaces of purely
inorganic materials.23−25 We reasoned that the nodes within

NU-1000 and related MOFs could be viewed chemically as tiny
fragments of zirconia, and therefore, be subject to the self-
limiting, conformal functionalization chemistry that character-
izes conventional ALD.26 Indeed, with vapor-phase organo-
metallic precursors such as diethyl zinc, and as previously
described in preliminary fashion, ALD in MOFs (AIM)26 is
readily accomplished specifically with NU-1000. Here, with the
ultimate goal of arbitrary, single-atom precision for MOF
postmetalation, we investigate and report on the details of AIM
using two well-known ALD precursors, trimethylindium
(InMe3) and trimethyaluminum (AlMe3).
Recent advances in both MOF and ALD science make their

potential union both feasible and versatile. While the stability
ranges of early MOFs and process ranges of early ALD
procedures occupied different temperature windows−generally
below and above 200 °C, respectively−advances in both fields
now permit significant overlap of these ranges. For example,
selected MOFs based on Zr6O16 nodes (Figure 1), retain their
mesoporosity at temperatures above 400 °C, and in some case
above 500 °C.12,26,27 In addition, an ever growing number of
ALD processes for oxides, sulfides, nitrides, and pure metals
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have been identified at temperatures as low as 100 °C.28−32

Appropriately chosen MOFs exhibit the high porosity and large
pore apertures (>3 nm) desirable to minimize the influence of
mass transport limitations that would otherwise practically
inhibit vapor-phase loading. Such characteristics allow for AIM,
where precise surface chemical control is retained through self-

limiting reactions that allow uniform reaction throughout an
arbitrarily complex framework. Recently, the platform MOF
material NU-1000 has been modified with Al, Zn, and their
combination.26 To provide mechanistic insight and establish
universal applicability of the AIM approach, we take
trimethylated trivalent metal precursors as model reactants,

Figure 1. (a, b) Zr6-based framework NU-1000. (c) Cluster used to model the Zr6-node in NU-1000.

Figure 2. M06-L relative enthalpies (kcal mol−1) for intermediates and TS structures on the reaction coordinate for one face of the NU-1000 node
reacting with 2 equivalents of AlMe3 or InMe3 (in parentheses) and liberating 4 equivalents of CH4. Subsequent reaction coordinates for the
remaining faces of the node (not shown) were found to be entirely equivalent, with negligible differences in enthalpies relative to analogous
precursors, i.e., there is no significant influence of one face upon another over the course of reaction.
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and examine the extent to which uniform and self-limiting
(ALD-like) reactions can be achieved in MOFs. Furthermore,
we determine the exact locations of the trivalent metals,
obtaining results that are consistent with a mechanism that we
derive from first-principles computation. Finally, we assess one
of the most chemically aggressive ALD precursors, AlMe3, for
compatibility with the MOF framework.

■ RESULTS AND DISCUSSION
A Zr6-based framework, NU-1000’s nodes are octahedral Zr6
clusters including four each bridging μ−O and μ−OH groups.
The 3D structure of the MOF results from bridging of the
nodes by tetra-carboxylate linkers (Figure 1a, b).26 Importantly,
under ambient conditions, four each aquo and hydroxo groups
can occupy remaining open metal coordination sites of the
node. The detailed structure of NU-1000 was previously
investigated both computationally and experimentally to reveal
a staggered mixed proton topology for the [Zr6(μ3−O)4(μ3−
OH)4(OH)4(H2O)4]

8+ cluster (Figure 1c) at room temper-
ature.33

The −OH and −OH2 functional groups at the surface of the
node present in a manner making them likely to be amenable to
many conventional oxide ALD half-reactions. Using density
functional theory (DFT) calculations, we have identified highly
exothermic reaction pathways for reaction of the node with two
trimethylated trivalent metal compounds, AlMe3 and InMe3, as
illustrated in Figure 2. This chemistry is in close analogy to that
previously hypothesized for planar surface modification in
traditional thin film ALD growth.34 On the basis of the reaction
pathways, a maximum of 8 metal atoms are predicted to bind to
each Zr6 node with the release of up to 12 methane (CH4)
molecules.
Computational Results. There are four chemically distinct

protons on each of the four faces of the Zr6-node in NU-1000,
one that engages in a hydrogen bond between the aquo and
hydroxo ligands (HB; see Figure 1c), two that are non-
hydrogen bonded on the aquo (H2O) and hydroxo (OH)
ligands, respectively, and one that is on the core itself (μOH).
To test which of the four protons on each face is most likely to
be replaced with either AlMe3 or InMe3, each proton was
individually substituted for an AlMe2 or InMe2 group and the
structure of the cluster was then optimized with fixed linker
positions. Replacement of hydrogen HB with AlMe2 or InMe2
results in the most stable product (Table 1). We subsequently
located the transition-state (TS) structure leading to this
intermediate, and we characterized all of the elementary steps
involved in the further reaction of the node face under
operating conditions. The full reaction coordinate, shown in
Figure 2, indicates that each face of the Zr6-node will react with

two ALD precursors to generate four CH4 product molecules,
i.e., our model predicts that every O−H bond on each node will
react with AlMe3 and InMe3 to lead to a final structure with
eight tetrahedrally coordinated (RO)3AlMe or (RO)3InMe
groups disposed at the surface.

Experimental Results. To verify the self-limiting nature of
the precursor with hydroxyl and water groups, we undertook a
full saturation study including exploration of mole-limited and
diffusion-time limited variable space (Figure 3). In each
experiment, 10 mg of microcrystalline NU-1000 powder was
warmed to 125 °C under vacuum with 0.5 Torr of flowing
nitrogen for 20 min in order to remove any physisorbed water
or solvent. Next, the powder was soaked at the desired
temperature (75 and 125 °C for InMe3 and AlMe3,
respectively) prior to a 60 s exposure to water vapor. Further
soaking under flowing N2 at temperature establishes an
equilibrium −OH and −OH2 population. Finally, the metal
precursor (InMe3 or AlMe3) was delivered to the reaction
chamber under its own vapor pressure and exposed without
pumping (quasi-static mode) for the indicated time for a given
number of repetitions. The results of the AIM process with
InMe3 (Figure 3) reveal many of the characteristics of
archetypal ALD surface reactions, albeit with much larger
doses and exposures, as predicted for a large surface area
powder with high aspect ratio pores. Clearly, a stoichiometric
number of precursor molecules must be delivered with respect
to the available reaction sites in order to achieve a saturating
reaction. The number of sites in 10 mg of powder is estimated
to be 3.7 × 10−5 moles based on 8 sites per Zr6 node. On the
basis of the vapor pressure of InMe3, an equal or greater
number of moles are expected to be delivered in a single 0.4 s
dose. Therefore, under these processing conditions, the
reaction is never mole-limited. Still, because of the very high
aspect ratio of the channels through which the vapor is required
to traverse (∼10 000), a nontrivial time for precursor diffusion
to all points within the microcrystals must also be considered.
An empirical formula35 based on Monte Carlo simulations
assuming Knudsen diffusion was used to calculate a total
exposure time of at least 20 s required to traverse the long,
narrow channels with this aspect ratio. This is roughly
consistent with a 600 s exposure time required to achieve the
complete loading of the longest crystals. As evidenced by the
saturating In ratio in the limit of large dose and long diffusion
time, the process shows ideal self-limiting behavior. Based on
the saturation studies under these optimized ALD conditions,
the number of In per Zr6 node obtained by inductively coupled
plasma-optical emission spectroscopy (ICP-OES) saturates at
∼6 (In:Zr6 = 1), in reasonable agreement with the computa-
tional prediction. Several factors account for the deviation from
the computationally predicted loading of 8 In per Zr6 node.
First, the NU-1000 structure is known to contain a fraction
(perhaps 25%) of “secondary” nodes within the largest pores.26

This secondary node is connected to the framework through
additional linkers, each one of which reduces the potential
number of deposition sites on neighboring nodes by 2.
Furthermore, the computationally predicted reaction assumes
full initial ligation of the node (4 OH2, 4 OH, 4 μ−OH), which
may be slightly reduced via dehydration under continuous
heating (75 °C) in vacuum. Finally, there is the possibility that
only a subset of the potential reaction sites are reasonably
accessible to InMe3. This possibility, however, was minimized
by performing saturation studies in excess of both diffusion
time and moles of InMe3 (Figure 3). Furthermore, the

Table 1. Relative Reaction Energies for Substitution of
AlMe2 and InMe2 (and Generation of CH4) at the Positions
of the Labeled Hydrogens in the Bare Zr6 Cluster Shown in
Figure 1c

relative energy (kcal mol−1)

ΔE ΔG

AlMe3 InMe3 AlMe3 InMe3

HB 0.0 0.0 0.0 0.0
H2O 18.5 15.7 19.2 17.3
OH 22.3 21.6 22.9 23.0
μOH 24.4 22.6 24.9 24.0
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possibility of a minority of clogged pores, through which the
metal precursor will never pass, has not been rigorously
excluded.
Although the AIM process with AlMe3 shows, with moderate

exposures, apparent self-limiting behavior with ∼6 Al per Zr6
(Figure 4a), larger exposures reveal non-self-limiting behavior
(∼14 metal per Zr6 node) as shown in Figure 4b.
Consistent with its strong Lewis acidity, AlMe3 is known to

aggressively react with many functional groups beyond −OH.
In extreme cases, for example, AlMe3 preferentially attacks and
abstracts oxygen anions from surface oxides of GaAs and
In0.2Ga0.8As substrates.

36,37 As such, reaction with components
in the MOF framework beyond the hydroxylated node is not
extraordinary. The extra-nodal reactivity of this aggressive
precursor is further corroborated by the significant loss of
sample crystallinity evident in powder X-ray diffraction
(PXRD) data obtained following large AlMe3 exposures, Figure
S1 in the Supporting Information. Although InMe3 is also
Lewis acidic (albeit not as much as AlMe3), the strong
diffraction peaks of the parent MOF are retained even after
total exposures in excess of ∼2 h. Furthermore, the large
specific surface area that is associated with the mesoporosity of
NU-1000 is significantly degraded upon large AlMe3 exposures,
whereas the surface area is retained even after exposure to a 10-
fold larger InMe3 dose (Figure S2 in the Supporting
Information).
The exothermic reaction pathway for trivalent metal binding

derived from theory predicts metal atom placement at high-
symmetry nodal sites. Each atom is expected to bridge three
oxygen atoms, two deriving from previously terminal −OH2
and −OH groups, and one deriving from bridging core oxygen
atom functionality (μ−O or previous μ−OH). Experimental
confirmation of ALD metal installation location was obtained

from X-ray pair distribution function (PDF) analyses. This
method yields atomic scale structural information with
crystallographic resolution at a length scale suitable for analysis
of few-atom clusters like the Zr6 node. A differential data plot
reveals the new pair correlations present after InMe3 AIM,
Figure 5.
The experimental differential PDF reflects the new atom−

atom distances formed upon In-loading; the distances are

Figure 3. In to Zr6 node ratio as a function of the ALD process conditions. Subsaturating In loading is observed upon delivery of a nonstoichiometric
InMe3 dose or insufficient exposure time. In the limit of exceptionally large and long exposures, the process exhibits self-limiting behavior.

Figure 4. ALD metal to Zr6 node ratio as a function of ALD process conditions. The delivery of a nonstoichiometic AlMe3 dose or insufficient
diffusion time produce subsaturating Al loading. In the limit of exceptionally large and long doses, the process does not exhibit self-limiting behavior.

Figure 5. (a) Differential PDF corresponding to the new atom−atom
distances formed upon InMe3 AIM of NU-1000 at 75 °C following
dehydration at 125 °C. (b) Partial pair PDFs calculated based on the
model for In-loaded NU-1000 structure predicted by DFT. A
representation of the DFT-derived model of the Zr6 node, highlighting
the new In-node distances, is inset.
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consistent with those derived from first-principles calculations.
The differential PDF is dominated by features at short
distances, suggesting that the In-siting is well-defined only
locally. Two sharp peaks, centered at 2.12 and 3.33 Å,
correspond to the In−O bond and In···Zr next-nearest
neighbor distances, respectively (cf. 2.18 and 3.27 Å from
theory, respectively). A broader feature at ∼4 Å reflects longer
range In···Zr distances within the Zr-node, for which a
distribution of distances and increased local disorder are
evident. Peaks associated with well-defined In···In distances are
not readily evident in the experimental data, suggesting that the
In atoms do not order relative to each other.
Having established the location and bonding environment of

In upon exposure to InMe3, we sought to further control the
number of metal atoms installed on each node. In principle, the
room temperature population of terminal −OH, terminal
−OH2, and μ−OH on the NU-1000 node support the
installation of up to 8 metal atoms. However, under conditions
in which the node is dehydrated (e.g., following heating in
medium vacuum), a diminished number of presenting func-
tional groups is anticipated to yield a lower degree of metal
incorporation under the same AIM conditions. Like many oxide
surfaces, the Zr6O16 node releases water through water
desorption and hydroxyl recombination at increased temper-
atures under vacuum. In situ Fourier transform infrared
spectroscopy (conventional FTIR) studies of NU-1000 as a
function of temperature clearly reveal dynamics of node
dehydration. At elevated temperatures (>125 °C), the intensity
of non-hydrogen-bonded −OH, −OH2, and μ−OH stretches
located at ∼3673 cm−1 decrease continuously with time and
temperature (Figure S3 in the Supporting Information). On the
basis of these findings, we performed node dehydration at
elevated temperatures prior to AIM to provide control over the
number of metals to be installed on the nodes. Although we do
not expect a 1:1 correlation between −OH population as
inferred from IR and the In:Zr6 ratio, the integrated intensity of
the −OH stretches (i.e., a measure of −OH population) and
the ICP-OES derived ratios of In:Zr6 do trend together (Figure
6). This confirms an ability to control metal loading via node
dehydration. Such ability to tune metal loading should allow
further customization of node decoration, with the potential for
mixed-metal attachment directly to the Zr6 node in the future
through cycles of partial dehydration, deposition, rehydration,
and alternative deposition.

■ CONCLUSIONS
We demonstrate that the Zr6-node present in the NU-1000
framework reacts with the trimethylated trivalent metal

compounds InMe3 and AlMe3 to form stable structures with
up to eight metals per Zr6 node. InMe3 exhibits strict self-
limiting behavior in the limit of both excess diffusion time and
moles without significant loss of crystallinity or internal surface
area. Differential PDF analysis of In-loaded NU-1000 is
consistent with theoretical prediction of a highly symmetric
structure having two metals deposited on each of four faces of
the Zr6 node; a fully characterized reaction coordinate
rationalizes the elementary reaction steps that lead to this
structure and confirms that it is highly exothermic. In practice,
the number of In per Zr6 node saturates at a slightly less than
8:1 stoichiometric ratio, which we attribute to the presence of
secondary nodes and unintentional dehydration, both of which
reduce the total number of reactive sites. In contrast to InMe3,
which displays ideal self-limiting behavior, reactions with AlMe3
evidence extra-nodal reactions with NU-1000 for large
exposures, as judged by noticeable degradation of crystallinity
and loss of internal surface area. These combined results begin
to demarcate process variable space for AIM, i.e. temperature
and choice of precursors, that must be carefully considered to
achieve targeted metal loading while retaining the benefits of
mesoporosity and crystallinity. We anticipate reporting soon on
using these insights to achieve more ideal functionalization of
NU-1000 with Al(III). Importantly, deliberate partial node
dehydration at elevated AIM temperatures enables reproducible
modulation of the stoichiometry for a single ALD cycle of the
saturating reaction of InMe3 with NU-1000, and this control
should prove useful for the design of multistep ALD procedures
that may involve different metal-containing precursors.

■ EXPERIMENTAL SECTION
Computational Methods. The periodic structures were com-

puted with the generalized gradient approximation exchange-
correlation functional PBE using the Vienna ab initio simulation
package (VASP).38−44 The VASP calculations were performed with
projector-augmented wave potentials to describe the interaction
between the valence and core electrons. A full gamma-point only
geometry optimization was performed with a plane-wave kinetic
energy cutoff of 520 eV. The energy and force convergence criteria
were 1 × 10−6 and 0.05 eV, respectively.

The initial structures for the cluster models were taken from ref 12.
The bare Zr6-node cluster model is provided in Figure 1. For the
structures shown in the reaction pathway in Figure 2, the core
zirconium and oxygen atoms were optimized with Gaussian 0945,46

using the M06-L47 density functional and the 6-31G(d) basis set48 on
Al, O, C, and H, and the Stuttgart/Dresden effective core potential
(SDD)49 on Zr and In, and the linker atoms were fixed. Frequency
calculations at 298 K were then performed at the same level of theory.
A singlepoint calculation with the 6-311+G(df,p) basis set48 was then
performed to verify the nature of all stationary points. The enthalpies
shown in Figure 2 were then computed by adding the enthalpy
contribution at the 6-31G(d) level to the 6-311+G(df,p) energies (ΔH
= ΔE6‑311+G(df,p) + ΔH6‑31G(d) − ΔE6‑31G(d)).

NU-1000 Synthesis. ZrOCl2·8H2O (97 mg, 0.30 mmol) and
benzoic acid (2.70 g, 22 mmol) were mixed in 8 mL of DMF (in a 6-
dram vial) and dissolved using sonication. The clear solution was
incubated in an oven at 80 °C for 1 h. After cooling to room
temperature, H4TBAPy (40 mg, 0.06 mmol) was added to this
solution and the mixture was sonicated for 10 min. The yellow
suspension was heated in an oven at 100 °C for 18 h. After cooling to
room temperature, yellow NU-1000 precipitate was collected by
centrifuge. (7800 rpm, 5 min) and washed with fresh DMF for two
times. As synthesized NU-1000 was then suspended in 13 mL of DMF
and 0.5 mL of 8 M HCl was added to acid-activate the zirconium
node. This mixture was heated in an oven at 100 °C for 24 h. After
cooling down to room temperature, the supernatant was removed by

Figure 6. In-loading in NU-1000 as a function of node dehydration;
temperature is correlated to the integrated intensity of FTIR peaks
associated with −OH stretches.
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centrifuge, and the material was washed twice with fresh DMF.
Subsequently the solid materials were washed twice with acetone and
soaked in acetone for additional 12 h. Then the acetone was removed
by centrifuge, and the solid was briefly dried in an oven at 80 °C. The
solid material was activated on a SmartVacPrep station (Micro-
meritics) under dynamic vacuum at 120 °C until an outgassing rate of
≤0.002 mmHg min−1 was reached.
ALD in MOFs (AIM). AIM process was performed in a Savannah

S200 system (Cambridge Nanotech, Cambridge, MA). In-line Entegris
Ni filtered nitrogen (N2) was continuously introduced to the ALD
chamber at a flow rate of 20 sccm to maintain a chamber base pressure
of ∼0.5 Torr. Typically, 10 mg of NU-1000 powder was heated to 125
°C to remove physisorbed water followed by soaking at the desired
AIM temperature. All ALD reactions were carried out in quasi-static
mode. Standard pulse times for water vapor, InMe3, and AlMe3 were 1,
5, and 0.015 s, respectively.
PDF Analysis. X-ray total scattering data suitable for PDF analysis

were collected at beamline 11-ID-B at the Advanced Photon Source
(APS). High-energy X-rays (λ = 0.2114 Å) were used in combination
with a large amorphous-silicon-based area detector to collect data to
high values of momentum transfer (Q).50 Borosilicate capillary-loaded
samples of NU-1000 and InMe3-AIM treated NU-1000 (125 °C
dehydration followed by AIM at 75 °C followed by exposure to room
ambient) were heated at 125 °C under vacuum in a flow-cell furnace51

during the measurements. The two-dimensional X-ray scattering
images were reduced to one-dimensional diffraction data within fit2D.
The data were corrected for background, Compton scattering and
detector effects within pdfgetX252 to obtain the structure function
S(Q). Fourier transformation of S(Q) to Qmax = 24 Å−1, yielded the
total PDFs, G(r). Subtraction of the PDF for pristine NU-1000 from
that obtained for InMe3-AIM treated NU-1000 yielded the differential
PDF.53 The bond lengths of features of interest were estimated by
fitting Gaussian functions to the differential PDF data within fityk.54

For comparison with the experimental differential data, partial pair
PDFs for the DFT-optimized model were calculated within PDFgui.55

The partial pair PDFs are given by G(r) = (1/r)∑i∑j [((bibj)/
(⟨b⟩2))δ(r − rij)] − 4πrρ0, where the sum goes over pairs of atoms i
and j within the model separated by rij. The scattering power of atom i
is bi and ⟨b⟩ is the average scattering power of the sample.
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