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ABSTRACT. The post-modification of metal organic frameworks (MOFs) affords exceedingly 

high surface area materials with precisely installed chemical features, which provide new 

opportunities for detailed structure-function correlation in the field of catalysis. Here, we 

significantly expand upon the number of vapor-phase post-modification processes reported to date 

through screening a library of atomic layer deposition (ALD) precursors, which span metals across 

the periodic table and which include ligands from four distinct precursor classes. With a large 

library of precursors and synthesis conditions, we discern trends in the compatibility of precursor 

classes for well-behaved ALD in MOFs (AIM) and, identify challenges and solutions to more 

precise post-synthetic modification. 

INTRODUCTION 

Metal–organic frameworks (MOFs) belong to a class of hybrid extended solids consisting of 

inorganic nodes separated by periodic organic linkers. These linkages give rise to crystalline, 

atomically defined structures which allow for detailed structural analysis (including single crystal 

X-ray crystallography) and accurate computational modeling. A rich variety of node structure and 

linker chemistry affords widely tunable structures with defined porosity, and chemical 

functionality which constitute a versatile platform for materials by design.1-2 A small subset of 

MOF families exhibit the exceptional thermochemical stability and relatively large pore size 

essential to applications in catalysis and energy conversion.3-4 However, the same subset of MOF 

families – most with Group 4 metal oxide nodes – show limited activity for many catalytic 
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reactions. As such, two distinct post-modification strategies are pursued to install the desired 

catalytic functionality: 1) condensed-phase modification5-6 and 2) vapor-phase modification.7-8 

Among these strategies for post-modification, atomic layer deposition (ALD) in MOFs,7, 9-10 

referred to as AIM herein, offers several potential advantages over condensed-phase 

functionalization including 1) the absence of metal precursor solubility limitations, 2) the potential 

for significantly faster metal loading, and 3) ready in situ characterization. One potential 

disadvantage relative to solution-phase loading is a requirement for volatile metal precursors, 

many of which require heating to increase the vapor pressure, which further necessitates substrate 

and vacuum chamber heating (typically to greater than 80 °C) to avoid precursor condensation. A 

second disadvantage is the high exothermicity of many AIM reactions which, along with the low 

thermal conductivity of most MOFs, lead to enough thermal disorder that atomically resolved X-

ray diffraction data for installed species are challenging to obtain. However, both condensed- and 

vapor-phase post-modification strategies have the potential to satisfy the minimum requirements 

for atomic level precision and preservation of the structural integrity of MOFs. In this work, we 

establish a materials database for vapor phase modification of MOFs based on multiple newly 

developed AIM processes which span metals across the periodic table and which include ligands 

from four distinct precursor classes. A handful of AIM processes in Zr-MOF NU-1000 have been 

previously described, which are also included in the table below for completeness.7, 10-15 With a 

large library of precursors and synthesis conditions we observe trends in the compatibility of 

precursor classes for well-behaved (AIM), identify challenges to more precise post-modification, 

and highlight methods to improve process conditions that directly address the challenges to more 

expedient vapor-phase modification. 

RESULTS & DISCUSSION 
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MOFs by Design for AIM 

NU-1000 is a stable, large-pore (3 nm) Zr6-based MOF in which the widest range of vapor phase 

post-modification has been performed.7, 10-13, 16-19 The 3D structure of the MOF results from bridging 

of the nodes by tetra-carboxylate linkers (Figure 1).   

 

                 

Figure 1.  The Zr6-based MOF NU-1000 has 3 and 0.8 nm pores that run parallel and 

perpendicular, respectively, to the long (c) axis of the microcrystals.  The proton topology of the 

Zr6 node is hypothesized to be a mixture of -OH and -H2O in staggered configuration under 

ambient conditions. 

NU-1000 offers several important features that are expected to improve the prospects for 

successful vapor phase post-modification relative to many other MOFs:7, 20 1) large mesoporous 

channels (3 nm) that may accommodate organometallic precursors of greater size and allow more 

rapid diffusion of greater molecular weight precursors, 2) excellent thermal and hydrolytic stability 

that may stand up to typical ALD process temperatures (80-250 °C) and diverse precursor 

chemistries including ones involving H2O (steam) or H2S, and 3) spatially oriented –OH functional 

groups that may provide handles for self-limiting surface reactions, in analogy to traditional ALD 
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film processes that often nucleate on substrates which present hydroxyls (e.g. Si/SiO2). The 

framework has been investigated both computationally and experimentally and suggests a 

staggered mixed proton topology for the [Zr6(μ3−O)4(μ3−OH)4(OH)4(H2O)4]8+ cluster at room 

temperature, Figure 1.20 A distribution of proton topologies may exist that, on average, most 

closely match a staggered model of four bridging μ3−O and μ3−OH groups as well as four aquo 

and hydroxyl groups that occupy the remaining open metal coordination sites of the node. At 

higher temperature the node is observed to steadily dehydrate, enabling a tunable number of 

potential sites for the hydrogen transfer reactions of surface hydroxyls that are implicated in many 

ALD film growth mechanisms. The combination of a well-defined node structure, with modifiable 

chemical handles, regular and open framework, and excellent thermal stability makes NU-1000 an 

ideal MOF substrate to test the effects and efficiencies of various ALD reagents. 

Precursor Choice 

The precursor set investigated comprises 16 metals which span Groups 6 to 13 of the periodic table 

and fall into 4 primary precursor/ligand classes. A tabulated list of precursors and brief summary 

of the characteristics of the resulting post-modified MOF when a moderately optimized AIM 

process is applied is shown in Table 1 and further summarized in Figure 2.  

Table 1. ALD precursors investigated for post-modification of NU-1000 between 115 and 125 °C. AIM 

processes not previously found in the literature are highlighted in bold. Precursors which failed to satisfy 

at least one requirement of post-modification synthesis, as described in the text, are highlighted in grey.  

ALD Precursor Precursor Class 
Loading 

(metals/node) 

 

Crystallinity 
Volumetric 

Surface Area 
(m2/cm3) 

Reference 

NU-1000 N/A 0 crystalline 2320 7 

AlMe2OiPr Alkyl 7.0 crystalline 1519 (1633) 14 (this work) 

ZnEt2 Alkyl 4.2 crystalline 1580 (2212) 7 (this work) 

CdMe2 Alkyl 3.3 crystalline 1243 this work 
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AlMe3 Alkyl n/a (9+) crystalline / 
amorphous 

1160 (N/A) 7, 10 

InMe3 Alkyl 5.1 crystalline 1620 
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GaMe3 Alkyl 4.2 crystalline 1918 this work 

MeCpPtMe3 Alkyl 2.5 crystalline 1805 12 

TDMASn Alkylamide 4.7 crystalline 2169 this work 

BTBDW Alkylamide 5.0 crystalline 2141 this work 

BTDANb Alkylamide 4.4 crystalline 470 13 

CoAMD Amidinate 4.0 (3.7) crystalline / 
amorphous 

1200 (N/A) 19 (this work) 

FeAMD Amidinate 7.7 amorphous N/A this work 

CuAMD Amidinate 5.1 amorphous N/A this work 

NiAMD Amidinate 7.0 amorphous 1450 11 

Cu(dmap)2 Aminopropoxide 4.5 (6.27) crystalline N/A (1439) 15 (this work) 

Mo(CO)6 Carbonyl 4.5 crystalline N/A this work 

Mn(EtCp)2 Metallocene 7.3 crystalline 1999 this work 

InCp Metallocene 4.3 (@ 125 °C) crystalline N/A this work 

Fe(Cp)2 Metallocene 0.1 crystalline N/A this work 

Ir(EtCp)(COD) Metallocene 1.8 crystalline N/A this work 

CoCp(CO)2 Metallocene 2.8 crystalline 1325 this work 

Pd(hfac)2 ß-diketonate 2.2 crystalline 1903 this work 

 

 

Figure 2.  Summary of the range of metal loading per Zr6 node observed for various classes of volatile 

metal precursors.  
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Each precursor was evaluated across a range of process conditions that was selected to ameliorate 

the deficiencies of any prior AIM experiment, as detailed below. Post-modification synthesis was 

considered unsuccessful when 1) average loading is low (< 0.5 metal/node), or anomalously high 

(>8 metals/node), 2) modification is spatially non-uniform, 3) MOF crystallinity is estimated to be 

below 20% of the parent, or 4) volumetric surface area is reduced below 20% of the parent MOF. 

Water vapor is applied as the complementary ‘B’ cycle after metal precursor exposure (‘A’ cycle) 

and thorough purging in all of the reported AIM synthesis summarized here. Therefore, in nearly 

all cases (with the exception of Pt)12 we expect the formation of metal oxides and/or oxyhydroxide 

clusters in post-modified NU-1000,10-11, 14 based on the composition of thin films deposited on 

planar substrates when the same chemical precursors and process temperatures are applied in more 

traditional ALD processes. Examples of each challenge are considered below along with any 

trends in precursor choice. 

Precursor Reactivity 

The reactivity of a vapor phase organometallic precursor with NU-1000 is a necessary (but not 

sufficient) requirement for post-modification. As many ALD processes do not proceed through the 

classic hydrogen transfer reaction from surface hydroxyls,21-22 not all ALD precursors are expected 

to react with NU-1000. However, the majority of precursors selected for this study have been 

previously shown to proceed through hydrogen transfer from surface hydroxyls to evolve a volatile 

ligand in thin film studies.21-22 For example, the reaction of diethylzinc with a hydroxylated surface 

generates an ethyl-zinc terminated surface and ethane as the byproduct.23-24 As a result, the vast 

majority of AIM processes show at least some reactivity with NU-1000 (Table 1). The only case 

in which no reactivity was observed is for ferrocene, which also does not grow thin films when 

cycled with H2O. Instead, thin films of Fe2O3 are typically grown with an ALD process in which 
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ferrocene is alternately dosed with O3.25 However, several precursors which do not readily form 

thin films when alternately dosed with water at low temperature (< 200 °C), do show 

deposition/loading during at least the first cycle of AIM: GaMe3, InMe3, CpCo(CO)2, 

Ir(EtCp))(COD), Pd(hfac)2, MeCpPtMe3, and BTBDW. The reactivity of these complexes with the 

hydroxylated MOF node may be understood, in some cases, as completion of a kinetically slow 

surface reaction that may be driven faster and farther under the exceptionally large-exposure 

process conditions already implemented to ensure ample diffusion throughout the high aspect ratio 

support. In other cases, the reactivity of the metal precursor with a hydroxylated surface may 

already be expedient, but thin film ALD growth may be hampered by the kinetics/thermodynamics 

of the 2nd surface reaction – removal of ligands that remain bound to the metal (i.e. regeneration of 

a hydroxylated surface). In the limit of a single AIM cycle, in which a single atomic layer of metal 

is deposited, metal loading will not be sensitive to the removal of these ligands. While the prospects 

for multiple ALD cycles to further increase loading will require further investigation, we note that 

many of these AIM processes are among the most successful in preserving parent MOF quality 

(crystallinity and surface area), ostensibly due to their overall low reactivity. Indeed, our 

experience suggests that over-reactivity is a far greater challenge for AIM than under-reactivity.  

As such, we propose that other volatile metal complexes for which thin film ALD fails or remains 

untested, be reconsidered for AIM. 

Spatial Uniformity  

Complete and uniform loading of the high aspect ratio porous framework microcrystals are 

expected to require significantly larger precursor exposures (where exposure = partial pressure x 

time) than are typical for thin film ALD processes.  An empirical model for the exposure time 

required for precursor transport through the nanopores in the molecular flow regime as a function 
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of precursor molecular weight, partial pressure, and growth rate has been reported and 

experimentally verified, where the mean free path of precursors (~10-5 m) is much greater than the 

pore size (~10-9 m).23  Larger exposures may be realized through longer ALD valve opening – to 

more closely equilibrate the growth chamber with the heat source, a warmer precursor source 

temperature to achieve greater equilibrium partial pressure of the precursor, and/or longer static 

“hold” time by gating off the pump just prior to precursor dosing and setting a significant delay 

before reopening the gate valve. More time and driving force for diffusion allow infiltration deeper 

into the MOF microcrystals, whose channels often have an aspect ratio of nearly 1,000 to reach 

the crystal center from each end (e.g. 3 nm pores with 6 µm length). Porous oxide frameworks, in 

which uniform growth occurs on all surfaces, with similarly high aspect ratios are calculated to 

require exposure times on the order of minutes even for precursors with large partial pressures (~ 

1 Torr).  For higher molecular weight and lower vapor pressure precursors (e.g. MeCpPtMe3) the 

same model suggests that the required exposure times could extend to hours. However, the 

effective growth rate in many MOFs will be much lower, as a large fraction of the pore “surface 

area” presents relatively non-reactive organic linkers (e.g. pyrene), such that the calculated 

exposure times (0.003 s for MeCpPtMe3 in 1.5 μm NU-1000) are significantly lower than those 

calculated for porous oxide frameworks (6.0 s for MeCpPtMe3 in 1.5 μm AAO with 3.2 nm pore 

diameter).  In practice, spatially non-uniform loading of metal has rarely been observed in our lab. 

We attempted to spatially map the incomplete diffusion of ZnEt2 into MOF microcrystals under 

short exposure AIM conditions. However, even with very short (0.030 s) doses of modest partial 

pressure 0.6 Torr) under flow conditions (no static exposure) the Zn loading appears to exhibit no 

inhomogeneity in its distribution, Figure 3. This is consistent with the 50 µm microcrystal length 

that is calculated to be fully infiltrated under these ALD conditions even if one assumes that only 
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3 nm pores are available for diffusion. In addition, any cracks or defects in microcrystals may serve 

as larger arteries for more rapid diffusion to feed the nominally 3 nm pores which run parallel to 

the long c-axis of the microcrystals. Continuous 0.85 nm channels in NU-1000 also run 

perpendicular to the long axis of the microcrystal. The aspect ratio of these pores (600 for 500 nm 

crystallite radius / 0.85 nm) may be less than that of the large pores for many crystallites, enabling 

rapid lateral diffusion of metal precursors of sufficiently small size. In the case of lateral diffusion 

limitations, even scanning transmission electron microscopy with energy dispersive spectroscopy 

(STEM-EDS) measurements will be largely insensitive to radial anisotropy and an end-on cross 

section of would be necessary to visualize the effects of incomplete diffusion. 

 

Figure 3.  Elemental map of a MOF crystal acquired via STEM after a 30 ms DEZ dose with 

varying static exposures a) 0 s (flow mode) and b) 60 s. Scale bars are 500 nm. 
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Saturating and Self-Limiting Growth 

Exposure-independent metal loading in the large exposure limit is the third necessary, but not 

sufficient requirement for successful post-modification. As in ALD, a successfully “saturated” 

reaction indicates 1) complete diffusion – as longer exposures would otherwise result in reaction 

at additional sites, 2) little to no precursor decomposition – as larger exposures would otherwise 

result in additional spontaneous deposition regardless of reaction site availability, and 3) complete 

surface reactions – as larger exposures would otherwise result in further completion of kinetically 

slow reactions. We identify several AIM processes that exhibit nearly ideal self-limiting behavior, 

Figure 4a. Very large total exposures are utilized, often in the form of multiple sequential smaller 

exposures that, together, are significantly larger than those typical applied to thin film growth (~1 

Torr sec). 

 

Figure 4. a) Self-limiting behavior in Cd & Ir-AIM b) non-self-limiting behavior in Fe & Cu -
AIM with FeAMD and CuAMD. 

 

As a result of the large exposures required for complete diffusion of organometallic precursors 

into MOF microcrystals, the intrinsic stability of many ALD precursors is tested to new levels, as 

are their selectivity against side reactions that could include insertion at the carboxylate node-
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ligand linkage of NU-1000, which could degrade the crystallinity and connectivity of the original 

MOF framework. Despite a low process temperature (125 °C), relative to many thin film ALD 

processes (100-300 °C), several non-self-limiting processes are observed, Figure 4b. Over-

reactive precursors may also be quickly identified through loss of MOF crystallinity, which may 

occur in the case of framework damage or uncontrolled deposition that results in overloading of 

small pores. While we observe a slight reduction in crystallinity compared with the parent material 

even for strictly a self-limiting process like Ga, Figure 5, over-reactive precursors can result in a 

significant (all amidinate precursors) or complete (AlMe3) loss in crystallinity (see Table 1).  

 

Figure 5.  X-ray diffraction from pre- and post-modified MOF.  The extent of loss of the parent 

framework crystallinity may range from marginal to severe.  

N2 isotherms and differential pore volumes obtained from BET measurements are consistent with 

only a slight loss in both surface area and pore width in the best cases, largely corroborating the 

XRD results. In the non-self-limiting cases, BET measurements in Figure 6 indicate a large 

reduction in the original 2300 m2/cm3 surface area (see Table 1) as well as loss of volume from 

both pores suggesting both micro- and meso-pores have collapsed. 
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Figure 6.  a) BET surface area of post-modified MOFs as deduced from N2 isotherms. b) 

Differential pore volume of post-modified MOFs. 

Utilizing synchrotron powder X-ray diffraction, we are able to obtain coarse spatial maps of added 

electron density associated with the post-modification process.  In most cases, the formation of 

new electron density occurs mainly in the small pores centered between the nodes as shown in 

Figure 7. Based on DFT calculations, such behavior is ascribed to dispersion interactions between 

precursor molecules (guest) and organic ligands on the MOF surface (host).17 While the 

regioselectivity may be affected by the size of ALD precursor molecules to some extent, this 

phenomena seems universal to all precursors tested in this work. 
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Figure 7. Differential electron density (DED) maps of Al-AIM (a, b) and Ir-AIM (c,d) illustrating 

the functionalization mainly between the nodes of small pores. 

 

Reaction Kinetics and Exothermicity 

Several precursors which exhibit self-limiting ALD behavior for thin film growth, show strongly 

non-self-limiting behavior in NU-1000, for example AlMe3 and FeAMD. As DFT calculations 

suggest that the mechanism for node decoration may be similar to that for growth on oxide surfaces 

at an equivalent temperature,10, 26 a more detailed examination is merited.  While reactions with the 

organic linker at the linker-node bridge may be partially responsible in some cases,27 even at low 

process temperatures, we also consider the DFT-derived heat of reactions at the node. Despite 

relatively high thermal and chemical stability of NU-1000, we hypothesize that a large number of 

exothermic reactions within the high-site-density support with low thermal conductivity could lead 

to significant internal heating. In our earlier study,10 we proposed a DFT reaction mechanism for 

Al-AIM with AlMe3 that predicted the reaction enthalpy to be -129 kcal/mol for each of four facets. 
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Therefore, complete reaction of all 4 symmetric node facets would release 515.2 kcal/mol (2155 

kJ/mol) for a complete reaction on all four facets. In a relatively small scale experiment in which 

10 mg of NU-1000 is post-modified, a complete functionalization of the nodes with Al (i.e. 8 Al 

per Zr6) would require 9.19 ´ 10-6 mol of Al and result in a total reaction heat of 19.8 J. Given that 

Q = n ´ c ´ DT, where Q, n, c, and DT are total amount of heat, number of moles, specific heat 

capacity, and change in temperature, and estimating 500 J/molK for the specific heat capacity of 

NU-1000,28 the reaction heat translates to a temperature rise of 4300 K, if it were to occur 

instantaneously or in the absence of heat dissipation.  This temperature rise, which far exceeds the 

stability threshold for NU-1000,7 represents an upper limit which is unlikely to ever be reached as 

most ALD reactions are significantly less exothermic than the reaction of -OH and -H2O with 

AlMe3, the metal loading density is often lower (typically 1 – 5 metals per node, see Table 1), and 

the AIM reaction throughout the crystal not instantaneous. Furthermore, inert purge gas, which is 

always present, as well as reaction by-products may equilibrate with the framework to rapidly 

remove heat over the extended exposures. Therefore, the expected change in temperature is likely 

to be at least an order of magnitude lower than this limiting case. Still, we predict that large and 

rapid heating is possible during AIM which may result in transient internal temperatures that 

exceed the thermal stability of NU-1000 and/or temperatures that open new reaction pathways 

which may include precursor decomposition, linker-node bond cleavage, linker oxidation, and 

node hydrolysis. In an attempt to quantify the evolution of heat during exothermic AIM reactions, 

we monitored local heating of film of MOF microcrystals in situ with an IR camera (Figure 8a, 

Video S1). We observe a rapid rise in temperature upon exposures to both the metal and oxygen 

sources.  
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Figure 8.   Temperature evolution of NU-1000 powder upon exposure to AlMe3 and subsequent 

exposure to H2O. a) IR camera image at the peak temperature produced during the water dose. b) 

AIM temperature profile as a function of time. Orange region indicates thermal equilibration after 

sample loading, blue indicates water exposure, green is purge, and red is metal precursor micro-

dosing. Macroscopically thicker MOF films dropcast onto a glass slide for this experiment result 

in higher temperature readings.  

We also note variability in the peak magnitude of the measured temperature, which may result 

from clipping of the maximum temperature due to the low temporal resolution (30 images/s) of 

our IR camera relative to the rate of AIM reactions. As discussed above for the case of Zn-AIM, 

uniform functionalization of the nodes is completed with a single 30 ms dose (Figure 3a). In order 

to minimize unintentional thermal heating, which could induce framework degradation and 

precursor decomposition, we propose a “micro-dosing” schedule in which more, but smaller 

exposures are applied sequentially in time. To investigate the effect of micro-dosing schedules, we 

employed two well-behaving systems which exhibit strictly self-limiting behaviors, InMe3 and 
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CdMe2. Figure 9a illustrates how the magnitude of the precursor doses influences the resulting 

surface area of the post-modified NU-1000, which is also correlated with crystallinity. We observe 

a noticeable improvement in surface area through the use of micro-doses. We hypothesize the 

improvement to result from a lower peak local temperature during each of the many smaller doses. 

Micro-dosing results in superior retention of framework surface area while installing the same 

number of metals per Zr6 node, providing a practical solution to unintentional heating.  In contrast, 

equal size doses each combined with a longer exposure result in marginal differences in the 

resulting surface area (Figure 9b). This clearly mitigates one potential disadvantage of some AIM 

reactions: a large and rapid reaction heating of a low thermal mass. Clearly, largely exothermic 

reactions are preferred to drive AIM reactions to completion. However, the heat released, along 

with the low thermal conductivity of most MOFs, may lead to enough thermal disorder that 

atomically resolved X-ray diffraction data for installed species are difficult to obtain. To date, the 

only published example of single crystal X-ray diffraction data for ALD-like vapor phase post-

modification performed in an ALD reactor is for hexafluoroacetylactonate.29  
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Figure 9.  a) The effect of metal micro-dose size on the BET surface area of AIM with InMe3. b) 

The effect of total exposure time on the BET surface area of AIM with CdMe3.  The final metal 

loading is equivalent within each experiment for both a) and b).  

 

We now turn our focus to precursor chemistry to understand the non-self-limiting behavior of some 

AIM reactions. Based on our saturation studies, some precursors are found to be extremely reactive 

to NU-1000 even with the micro-dose approach. For example, NU-1000 completely loses 

crystallinity with exposure to CoAMD, while NU-1000 maintains most of its crystallinity upon 

exposure to CoCp(CO)2. Similarly, we find that the NU-1000 framework is degraded upon 

exposure to CuAMD, FeAMD, and NiAMD precursors, while the framework integrity is preserved 

upon exposure to milder precursors to the same metals, including Cu(dmap)2 and Fc, respectively. 

These observations suggest that certain chemistries are more reactive with NU-1000 and/or that 

auto-catalytic decomposition may occur. Specifically, these amidinate precursors may 

aggressively react with various functional groups beyond –OH, including potential insertion at the 

carboxylate linkage. Combined with the effect of potential unintentional heating, such extra-nodal 

reactivity may be more understandable.  

We also consider the case of AlMe3 vs. AlMe2OiPr in which only the former results in dramatic 

loss of crystallinity and surface area. Several factors may contribute to the success of the latter 

precursor including a smaller reaction enthalpy with the zirconia node (105 kcal/mol vs 129 

kcal/mol for AlMe3) which is expected to produce less total reaction heat. Like AlMe3 the 

AlMe2OiPr exists primarily as dimers at these growth temperatures. Diffusion is also slower for 
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larger/heavier molecules, which leads to reaction heating that is more distributed in time for each 

microcrystal, leading to more time for the dissipation of any local heating. 

 

AIM for Heterogeneous Catalysis 

ALD functionalization of NU-1000 (and related MOFs) creates potentially unique opportunities 

in the field of heterogeneous catalysis for several reasons, including: 1) well-defined uniform 

active sites on periodically arranged support serves as model platforms for both computational and 

experimental characterization, 2) spatial separation of active sites via organic linkers may mitigate 

sintering during catalytic reactions,11-12 and 3) cooperative multi-metallic interactions to improve 

catalytic behavior may be tuned via selective functionalization of hetero-metallic active sites. The 

key advantage of ALD functionalization, however, lies in the use of hydrolytically reactive 

organometallic precursors in the first half cycle, which allows for natural formation of M-OH 

groups upon exposure to water vapor without further treatment.11, 14, 19, 30-31 As such, 

functionalization based on AIM eliminates the need for removal of organic ligands to generate a 

catalytically relevant material. While less understood, such behavior holds true even for precursors 

which otherwise do not show reactivity with water, but only with oxygen or ozone, such as 

MeCpPtMe3.12 A wide range of catalytic reactions utilizing ALD functionalized NU-1000 have 

been examined thus far, which clearly points to their potential in heterogeneous catalysis (Table 

2). More specifically, the sinter-resistant behavior observed in Ni-AIM and Pt-AIM has two 

significant advantages in heterogeneous catalysis over metal catalysts on conventional supports: 

1) it prevents deactivation of catalytic materials associated with metal atom/ion migration and 
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sintering during exothermic catalytic reactions, and 2) it provides a model platform which allows 

for accurate computational modeling to understand fundamentals of specific catalytic reactions. 

Table 2. Catalytic reactions examined utilizing ALD functionalized NU-1000. 

Reaction Reactant Catalytic Species References 

Hydrogenation/Oligomerization Ethylene 

Ni oxide 11 

Re oxide 18 

Pt 12 

Oxidation 
Methane Cu oxide 32 

Cyclohexane Nb oxide 13 

Oxidative Dehydrogenation Propane Co oxide 19 

Dehydration Ethanol Al oxide 14 

 Isopropanol Si oxide 33 

Knoevenagel Condensation 
Benzaldehyde & 

Ethyl 
Cyanoacetate 

Al oxide & Zn 
oxide 

7 

 

 

CONCLUSIONS 

We have demonstrated the vapor phase post-modification of MOF NU-1000 for a large library of 

ALD precursors which allow for the controlled installation of various metals. A single self-

saturating reaction, which acts as a nearly ideal ALD half-reaction, allows the zirconia-like node 

to be uniformly decorated with 2-8 metals per Zr6 node when employing volatile metal precursors 

from several well-known classes including metal alkyls, alkylamides, metallocenes. However, 

different considerations come to the fore when evaluating ALD in porous materials, especially in 
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MOFs.  For example, we observe overactivity, which results in framework damage, to be a greater 

synthetic challenge than underactivity, at least for the single ALD cycle which is applied.  Owing 

to the lower requirements of single-cycle ALD processes – e.g., ligand removal and regeneration 

of a surface reactive to a second metal precursor exposure is unnecessary – and owing to longer 

exposure times employed, many volatile precursors are largely ineffective for thin film growth via 

conventional ALD are effective for AIM. However, careful attention to process conditions is 

generally required, with the most successful processes entailing cumulatively large exposures that 

are applied as many small doses (“micro-doses”) within each half cycle.  Further expansion of the 

AIM library could consider less volatile and less reactive precursors than originally anticipated. 
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