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Continuous stepwise liquid-phase epitaxial (LPE) growth is one of the most effective procedures for 

structuring metal-organic frameworks (MOFs) as two-dimensional superstructures, such as thin-films. 

Alternation of the building block precursors between the individual LPE growth cycles (i.e. from one 10 

linker to the other) allows heterostructured MOF films consisting of two different MOFs with different 

structural or chemical properties to be synthesized with a precise control of the growth sequence. Here, 

we employ the LPE growth strategy for the preparation of highly functional, hierarchically structured 

core-shell architectures consisting of [Zn4O(3,5-dialkylcarboxypyrazolate)3]n-based frameworks. 

Specifically, the small-pore [Zn4O(3-methyl-5-isopropyl-4-carboxypyrazolate)3]n (Zn-MI) and 15 

[Zn4O(3,5-diethyl-4-carboxypyrazolate)3]n (Zn-DE) frameworks are respectively deposited as a size 

selective layer upon larger-pore [Zn4O(3,5-dimethyl-4-carboxypyrazolate)3]n (Zn-DM) and [Zn4O(3-

methyl-5-ethyl-4-carboxypyrazolate)3]n (Zn-ME) layers. Direct growth of the MOF layers on the Au 

surfaces of quartz crystal microbalance (QCM) sensors allowed the adsorption properties of the 

heterostructures to be probed in real-time. Multiple-component adsorption experiments in an 20 

environment-controlled QCM apparatus revealed size selectivity with respect to the adsorption of 

alcohols, as well as the molecular recognition of methanol over water. These properties stem from the 

positioning of the small-pore Zn-MI (or Zn-DE) layer on the larger-pore Zn-DM (or Zn-ME) layer, 

facilitating attractive synergistic properties for adsorptive selectivity and providing a possibility for 

further development in MOF-based sensing applications.25 

Introduction 

Metal-organic frameworks (MOFs), or porous coordination 
polymers (PCPs), have been extensively investigated during the 
past decade. They are formed by coordination bonds between 
various kinds of metal centres (or inorganic clusters) and organic 30 

linkers1, and provide well-defined crystalline networks that 
display a tremendous diversity in their chemical, structural, and 
dynamic properties.2 The versatility in the range of precursor 
components that can be used at the molecular scale offers 
possibilities for precise manipulation of the framework structure 35 

as well as its associated properties.3 Hence, recent research has 
focused on rational design of the pore structure, size, shape and 
surface functionalities of MOFs in order to fine-tune and optimise 
the properties for real-world applications, ranging from gas 
storage, sensing, separation, and more recently, catalysis, 40 

bioreactors, and controlled drug release.4  
 In addition to tuning of the composition of MOFs, their 
physical form in the mesoscopic and macroscopic scales is 
known to uniquely affect their properties.5,6 The structuring of 

MOFs in two-dimensional superstructures (e.g. thin films) is an 45 

emerging field that has received an increased attention over the 
last few years due to their potential use in membranes, coatings, 
QCM-based sensors and microcantilever-based sensors.7 Various 
methods have been developed to integrate MOF materials into 
devices by processing MOFs as thin films on various substrates8,9 50 

and patterning them for specific applications.10,11 In particular, 
stepwise liquid-phase epitaxial (LPE) growth technique (also 
known as step-by-step deposition) is a potentially versatile 
method for preparing MOF thin films.12,13 In LPE fabrication, the 
substrate is alternately dosed with metal and organic precursor 55 

solutions9 leading to well-defined control of thickness, crystal 
size and orientation of the MOF constituting the thin film. The 
number of growth cycles and crystallization conditions can be 
fine-tuned such that the properties of the film are optimized for 
practical applications, including sensing, separation, catalysis, 60 

and as functional materials within electronic and optoelectronic 
devices.14  
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Scheme 1 Schematic illustration of the continuous stepwise liquid-phase epitaxial fabrication of heterostructured [Zn4O(carboxypyrazolate)3]n thin films. 
Note that while a Zn-MI-on-Zn-DM heterostructure is used as an example, the other systems described in this work follow the same basic procedure. A 
SAM-functionalised Au-coated substrate is alternatingly exposed to solutions of Zn4O(OAc)6 (Step 1) and 3,5-dimethyl-4-carboxypyrazole (H2DM) (Step 5 

3) with an intermediate EtOH washing step (Step 2 and 4) to induce a uniform film of Zn-DM (illustrated in blue colour). Then, the same procedure is 
repeated using 3-methyl-5-isopropyl-4-carboxypyrazole (H2MI) to further grow a Zn-MI layer (illustrated in orange colour) on the original film, resulting 
in a Zn-MI-on-Zn-DM heterostructured film. 

 The hierarchical ordering of more than one MOF within a 
single, mesoscopic superstructure (as a so-called heterostructure) 10 

provides further opportunities to manipulate the characteristics of 
the system, particularly when a single MOF does not offer all 
required features for a specific application.15 Here, heteroepitaxial 
growth has been previously used for the deposition of one MOF 
onto another to produce various heterostructured systems, such as 15 

core-shell16 and sandwich (BAB-type) hybrid MOF crystals17. 
While most examples of such systems relate to single-crystal 
systems, this concept is in principle also applicable to thin films. 
Here, the stepwise LPE growth strategy is an attractive method 
for the fabrication of heterostructured MOF films, since the 20 

precursors can be switched between those for different MOFs 
during the film formation process.18,19 Using this method, several 
structurally-related MOFs,18–20 and even some MOFs with 
significantly mismatched lattice parameters21 and incompatible 
network structures22 have been prepared with a precise spatial 25 

control via an appropriate programming of the sequence and 
cycling frequency of the deposition process. In the case of two 
MOFs possessing different pore properties, the spatial control can 
lead to enhanced characteristics compared to a simple physical 
mixture of the same frameworks. For example, selective post-30 

synthetic modification of heterostructured layer-pillared surface-
mounted MOFs at an outer layer containing amino groups 
facilitated selective adsorption and diffusion of only certain 
components (such as hexane over cyclohexane and methanol over 
hexane) into the inner layer.23,24 Using a similar concept, 35 

incorporation of photoswitchable pendant groups, such as 
azobenzene, into the outer layer of a film was demonstrated as a 
pathway to control the adsorption permeability by light 
irradiation.25  
 Despite this emerging interest in heterostructured MOF thin-40 

films, fundamental investigations into their adsorptive properties 
still remains limited to a small number of systems, and the 
versatility of the LPE growth technique for the fabrication of 

heterostructured systems is currently not well established. In 
order to advance both these aspects, we have selected the robust 45 

[Zn4O(carboxypyrazolate)3]n-based series of MOFs,26 for which 
the stepwise LPE method has been previously used (in both static 
batch-wise immersion13 and a continuous flow mode) to generate 
pure (single-phase) thin-films of the MOFs.27 The single-phase 
thin-films could be readily integrated with quartz crystal 50 

microbalance (QCM) technologies for real-time monitoring of 
film growth, suggesting that similar observations will be possible 
for the heterostructured MOF films. Thus, we herein report the 
fabrication of heterostructured [Zn4O(carboxypyrazolate)3]n MOF 
films, with an object of achieving high adsorption selectivity via 55 

rational selection of the positioning of the isostructures  (Scheme 
1). In particular, the small-pore [Zn4O(3-methyl-5-isopropyl-4-
carboxypyrazolate)3]n (Zn-MI) and [Zn4O(3,5-diethyl-4-
carboxypyrazolate)3]n (Zn-DE) frameworks are respectively 
deposited as a size selective layer upon larger-pore [Zn4O(3,5-60 

dimethyl-4-carboxypyrazolate)3]n (Zn-DM) and [Zn4O(3-methyl-
5-ethyl-4-carboxypyrazolate)3]n (Zn-ME) layers (The molecular 
structures of the organic linkers used for fabricating the 
heterostructured films are shown in Table S1.). The growth of a 
MOF with smaller pore openings as a shell layer is shown to 65 

provide adsorptive selectivity, while the presence of a larger-pore 
MOF as a core layer provides a high storage capacity of guest 
molecules. A systematic optimisation of the LPE fabrication 
process (i.e. number of fabrication cycles for each individual 
MOF component) is performed in order to obtain well-defined 70 

core-shell architectures of the heterostructured films that provide 
a high adsorptive selectivity with respect to alcohols of varying 
molecular size, as well as in the molecular recognition of 
methanol over water. 

Experimental Section 75 

Synthetic Procedures 
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The starting materials were synthesised using a procedure 
described previously.13,27 Basic zinc acetate (Zn4O(OAc)6) was 
obtained by the sublimation of zinc acetate dihydrate 
(Zn(OAc)2·2H2O) at 280°C under vacuum and was used as a pre-
formed secondary building unit (SBU) metal precursor. The 5 

organic linkers 3,5-dimethyl-4-carboxypyrazole (H2DM), 3-
methyl-5-ethyl-4-carboxy pyrazole (H2ME), 3-methyl-5-
isopropyl-4-carboxypyrazole (H2MI) and 3,5-diethyl-4-
carboxypyrazole (H2DE) were synthesised in three steps (Scheme 
S1). Firstly, the diketo-compound was synthesised by the 10 

acylation of alkyl acetoacetate with alkyl acid chloride. Then the 
cyclisation with hydrazine was performed to create the pyrazolate 
ring. Finally, the substituted ester group on the pyrazole was 
acidified to form the desired carboxypyrazolate linker. 

Fabrication of heterostructured MOF thin films 15 

Commercial Au-coated quartz crystal microbalances (QCM, Q-
Sense, diameter 14 mm, thickness 0.3 mm, AT cut, fundamental 
frequency 4.95 MHz) were used as the substrates. Firstly, the 
surfaces of the substrates were -COOH terminated by a self-
assembled monolayer (SAM) of 16-mercaptohexadecanoic acid 20 

(MHDA) by immersion in a 20 µM solution of MHDA in ethanol 
and 5% v/v acetic acid for 24 hours. The precursor solutions were 
freshly prepared for each fabrication, using a solution of basic 
zinc acetate (1.0 mM) in ethanol, and the carboxypyrazolate 
linker (0.5 mM) in a 4:1 v/v ethanol/water mixture. The MOF 25 

thin films were fabricated by stepwise liquid phase epitaxial 
(LPE) growth at 40 °C using the automated QCM instrument 
(Q-Sense E4 Auto) operated in a continuous flow mode with a 
flow rate of 100 µL min–1. Generally, the precursor solutions 
were alternately dosed to the QCM deposition cell, each for 10 30 

min. In between each precursor dosing, a washing step (ethanol) 
was carried out for 5 min. Note that in the following description, 
one deposition cycle represents exposure of the functionalised 
QCM substrate to basic zinc acetate (10 min), ethanol (5 min), 
carboxypyrazolate linker (10 min) and ethanol (5 min). 35 

 Three different types of the shell-on-core heterostructured 
films were produced: Zn-MI-on-Zn-DM, Zn-DE-on-Zn-DM 
and Zn-MI-on-Zn-ME (see the summary in Table S1 in the 
supplementary information). The number of deposition cycles of 
each individual MOF component was varied from 10 to 30 40 

cycles. In the following discussion, we employ the notation 
“MOF(x)-on-MOF(y)”, where x and y represent the number of 
deposition cycles carried out in forming the shell and core MOFs, 
respectively. For example, Zn-MI(20)-on-Zn-DM(20) 
heterostructured film refers to a sample in which Zn-DM is 45 

fabricated for 20 cycles on a functionalised QCM substrate, 
followed by Zn-MI for 20 cycles (see Scheme 1). During thin-
film fabrication, the change in QCM frequency was recorded in-
situ in order to monitor the film growth. 

Characterisation 50 

Phase purity of basic zinc acetate were characterised by powder 
X-ray diffraction (XRD) using an X’Pert PanAnalytical 
equipment (Bragg-Brentano geometry, Cu Kα radiation, 2θ from 
5° to 50°, position sensitive detector). The organic linkers were 
identified by nuclear magnetic resonance (NMR) spectroscopy 55 

using a Bruker Advance DPX 200 spectrometer (automatic and 
routine settings). The two-dimensional grazing incidence X-ray 

diffraction (2D-GIXRD) data of the obtained thin films were 
collected at Beamline 9 at DELTA Synchrotron, Germany (X-ray 
beam with energy of 12.38 keV or wavelength of 1.001 Å, 60 

sample-to-detector distance of 500 mm and the incidence angle of 
0.6°). The crystalline phase of the MOF thin films was 
determined by the out-of-plane cuts of the 2D-GIXRD patterns. 
Infrared Reflection Absorption Spectra (IRRAS) of the activated 
MOF thin films were recorded by a Bruker Alpha-P FTIR 65 

instrument (using the external reflection modules) inside a 
glovebox. Surface morphology and surface coverage of the MOF 
films were investigated by a field emission scanning electron 
microscope (FESEM, LEO (Zeiss) 1530 Gemini FESEM) and an 
environmental scanning electron microscope (ESEM, FEI ESEM 70 

Dual BeamTM Quanta 3D FEG). Prior to the SEM measurements, 
the samples were coated with carbon in order to increase the 
conductivity before loading into the instrument. 

Organic vapour adsorption measurements 

The sorption properties of the heterostructured MOF thin films 75 

were studied by an environmental-controlled quartz crystal 
microbalance (BEL-QCM-4 equipment, BEL Japan) equipped 
with two vaporisers for different volatile organic compounds 
(VOCs) with their own set of mass flow controllers. Herein, two 
alcohols (methanol and isopropanol) as well as water were 80 

selected as probe volatile compounds. Schematic representation 
of experimental setup for sorption experiments on MOF-
deposited QCM substrates are shown in Fig. S2. All sorption 
experiments were carried out at 25 °C. The samples were 
activated prior to the sorption experiments by immersion in 85 

dichloromethane for 24 h (exchanging molecules within the 
pores) followed by drying under an argon stream. Then, the 
samples were heated in the BEL-QCM instrument at 70 °C under 
a dry helium gas flow (100 sccm) for 2 h until the QCM 
frequency was stable (± 5 Hz over 20 min). The mass of the 90 

deposited MOF thin film was calculated by the difference in the 
fundamental QCM oscillation frequency and the frequency after 
final activation of the sample. Single-component adsorption 
isotherms of each probe compound were collected using a single 
vaporiser. The desired relative vapour pressure (P/P0) of 95 

saturated organic vapour in helium gas was varied between 
0.0~95.0%, and the specific adsorption amount was calculated 
from the observed QCM frequency according to the Sauerbrey 
equation (see supplementary information).28 For mixed-
component adsorption data, the experiments were performed 100 

using two different probe compounds. Here, the P/P0 of one 
probe compound was kept constant at a certain amount 
(maximum 45% P/P0), while the other was varied between 
0~45% P/P0. The total gas flow through the system was fixed at 
100 sccm, with mixing of the two components in the manifold 105 

prior to exposure to the QCM cell (see Fig. S2). 

Results and discussion 

Stepwise LPE growth is an attractive method of introducing the 
concepts of heterostructured bulk MOFs to thin films via 
sequential and controlled deposition cycles of the metal and 110 

organic precursors to the substrate.18 The precursors can be 
changed at any time (to introduce a functionalised analogue of an 
organic linker for example) during the thin film fabrication at a 
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pre-programmed point to induce growth of other MOFs on a pre-
deposited parent MOF film. However, the range of MOFs that 
have been processed via the LPE method is very limited, and 
warrants further studies to understand its versatility. In the best-
known example, heterostructured films of the layer-pillared 5 

surface-mounted MOFs (SURMOFs)18–20 were epitaxially grown, 
wherein an amino-functionalised [Cu2(NH2-bdc)2(dabco)]n layer 
was deposited on an unfunctionalised [Cu2(bdc)2(dabco)]n or 
[Cu2(ndc)2(dabco)]n inner layer (NH2-bdc = 2-amino-benzene-
1,4-dicarboxylate, bdc = benzene-1,4-dicarboxylate, ndc = 10 

naphthalene-1,4-dicarboxylate, and dabco = 1,4-diazabicyclo-
(2.2.2)-octane).20,23,24 Here, size-based adsorption permeability 
was demonstrated via post-synthetic modification of the amino-
containing SURMOF outer layer.23,24 However, the films were 
not chemically robust (particularly in the presence of moisture), 15 

limiting their potential for practical uses under ambient 
conditions.10 This has prompted investigations of a similar type in 
the context of other more stable materials that could be amenable 
for use under biologically or industrially relevant conditions. 
 In this work, we selected the more chemically robust 20 

[Zn4O(3,5-dimethyl-4-carboxypyrazolate)3]n (Zn-DM) and its 
3,5-dialkyl substituted analogues for fabrication as 
heterostructured MOF thin-films on QCM substrates by LPE 
method. Based on our previous work, the formation of thin-films 
of Zn-DM and its isostructural thin films was proposed to occur 25 

via an island growth mode during the nucleation stage, followed 
by an overgrowth of the pre-formed MOF crystallites to form 
dense MOF films. Therefore, we surmised that heterostructured 
thin-films could be formed with a variety of isostructural 
compounds in a core-shell architecture.27 Herein, the LPE 30 

fabrication process is optimised to achieve a well-controlled 
hierarchical arrangement of individual MOF components within 
heterostructured films. The performance of these films in the 
context of selective adsorption properties are then systematically 
investigated using a QCM apparatus, demonstrating unique 35 

properties stemming from the nature of the structuring. 

Synthesis and characterisation of heterostructured thin-films 

The heterostructured [Zn4O(carboxypyrazolate)3]n MOF thin-
films were fabricated at 40 °C by the stepwise LPE method in the 
continuous mode using a procedure based on a previously 40 

described method.27 Here, two [Zn4O(1,3-dialkyl-4-
carboxypyrazolate)3]n isostructural compounds with different 
pore apertures and volumes were integrated by firstly fabricating 
the larger-pore MOF (Zn-DM or Zn-ME) on the carboxylate-
terminated QCM substrate. Then, the smaller-pore MOF (Zn-MI 45 

or Zn-DE) was fabricated thereon, leading to the formation of the 
heterostructured MOF film (Scheme 1).  
 During the fabrication procedure, the QCM frequency change 
(which is proportional to the mass uptake on QCM substrate) was 
monitored. The temporal frequency change during growth for 50 

Zn-MI-on-Zn-DM films using various deposition cycle counts 
for each component are presented in Fig. S3. The overall mass of 
the respective MOF components linearly increases with the 
number of deposition cycles. However, the change in the rate of 
frequency change upon switching the linker suggests that the 55 

growth rate of the Zn-DM inner layer is significantly higher than 
that of the Zn-MI outer layer, presumably due to the different 
growth behaviour of the two MOFs.27, 29 

 The crystallinity of the heterostructured MOF thin films was 
characterised by grazing incidence X-ray diffraction (GIXRD) 60 

using a synchrotron X-ray source (λ = 1.00130 Å). The out-of-
plane cuts of the obtained GIXRD patterns for different 
compositions of the Zn-MI-on-Zn-DM thin-films are shown in 
Fig. 1 (the corresponding data for the Zn-MI-on-Zn-ME and Zn-
DE-on-Zn-DM systems are also displayed in Fig. S5). These data 65 

indicate the formation of highly-crystalline films with a 
preferential orientation in the [100] direction, corresponding with 
the attachment of the crystallites to the substrate via one of their 
cubic facets. The isostructural nature of the two components 
within the heterostructured films (and almost identical unit cell 70 

dimensions27; Zn-DM: a = 20.036 Å, Zn-MI: a = 20.150 Å) 
leads to just a single set of peaks that are well-matched with the 
diffraction peak positions for the pure Zn-DM material. 

 
Fig. 1 (a) Simulated powder X-ray diffraction pattern for bulk Zn-DM (λ 75 

= 1.00130 Å); and out-of-plane cuts from 2D-grazing incidence X-ray 
diffraction (GIXRD) patterns using a synchrotron source (λ = 1.00130 Å) 
for (b) Zn-MI(10)-on-Zn-DM(20), (c) Zn-MI(15)-on-Zn-DM(20), (d) 
Zn-MI(20)-on-Zn-DM(20), (e) Zn-MI(10)-on-Zn-DM(30), (f) Zn-

MI(15)-on-Zn-DM(30), and (g) Zn-MI(20)-on-Zn-DM(30). The 80 

numbers within the parentheses in the figure indicate the Miller indices of 
the crystal planes. 

 In order to demonstrate the presence of both MOF 
components, infrared reflection absorption spectra (IRRAS) were 
collected for the heterostructured films (Fig. S6 to S8). While the 85 

transmittance bands belonging to both components (grey bands) 
are observed at the same frequencies in both the homostructured 
and heterostructured films, the bands characteristic to each MOF 
component (blue and yellow bands) are synergistically presented 
in the heterostructured films  (see Fig. S7 for the data 90 

corresponding to Zn-DE-on-Zn-DM films). Importantly, this 
data, taken together with the X-ray diffraction data described 
above, illustrate the formation of preferred oriented 
heterostructured films for each of the combination of MOF 
components surveyed in this work. 95 

 To obtain insight into the morphology and surface coverage of 
the heterostructured MOF films, the samples were characterised 
by SEM. Fig. 2 shows the scanning electron microscopy (SEM) 
images of surfaces of a pure Zn-DM(20) film (Fig. 2A),  
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Fig. 2 Scanning electron microscopy (SEM) images of the surfaces of (A) a pure Zn-DM(20) film, (B)-(D) the corresponding Zn-MI(x)-on-Zn-DM(20) 
heterostructured films, (E) a pure Zn-DM(30) film, and (F)-(H) the corresponding Zn-MI(x)-on-Zn-DM(30) heterostructured films. Note that x represents 
the number of deposition cycles for Zn-MI component (10, 15 and 20 cycles). 5 

Zn-MI(x)-on-Zn-DM(20) heterostructured films (Fig. 2B-D), a 
pure Zn-DM(30) film (Fig. 2E), and Zn-MI(x)-on-Zn-DM(30) 
heterostructured films (Fig. 2F-H). As can be understood from 
the images of the pure Zn-DM films (Fig. 2A and 2E), LPE 
fabrication leads to cubic crystallites that are anchored to the –10 

COOH terminated surface via one of their facets. Increasing the 
number of growth cycles is shown to increase the crystal size, 
with the Zn-DM(30) film exhibiting a crystal size of 
approximately 2 µm and a greater surface coverage of the Au 
substrate.  15 

 For the heterostructured films, the size of the Zn-MI 
crystallites is significantly smaller than that of the Zn-DM 
particles, potentially due to the different growth behaviour of the 
two MOFs. As observed for pure films of the two compounds, 
while a greater number of LPE growth cycles leads growth of the 20 

Zn-DM into larger crystals, additional nucleation is more 
preferable in the case of Zn-MI. This leads to the formation of a 
large number of Zn-MI nanocrystals, which is corroborated by 
the Zn-MI-on-Zn-DM heterostructured films exhibiting rougher 
surfaces due to the attachment of the Zn-MI nanocrystals to the 25 

smooth facets of the cubic Zn-DM crystallites in a core-shell 
fashion.  
 The number of LPE fabrication cycles required to achieve a 
dense surface coverage of the thin-film on the substrate, and a 
fully-covered shell-on-core heterostructure, was optimised for the 30 

respective MOF components. While a Zn-MI(10)-on-Zn-
DM(20) sample did not afford full surface coverage of the MOF 
film (Fig. 2B), increasing the number of shell-component Zn-MI 
fabrication cycles to at least 15 cycles (Fig. 2C and 2D) and/or 
increasing the core-component Zn-DM fabrication cycles to 30 35 

cycles (Fig. 2F to 2H) gave enhanced surface coverage. Note that 
the Zn-MI-on-Zn-ME and Zn-DE-on-Zn-DM systems show 
similar characteristics as probed by SEM (see Fig. S9). The cross-
sectional SEM images of the Zn-MI-on-Zn-DM films (Fig. S10) 

indicate the formation of dense MOF thin films on the 40 

functionalised Au-coated QCM substrate, except in the case of 
the Zn-MI(10)-on-Zn-DM(20) film, for which full surface 
coverage was not observed as mentioned above. These data 
suggest that the [Zn4O(carboxypyrazolate)3]n films are formed by 
the overgrowth of the island MOF nuclei in a core-shell fashion, 45 

with further intergrowth to form dense films.   

Sorption properties of heterostructured MOF thin films 

Next, the adsorption properties of the heterostructured MOF films 
were probed using alcohol molecules of different kinetic diameter 
(i.e. methanol: 3.6 Å; isopropanol: 4.7 Å), and water. As 50 

described below, both single- and multiple-component adsorption 
experiments were carried out to characterise the storage capacity 
of the films and the possibility for selective adsorption 
applications. 

1. Single-component alcohol adsorption  55 

The single-component alcohol adsorption data collected at 25 °C 
for the Zn-MI-on-Zn-DM heterostructured films and their pure 
counterparts are presented in Fig. 3 (with the corresponding data 
for Zn-DE-on-Zn-DM and Zn-MI-on-Zn-ME films are 
displayed in Fig. S11 and S12, respectively). The methanol 60 

adsorption data for the Zn-MI-on-Zn-DM heterostructured films 
exhibit a Type-I isotherm typical of a microporous solid in a 
similar manner to the pure Zn-DM film (see Fig. 3A). Here, the 
normalised total methanol adsorption capacity (quantity of 
methanol per gram of MOF component) is greatest for the pure 65 

Zn-DM film, and decreases as the proportion of Zn-MI increases 
in the heterostructured films. This is due to the lower surface area 
of Zn-MI (BET surface area 200 m2 g-1) compared to Zn-DM 

(BET surface area 640 m2 g-1) resulting from the bulkier alkyl 
chains present in the organic linker.27 Most notably, increasing 70 

the number of Zn-DM fabrication cycles from 20 to 30 leads to a 
significant increase in the methanol adsorption capacity when the 

Page 5 of 10 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



 

6  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

number of Zn-MI cycles is held constant (i.e. when y is 
increased, but x remains unchanged). Note that, based on the in-
situ QCM frequency changes (Fig. S3), the total composition of 
the heterostructured MOF film is dominated by the DM core 
component. Moreover, the Zn-DM(30) film features a well-5 

defined morphology and high crystallinity, which is also likely of 
benefit to the adsorption capacity. Similar trends were observed 
for the methanol adsorptions within the Zn-DE-on-Zn-DM (Fig. 
S11A) and Zn-MI-on-Zn-ME (Fig. S12A) heterostructured 
films, wherein the adsorption predominantly arises from the 10 

highly-crystalline Zn-DM and Zn-ME core components, 
respectively.30 

 

  
Fig. 3 Single-component (A) methanol and (B) isopropanol adsorption 15 

isotherms at 25 °C for Zn-MI(x)-on-Zn-DM(y) heterostructured films 
and Zn-MI and Zn-DM recorded using an environmental-controlled 
QCM. Note that x and y represents the number of deposition cycles for 
Zn-MI and Zn-DM, respectively. 

 The isopropanol adsorption isotherms (Fig. 3B) were collected 20 

for the same set of samples at 25 °C (the corresponding data for 
the Zn-DE-on-Zn-DM and Zn-MI-on-Zn-ME films are 
displayed in S11B and S12B, respectively). Here, it is clearly 

observed that isopropanol, which features a larger molecular 
diameter, is adsorbed inside the pores of the pure Zn-DM (or Zn-25 

ME, see Fig. S12B) film, but not in the pure Zn-MI (or Zn-DE 
see Fig. S11B) film. In the heterostructured films, there is also no 
significant uptake of isopropanol upon formation of the smaller-
pore shell layer, except at the lowest coverage of Zn-MI(10)-on-
Zn-DM(20) (adsorption curves labelled in green in Fig. 3). This 30 

can be attributed to a fully-covered shell-on-core structure at 
higher coverages, as evidenced by the SEM data, which achieves 
exclusion of isopropanol from the core Zn-DM layer. At lower 
coverages, diffusion pathways still exist to the core layer, which 
is not desired from the viewpoint of obtaining a size-based 35 

selective adsorption profile. Optimisation of the number of 
fabrication cycles for the Zn-DM and Zn-MI components 
revealed that at least 15 Zn-MI fabrication cycles are required for 
complete coverage of the Zn-DM layer formed by a 20- or 30-
cycle fabrication process. 40 

 From the perspective of achieving selective adsorption 
properties, all of the films featuring a sufficient coverage of Zn-
MI as the shell layer display size-selective adsorption of 
methanol over isopropanol. This can be ascribed to the small pore 
apertures of Zn-MI, which inhibit access of the isopropanol to 45 

the Zn-DM phase. Meanwhile, although the adsorption capacity 
of a Zn-MI(40) displays a small (< 1 mmol/g) uptake for 
methanol, the pores are sufficiently large to facilitate diffusion of 
the molecules through its pores to the higher-capacity Zn-DM 
phase. Hence, controlled hierarchical structuring that integrates 50 

the two MOFs is crucial not only for achieving selective 
adsorption, but also for increasing the total adsorption capacity of 
the system. In other words, the smaller-pore Zn-MI (or Zn-DE) 
shell layer contributes toward the adsorption selectivity, while the 
larger-pore Zn-DM (or Zn-ME) core layer plays a dominant role 55 

in dictating the total adsorption capacity. 
 
2. Multiple-component adsorption  

2.1 Size-selective adsorption of alcohols 

The size-based adsorptive selectivity of the films was further 60 

examined via multiple-component adsorptions experiments using 
methanol and isopropanol as adsorbates. Here, all whole 
adsorption experiments were performed at 25 °C with a fixed 
total gas flow of 100 sccm. In a typical experiment, the 
composition of one of the alcohols was kept constant (either 30% 65 

or 45% P/P0), while the quantity of the other was varied in a 
range from 0 to 45% P/P0. The streams of the two probe 
compounds were mixed in a dedicated manifold prior to being 
introduced into the QCM sample cell, and the adsorption 
quantities were computed after stabilisation of the oscillation 70 

frequency. 

 The comparison between the multiple-component adsorption 
data and the corresponding single-component (methanol and 
isopropanol) adsorption data are shown in Fig. 4 for a Zn-
MI(20)-on-Zn-DM(20) film (see Fig. S13-S23 for corresponding 75 

data for other film compositions). An experiment performed 
under a variable methanol concentration (varied P/P0 from 0-
45%) in the presence of 30% and 45% P/P0 isopropanol 
concentration (blue and orange plots in Fig. 4A), revealed a mass 
uptake profile almost indistinguishable from that of the single-80 
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component methanol adsorption isotherm (black plot in Fig. 4A). 
This suggests that the pores are free from adsorbed molecules 
under the original isopropanol flow, and only methanol molecules 
are adsorbed as its concentration is increased.31 In contrast, the 
analogous experiment using a variable isopropanol adsorption in 5 

the presence of a constant 45% methanol concentration shows a 
large uptake of approximately 0.13 g/g prior to the introduction 
of isopropanol. Subsequent introduction of isopropanol to the 
45% concentration of methanol leads to little additional uptake 
(see green plot, Fig. 4B). This nearly constant total adsorption 10 

amount is approximately equal to the total adsorption amount at 
45% methanol concentration in the single-component methanol 
adsorption isotherm. This suggests that the isopropanol 
permeation into the MOF film is blocked by the Zn-MI shell 
component. Based on these data, it can be directly concluded that 15 

the Zn-MI(20)-on-Zn-DM(20) heterostructured film exhibits 
selective adsorption of methanol over isopropanol even under 
mixed component  conditions. 

 

  20 

Fig. 4 Methanol/isopropanol single- and multi-component adsorption at 
25 °C for a heterostructured Zn-MI(20)-on-Zn-DM(20) film. The 
individual plots represent (A) variable methanol concentration in the 
presence of an isopropanol concentration of 30% (blue) and 45% 
(orange); (B) variable isopropanol adsorption in the presence of a 25 

methanol concentration of 45% (green). In both plots, the single-
component methanol (black) and isopropanol (red) adsorption isotherms 
for the same sample are included for reference. 

 In the cases of the Zn-MI(10)-on-Zn-DM(20) (Fig. S13) and 
Zn-DE(10)-on-Zn-DM(20) (Fig. S18) films, the multi-30 

component adsorption curve for a variable methanol 
concentration under a fixed 30% concentration isopropanol 
shows a substantial deviation from the single-component 
methanol adsorption curve. The higher total adsorption capacity 
can be ascribed to both methanol and isopropanol molecules 35 

being adsorbed in these two heterostructured MOF films. This 
confirms the presence of just a partial shell-on-core ordering 
within these films, which allow isopropanol molecules to 
permeate into the MOF film via regions where Zn-DM is 
exposed, leading to the limited adsorption selectivity. This also 40 

further emphasises the importance of optimising the number of 
LPE fabrication cycles for each MOF component in order to 
obtain a fully heterostructured film.  

2.2 Molecular recognition of methanol over water 

45 

Fig. 5 Methanol and methanol/water multi-component mass uptake 
profiles recorded at 25 °C for a heterostructured Zn-MI(20)-on-Zn-
DM(30) film. The individual plots represent (a) a single-component 
methanol adsorption isotherm, (b) variable methanol concentration in the 
presence of a 20% water concentration (blue); and (c) variable water 50 

concentration in the presence of a 45% methanol concentration (green). 

 The multiple-component QCM apparatus was also employed 
to test the methanol/water selectivity of the films. In a similar 
manner to the methanol/isopropanol mixed component 
experiments described above, the films were tested by varying the 55 

concentration of one of the components (methanol or water) 
under a fixed concentration of the other adsorbate.  The multiple-
component adsorption profile at 25 °C for a Zn-MI(20)-on-Zn-
DM(30) film using a variable methanol concentration under a 
constant water vapour concentration of 20% is shown in Fig. 5 60 

(blue plot, see Fig. S24 and S25 for other film compositions). 
Here, the heterostructured MOF film shows a similar isotherm 
shape and saturation adsorption capacity to the single-component 
methanol adsorption isotherm (black plot). In contrast, when the 
water vapour concentration is varied under a constant methanol 65 

concentration of 45% (green plot), a large mass increase is 
observed prior to the introduction of water vapour. Increasing the 
concentration of water vapour from 0% to 45% under these 
conditions does not provide a significant increase in the total 
uptake. This lack of permeation of water molecules into the films 70 

is surprising, although the kinetic diameter of water (2.6 Å) is 
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smaller in comparison with methanol (3.6 Å). This observation 
could be rationalised due to the hydrophobicity of the 
frameworks, which prevents water from being adsorbed within 
the pores, providing adsorptive selectivity toward methanol 
molecules. This suggests that in addition to the size-based 5 

(kinetic) selectivity observed for the alcohols, the films also 
possess an adsorptive selectivity based on a molecular 
recognition mechanism. Thus, from a practical perspective, these 
heterostructured MOF films coupled with QCM sensors can be 
used for selective adsorption of alcohol vapours even in the 10 

presence of relatively high levels of humidity. This concept of 
hierarchically structuring MOF thin films could provide 
possibilities for further development in MOF-based sensing 
applications via control over specific responses to certain probe 
molecules facilitated by selective adsorption. 15 

Conclusions 

The effective continuous stepwise LPE growth procedure is used 
for hierarchically structuring MOF materials as thin films on 
QCM sensors. A specific spatially-controlled ordering of two 
structurally-related [Zn4O(carboxypyrazolate)3]n-based MOF thin 20 

films with different pore features in a core-shell fashion, which 
combines the MOF with smaller pore as a shell layer and larger 
pore as a core layer, reveals promising selective adsorption 
properties. Optimisation of the number of LPE fabrication cycles 
for each individual MOF component is required to achieve a full 25 

coverage of the MOF shell layer on the pre-deposited core MOF 
layer. In the heterostructured films studied here, the smaller-pore 
Zn-MI and Zn-DE shell components demonstrate size-based 
selectivity, while the Zn-DM and Zn-ME core components 
significantly dictate the overall adsorption capacity. Hence, the 30 

size-selective adsorptions of alcohols as well as the molecular 
recognition of alcohol over water can both be achieved by these 
heterostructured MOF thin-films. The excellent adsorptive 
selectivity and high storage capacity combined with a high 
robustness toward moisture presents these heterostructured 35 

[Zn4O(carboxypyrazolate)3]n thin films as a promising candidate 
for practical use in MOF-based devices. For widespread 
industrial use, greater control over the uniformity of the MOF 
thin film on larger substrates (as well as spatial localisation of the 
MOF film to small working units within specific devices), as well 40 

as investigations directed toward understanding the mechanical 
stability will provide an additional perspective toward developing 
these materials within next-generation devices. 
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Size selective adsorption of alcohols and molecular recognition of methanol over water are 

observed in the heterostructured [Zn4O(3,5-dialkylcarboxypyrazolate)3]n thin films. 

Page 10 of 10Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t


