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Leveraging metal node-linker self-assembly to
access functional anisotropy of zirconium-based
MOF-on-MOF epitaxial heterostructure thin filmst

Suvendu Panda, Susmita Kundu, Pratibha Malik and Ritesh Haldar (2 *

Chemically robust, functional porous materials are imperative for designing novel membranes for chemical
separation and heterogeneous catalysts. Among the array of potential materials, zirconium (Zr)-based metal-
organic frameworks (MOFs) have garnered considerable attention, and have been investigated for applications
related to gas separation and storage, and catalysis. However, a significant challenge with Zr-MOFs lies in their
processibility, particularly in achieving homogenous thin films and controlling functional anisotropy. The
recent developments in MOF thin film fabrication methodologies do not yield a solution to achieve mild
reaction condition growth of Zr-MOF thin films with epitaxial MOF-on-MOF geometry (ie. functional
anisotropy). In the current work, we have devised a straightforward methodology under room temperature
conditions, which enables epitaxial, oriented MOF-on-MOF thin film growth. This achievement is
accomplished through a stepwise self-assembly approach involving Zr nodes and linkers on a functionalized
substrate. This de novo developed strategy of functionality design is demonstrated for UiO-66 (University of
Oslo) type Zr-MOFs. We have demonstrated the precise placement of chemical functionalities within the thin
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Introduction

Metal-organic frameworks (MOFs) have garnered considerable
interest as synthetic porous materials with potential utility in
chemical separation and catalysis. This is because a combi-
nation of inorganic (metal and metal-oxo cluster) and organic
(functionalized with metal coordinating groups) components in
MOFs offers a high degree of structural order, very high
permanent porosity, large chemical space, topological diversity,
and structure predictability."*® These features have been well-
explored in the past for the aforementioned applications and
beyond, such as light harvesting,” sensing,'>'* and optoelec-
tronics.”” It is realized that for real-time applications (e.g
membranes for gas and ion separation, electrode materials, and
electronics),®™”  stability, processibility and functional
complexity of the MOFs are necessary. Stability refers to
thermal, hydrolytic, and wide pH range; processibility insinu-
ates the fabrication of large area thin films, and functional
complexity means the spatial control over the functionality
(porosity and polarity).**2° In the context of stability, the use of
higher oxidation states of metals (Zr**, AI’*, and Cr*") has been
a successful strategy.*'* In particular, Zr**-based MOFs show
exceptional stability®»** under high temperature, pressure, and
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film structure, allowing for controlled chemical diffusion and regulation of diffusion selectivity.

pH conditions, and as a result, have been well-explored in
heterogeneous catalysis and adsorption-based chemical sepa-
ration.” There are relatively few reported membrane-based
separation applications for these Zr*'-based MOFs, mainly
due to the absence of suitable thin film fabrication
methodologies.*** Furthermore, the realization of the intricate
functional structure of a Zr-MOF, i.e. in the form of a MOF-on-
MOF" heterostructure thin film is unprecedented. It is impor-
tant to highlight that the MOF-on-MOF structure encompasses
core-shell, yolk-shell and film-on-film geometry.>*®** These
heterostructures have been created using MOFs of varying
topologies and compositions. Comparative analysis with the
original MOFs has demonstrated improved adsorption, diffu-
sion and catalytic properties in these heterostructures.***
One straightforward method of fabricating a MOF thin film is
by the conventional solvothermal (one-pot mixing of the metal and
linker) method,** in which the crystals grow on a solid support
during the crystal growth process in a solution. In this method,
control over the deposition rate, homogeneity of the thin film and
crystal orientation is difficult. Improved methodologies have been
developed in recent years;* these are layer-by-layer liquid-phase
epitaxy,**** chemical vapor deposition,”* (solution) atomic layer
deposition,** electrodeposition,’*” and vapor-assisted conver-
sion.”® In these methods, the metal-linker reaction conditions are
fine-tuned (by using the solid-support surface functionality,
concentration, solvent, temperature, or coordination modulation
approach) to achieve controlled growth of the crystalline film.
Some of these methods have been applied to Zr**-based MOFs also,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of UiO-66 MOF-on-MOF epitaxial,
oriented heterostructure formation, using a room temperature self-
assembly approach (solid bars = linkers and octahedron = Zr** node).

particularly for UiO types (University of Oslo).* We have realized
that none of these methodologies are under ambient conditions
and allow spatial control over the MOF functionality, i.e. a crystal-
line, oriented MOF-on-MOF heterostructure®®* (see Table S17).
This is mainly because of the Zr**-coordination chemistry: (a) Zr-O
cluster (acting as a node) formation requires high temperature and
(b) at higher temperature, MOF-on-MOF heterostructure formation
is challenging because of the reversible nature of coordination
bonds. Development of such a thin film fabrication methodology
for highly robust Zr**-based MOFs has substantial advantages; (i)
MOF-on-MOF heterostructures can be made for device-based
applications (membranes, rectifiers and sensors),***>* (ii) easy
fabrication of large-area membranes having preferred orientation
of the nanochannels,” and (iii) easy incorporation of temperature
sensitive chemical components, e.g. metal catalysts. In the current
work, we have formulated a simple strategy to realize Zr*"-based
MOF thin films under room temperature conditions, which also
allow the fabrication of a MOF-on-MOF heterostructure having
a high crystalline orientation (Scheme 1). This is exemplified using
a prototype UiO-66 MOF with various linker functionalities®® (1,4-
benzene dicarboxylic acid, bdc; 2-amino-1,4-benzenedicarboxylic,
bdc-NH,; 2,6-dibromo-1,4-benzenedicarboxylic acid, bde-Br,). It is
revealed that under ambient conditions the chosen precursors and
reaction parameters allow fast self-assembly and nucleation with
a preferred crystalline orientation. The oriented MOF thin films
also exhibited high optical transparency and fast adsorption of
water and methanol vapours, confirming their porosity. Chemical
isomer diffusion studies on the functionally complex MOF-on-
MOF heterostructure of the UiO-66 thin films unveiled that the
spatial distribution of the functionalities (porosity and functional
groups) is precise and can be utilized further to improve diffusion
selectivity.

Results and discussion

Ambient condition synthesis of oriented UiO-66 MOF thin
films

An UiO-66 MOF is constructed by linking a ZrsOg node with
a bdc linker. The node or secondary building unit (SBU), formed
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in situ, is kinetically and thermodynamically robust resulting in
a highly stable framework structure. The cross-linking of the
node and linker yields two distinct interconnected cages of
dimensions 8 and 11 A. Access to these cages is possible via
a window with a dimension of ~6 A. The reported oriented thin
films of UiO-66 indicate that the preferential crystal growth
orientation is along [111] (Fig. 1a). Changing the surface func-
tionality does not alter the preference. This preference is due to
the high density of the Zr-O node on the crystallographic (111)
plane (Fig. S1}). To measure the extent of orientation prefer-
ence, the intensity ratio of diffraction peaks related to the (111)
and (200) planes is compared. Note that keeping the [111]
growth orientation does not expose the pore windows to the
surface (Fig. S1t), but preferential growth allows better inter-
connection of the pore windows. This will allow faster diffusion
of molecules, which is important for molecular separation and
catalysis.”

Previously, it was revealed that using a vapor-assisted
conversion method (at >373 K) is feasible to make an oriented
monolithic thin film of Zr-MOFs.*® Following a similar meth-
odology, it was not achievable under our experimental lab
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Fig. 1 (a) [111] oriented UiO-66 MOF, (b) comparison of out and in-
plane XRD patterns of the UiO-66 (black) and UiO-66-NH, (pink) thin
films with the simulated and as-synthesized powder XRD patterns, (IP
= in-plane and OP = out-of-plane), (c) SEM morphology (scale bar =
10 pm) and cross-section (inset) of the UiO-66 thin film, and (d) (left)
IRRAS of UiO-66, UiO-66-NH,, and UiO-66-Br,; (right) zoomed in
1800-1500 cm™%; dotted lines are a guide to the eyes.
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conditions (issues with crystallinity and homogeneity, see Fig.
S271). We have realized that subtle factors, such as vapor pres-
sure, humidity and chemical purity can be limiting parameters.
In other reports by Woll and coworkers,” and Fischer and
coworkers,*® the layer-by-layer approach of Zr-node and linker
assembly to make UiO-66-NH, was carried out at elevated
temperature (343 K), and the resultant thin film did not exhibit
a preferred crystalline orientation. UiO-66 was also deposited by
the electrochemical deposition method but did not exhibit
a crystalline orientation.*® More recently a new approach of
making the UiO-66 thin film under ambient conditions was
successful by using a seed assisted coating process.”® In this
method, a thin film with a crystallographic preferred orienta-
tion (CPO) of 7.9 ((111)/(002)) could be prepared by spin coating
the precursor solutions on the seeded substrate (reported
methods in Table S1}). To achieve the preferential orientation
under ambient conditions, we have chosen known precursors
which can allow MOF crystallization under ambient conditions.
Recent studies indicated that the node, ZrsO,(OH),(OMc),,
synthesized using a coordination modulator methacrylic acid,
can be assembled with a dicarboxylate linker to achieve UiO-66
MOF under ambient conditions.* In our modified synthesis
approach, the precursors are (Zrg(p3-O)4(pt3-OH)4(OOCCH3);,)
metal cluster solution and 1,4-benzene dicarboxylic acid (bdc)
dissolved in DMF (Experimental section). These precursors are
mixed in a ratio of 2 : 1 (stock solution v/v), and drop cast on a -
OH functionalized Si/SiO, (1 cm x 1 cm) substrate at 298 &+ 5 K
and a humidity of 50-70%. We have observed that within 2 h the
surface is partially covered with deposition of MOF crystals. A
repetition of the same process yielded a homogeneously
covered UiO-66 thin film, as confirmed by X-ray diffraction
(XRD) experiments and scanning electron microscopy (SEM)
images (Fig. 1b and c). The orientation of the thin film is
confirmed using out and in-plane XRD techniques. In
comparison to the simulated and as-synthesized powder (at 298
=+ 5 Kand a humidity of 50-70%) XRD patterns, the out-of-plane
XRD pattern of the thin film exhibited substantially reduced
diffraction peak intensity corresponding to the (200) plane. This
resulted in an unprecedented CPO value of 16, for (111)/(200).
The in-plane XRD pattern showed diffraction peaks related to
the (111), (200), (220), (400), and (331) planes, suggesting a [111]
oriented UiO-66 thin film. The SEM images in Fig. 1c confirmed
the homogeneity of the thin film.

To realize homogenous thin film formation, we have opti-
mized the following parameters: precursor concentration and
volume and duration of self-assembly (see Tables S2-S4 and Fig.
S3-S15%). (A) Initially, we drop cast 50 pL of a 1:1 (stock solu-
tion v/v) mixture of metal cluster solution and bdc solution
(7.184 mM) on a -OH functionalized Si/SiO, (1 cm X 1 cm)
substrate. This led to the rapid formation of white UiO-66
crystals within 30 minutes. Upon thorough washing with
DMF, we have observed that the surface coverage was incom-
plete (Fig. S16at). We realized that the precursor volume and
ratio were not optimal. (B) Next, we increased the volume to 100
puL and the precursor ratio to 2:1 (stock solution v/v). This
change resulted in slower crystallization, and we observed
improved surface coverage after 2 h (Fig. S16bt). To achieve
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complete surface coverage, (C) we extended the reaction time to
3.5 and 5 h and observed that an extended duration of self-
assembly lead to excess deposition, resulting in a roughened
surface (Fig. S16¢ and d¥). (D) Following these observations, we
have repeated method B, and realized that two-times drop
casting results in a uniformly covered and highly oriented thin
film (Fig. 1b and c) (for details see the Experimental section).
Note that the duration of the self-assembly does not change the
size of the crystalline domains, as can be seen from a time-
dependent full width at half maximum of the out-of-plane
XRD peak corresponding to the (111) plane (Fig. Si17at).
Nevertheless, a constant increase in peak intensity indicates the
formation of new crystallites, which fill in the substrate surface
yielding a homogeneous thin film (Fig. S17bt). Using a similar
methodology, we could synthesize the UiO-66-NH, and UiO-66-
Br, thin films, in which the linkers are NH,-bdc and Br,-bdc,
respectively. For these two, the CPO (111)/(200) values calcu-
lated from the out-of-plane XRD patterns are ~15 and ~2.9,
respectively, indicating a preferential growth direction of [111]
(Fig. 1b and S18t). The SEM and atomic force microscopy
images also confirm the homogeneity of the thin films (Fig. S19
and 207).

After confirming oriented homogenous film formation, we
have characterized the thin films using infra-red reflection
absorption spectroscopy (IRRAS) to assess the chemical function-
alities (Fig. 1d). For UiO-66, the characteristic asymmetric and
symmetric COO stretching frequencies are observed at 1585 and
1390 cm ', respectively.®*** For UiO-66-NH, and UiO-66-Br, these
frequencies are slightly shifted; they are 1575 and 1606 cm
(asymmetric) and 1386 and 1407 cm™" (symmetric), respectively.
These peak shifts are attributed to the basicity of -COO™, which is
modulated by the substitution of bdc. For the NH, substitution,
basicity of -COO™ is increased. This increases Zr*-O bond
strength, and C-O bond strength is reduced. Hence -COO™
stretching frequencies are shifted to a lower wavenumber. For Br-
substitution, basicity of -COO™ is reduced, and hence, -COO™
stretching frequencies are shifted to a higher wavenumber. The
characteristic -NH, (3495 and 3382 cm ™ are the asymmetric and
symmetric stretching of the NH,, respectively, 1625 cm™' NH,
bending) and C-Br (1061 cm ™) vibrations in UiO-66-NH, and UiO-
66-Br, (respectively) are distinct in the IRRAS spectra.® In addition
to these, (Zr)O-H stretching (3660 cm ') from the node, C-H
stretching from the acetate and DMF (2965-2852 cm ™', orange
shaded region), and C=0 stretching of the adsorbed DMF are
evident from the IRRAS spectra. The orange dotted line shows the
evidence of C=0 stretching from the acetates (precursor node
solution, see Fig. S22t) or partially coordinated bdc/NH,-bdc/Br,-
bdc linkers, indicating the inherent defects in UiO-66 MOFs.* The
chemical and thermal stability (exposed to a halogenated solvent
dichloromethane, followed by acetone and then heating at 393 K)
of Ui0-66, UiO-66-NH, and UiO-66-Br, (grown on Au) were
confirmed by unaltered XRD patterns and IRRAS spectra (Fig. S21
and 237).

After establishing the oriented film growth under ambient
conditions, we have tested the feasibility of MOF-on-MOF het-
erostructure growth. Prior to this discussion, it is worth
mentioning that the synthesized thin films maintain high

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Transmission spectra (at 298 K) of bare quartz, the UiO-66-
NH> thin films synthesized under the new ambient conditions and by
the solvothermal method and UiO-66-NH;g)-UiO-66( grown on
quartz substrates, inset: optical images of the thin films; (b) water and
methanol vapour uptake profiles of the UiO-66 and UiO-66-NH, thin
films at 298 K.

optical quality and mass diffusion (Fig. 2). High optical quality
or light transmission features of the thin film can be important
for optical (electronic) applications.®* Mass diffusion is a key
parameter for gas separation and catalysis applications.** The
transmission spectra recorded for UiO-66-NH, and a MOF-on-
MOF heterostructure of UiO-66-NH,g)-UiO-66(r) (B = bottom
layer and T = top layer) grown on quartz substrates (vide infra)
exhibit much reduced scattering in the visible range of the
absorption spectrum compared to that of a solvothermally
deposited UiO-66-NH, thin film (Fig. 2a). This feature, attrib-
uted to the lower roughness of the films, can allow better light
penetration to the material. To measure the pore accessibility of
the thin films, Ui0-66 and UiO-66-NH, thin films are grown on
self-assembled monolayer modified Au-coated quartz crystal
sensors. These oriented thin films are mounted in a fluidic cell
and tested for water and methanol vapour uptake (at 298 K)
using a quartz crystal microbalance (QCM; see the Experimental
section for the details of mass calculation using the Sauerbrey
equation).® The mass uptake rate profiles indicated fast diffu-
sion with water/methanol adsorption selectivities (i.e. mass
uptake ratio at saturation) of 1.3 and 1.2 for UiO-66 and UiO-66-
NH,, respectively (Fig. 2b; for UiO-66-Br, see Fig. S277). The
preference for water adsorption is based on the smaller kinetic
diameter of water compared to that of methanol,* (for UiO-66
and UiO-66-NH,) thus confirming the diffusion into the pores of
the MOF thin films.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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MOF-on-MOF heterostructure

To realize the MOF-on-MOF heterostructure, we have employed
the optimized syntheses conditions. After deposition of the
bottom layer MOF, substrates are thoroughly washed before
drop casting the top layer. The MOF-on-MOF geometry and the
respective out-of-plane XRD patterns are shown in Fig. 3 and b.
The isostructural MOFs can grow in an epitaxial manner,"”*"¢’
as can be seen from the XRD patterns. In the case of UiO-66 and
UiO-66-NH, bottom layers, the top layers also maintain the
exclusive [111] orientation. This is because of very high CPO
values of UiO-66 and UiO-66-NH,. While in the case of UiO-66-
Br,, having a lower CPO value, the diffraction peak corre-
sponding to the (200) plane of the top layer is evident, sug-
gesting a decrease in the preferred orientation. These
observations confirm that MOF-on-MOF deposition is epitaxial,
and hence, in a step-by-step method, more complex hetero-
structures can be explored. We have further confirmed the
homogeneity and stability of the MOF-on-MOF thin films from
SEM images, as shown in for UiO-66(5)-UiO-66-Br,(r) and IRRAS
spectra (Fig. S24 and 257).

To further validate the spatial position of the MOFs in the
heterostructure, we have carried out IRRAS and X-ray
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photoelectron spectroscopy (XPS) depth profile analyses for the
heterostructures. In the reflection mode IR absorption experi-
ments, the chemical functionalities present at the thin film
surface exhibit stronger absorption than those present closer to
the substrate surface. Hence, IRRAS analyses help to identify
the chemical groups present at the top layer of the MOF-on-
MOF heterostructure.®® The top MOF layers of the 6 different
heterostructures could be easily identified by using the char-
acteristic ~-COOggy,, -C-Br and -NH stretching frequencies.
These specific frequencies are shown with an arrow in . In the
case of UiO-66(5UiO-66-NH, (1), characteristic ~COOgyy, at
1575 cm™ ' and -NH at 3495 and 3382 cm ™' are evident, while
for the opposite geometry ~COOqgy, at 1585 ecm ™' corresponds
to the UiO-66 MOF, and the -NH stretching frequency intensity
decreases. Similar characteristic changes are also observed for
the other heterostructures, confirming the formation of an
epitaxial MOF-on-MOF geometry.

We have also confirmed the functional geometry of the het-
erostructure, UiO-66(5)UiO-66-Bryr), by performing a depth
profile analysis of the -Br(3d) signal by XPS. To evidence the
advantage of the ambient condition synthesis of the hetero-
structure, we have also compared the depth profile analysis of
a thin film, UiO-665)-UiO-66-Br,(1)/solvo, for which the top layer
was deposited at high temperature (see the Experimental
section). It is observed that with increasing sputtering time, the
-Br signal decays rapidly for UiO-66(5)-UiO-66-Br,(r), while for
Ui0-665)-UiO-66-Bry(ysolvo the Br signal did not decay much.
This indicates that at higher temperature, top MOF layer
precursors can diffuse into the bottom layer MOF, and via the
linker-exchange mechanism a mixed-linker MOF is created,
instead of a MOF-on-MOF geometry.

1 and 2-propanol diffusion selectivity

To validate the anisotropic distribution of the functionalities in
the heterostructures, we have tested the diffusion rate of two
chemical isomers in UiO-66(5)-UiO-66-Bryr) and UiO-66-Bryg)
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Fig.4 Fractional mass uptake profiles of 1 and 2-propanol vapours, for
two geometries of UiO-66-UiO-66-Br, heterostructures. The solid
lines indicate linear fittings.
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Ui0-661), using the QCM technique (vide supra). Note that the
accessible pores in UiO-66 and UiO-66-Br, are sterically and
electronically distinct. 1 and 2-propanol have a very similar
kinetic diameter (~4.7-4.9 A),° but have different geometries.
As the pore window size of the UiO-66 MOFs is larger (~6 A),
both of the isomers can diffuse into the MOF thin films. The
normalized vapour uptake rate profiles, shown in Fig. 4, indi-
cated that 1-propanol diffuses faster in both of the hetero-
structure geometries (diffusivity, D ~1.4 x 10 '® and 1.7 x
107" m* s~ for UiO-66(z)-UiO-66-Bryry and UiO-66-Bry()-UiO-
66(r), respectively). 2-propanol exhibited more prominent het-
erostructure geometry dependent diffusivity, D ~3.3 x 10"/
and 4.8 x 10" m® s~ ' for UiO-66)-Ui0-66-Br,r) and UiO-66-
Br,(p)-UiO-661), respectively. Considering the mass uptake rates
(i.e. slopes obtained from the linear fits in two different frac-
tional uptake regions, shown with a solid line in Fig. 4), the 1 vs.
2-propanol selectivity values are ~2 and 1.8 for UiO-665)-UiO-
66-Brym) and UiO-66-Br,p)-UiO-66(r), respectively. This differ-
ence in the diffusivity can be attributed to the nature of the top-
layer MOF (as diffusivity is calculated using the lower fractional
uptake region, <0.2). For the -Br functionalized top layer (UiO-
66-Br,), 2-propanol diffuses slower due to stronger adsorbate-
adsorbent interaction (2-propanol has a larger dipole moment
than 1-propanol, possibly due to Br---2-propanol interaction).
Thus the functional anisotropy effect is evident. Further explo-
ration of this anisotropic functional structure can be used for
membrane based gas separation.

Conclusions

In conclusion, using a self-assembly approach of metal nodes
and linkers, UiO-66 and its functionalized variant UiO-66-NH,
and UiO-66-Br, MOF thin films have been synthesized under
room temperature conditions. These thin films possess several
notable characteristics: they exhibit highly preferential growth
along the [111] direction and feature a monolithic structure
with exceptional optical transparency and porosity, and have
been formed under mild self-assembly conditions, allowing for
step-wise, epitaxial MOF-on-MOF growth, as confirmed by XRD
and IRRAS analyses. The achieved spatial distribution of the
chemical functionalities in an oriented Zr-MOF thin film is
unprecedented. This functional anisotropy also influences
chemical isomer diffusion selectivity, as shown by 1 and 2-
propanol mass uptake rate studies. The crystalline orientation
and the MOF-on-MOF epitaxy represent crucial advancements
in the development of novel gas separation membranes and
catalytic systems. The newly established methodology paves the
way for the continued exploration of intricate functionalities
using the chemically resilient Zr-MOF structure, and ongoing
work is dedicated to advancing these possibilities.
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