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Fabricating high-quality thin films of metal-organic frameworks (MOFs) is important for integrating MOFs
in various applications. Specifically, optical/electrical devices require MOF thin films that are crystallogra-
phically oriented, with closely packed crystals and smooth surfaces. Although the heteroepitaxial growth
approach of MOFs on metal hydroxides has been demonstrated to control the orientation of the three crystal-
lographic axes, the fabrication of MOF thin films with both three-dimensional crystallographic orientation and
smooth surfaces remains a challenge. In this study, we report the fabrication of high-quality thin films of MOFs
with closely packed MOF crystals, smooth surfaces, optical transparency, and crystal alignment by modulating
the crystal growth of MOFs using the heteroepitaxial growth approach. High-quality thin films of Cu-paddle-
wheel-based pillar-layered MOFs are fabricated on oriented Cu(OH), thin films via epitaxial growth using
acetate ions as modulators to control the crystal morphology. Increasing the modulator concentration results
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in a uniform crystal shape with a relatively long one-dimensional pore direction and uniform heterogeneous
nucleation over the entire film. The MOF thin films fabricated using the modulator exhibit high optical transpar-
ency. High-quality MOF thin films with dense and flat surfaces will pave the way for integrating MOFs into
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Introduction

Metal-organic frameworks (MOFs), also called porous coordi-
nation polymers (PCPs), are crystalline porous materials made
from the assembly of metal ions and organic linkers."””> Owing
to their structural and chemical versatility, they can be utilised
for gas separation,® storage,” and catalysis.>® Their high versa-
tility and well-defined structures allow MOFs to be used in
advanced optical or electrical devices.” " Although MOFs are
typically obtained in powder forms, homogeneous MOF films
are required for those applications."*"® Therefore, it is necess-
ary to develop a fabrication process for producing high-quality
thin films of MOFs with high crystal orientations, smooth and
homogeneous surfaces, and controlled thicknesses to integrate
MOFs into advanced devices."*® Among the fabrication
methods for MOF thin films, the layer-by-layer (LbL)
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sophisticated optical and electrical devices.

approach'” has produced highly crystalline, oriented, and
homogeneous MOF films with controlled thickness.”* For
example, a continuous-flow LbL technique allows the fabrica-
tion of an MIL-68(In) film with excellent optical quality on a
quartz crystal microbalance (QCM), which enables the inte-
gration of MOF films in optical cavity sensing.’® As demon-
strated earlier, improving the quality of MOF thin films,
particularly surface homogeneity, has resulted in using MOFs
for advanced device applications. Another significant chal-
lenge for MOF-based device applications is controlling the
alignment of MOF crystals in both the out-of-plane and
in-plane directions to maximise device performance.'®'?
Consequently, we developed a fabrication process for MOF
thin films with both out-of-plane and in-plane orientations via
the epitaxial growth of MOF crystals on preformed copper
hydroxide substrates,>® which can be converted to MOFs in
relatively short and mild reactions. Three-dimensional (3D)-
oriented MOF films and multilayered MOF (MOF-on-MOF)
thin films>**> have demonstrated unique in-plane anisotropic
optical®***” and electrical®® properties on a macroscopic scale
(measured in centimetres), owing to the macroscopic align-
ment of well-defined micropores and frameworks of MOFs,
which could not be achieved by MOF films with only one-
dimensional (1D) and out-of-plane orientations. For instance,
a 3D-oriented film of Cu,(linker),dabco (linker: 1,4-benzenedi-
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Fig. 1 The conceptual images of the present study (a) representing epitaxial growth of Cu,(bdc),dabco on Cu(OH), without and with a modulator.
(b) Without a modulator, MOF crystals preferentially grow in the direction of a 2D layer (a- and b-axis of Cu,(bdc),dabco). (c) With a modulator, MOF

crystals grow in the direction of 1D channels (c-axis of Cu,(bdc),dabco).

carboxylate (bdc), 1,4-naphthalenedicarboxylate (1,4-ndc),
dabco: 1,4-diazabicyclo[2.2.2]octane), which has 1D nanochan-
nels along the pillar-connecting direction, showed in-plane an-
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isotropic polarisation-dependent light absorption after the
aligned inclusion of trans-azobenzene into the 1D nanochan-
nels.?® Although we have demonstrated the simple fabrication
of 3D-oriented MOF films that show unique optical and electri-
cal properties, in some MOFs, particularly Cu,(bdc),dabco,
there is a lack of surface smoothness in the films owing to the
overgrowth of crystals in particular crystal axes>*° (see Fig. S1
and S21). The Cuy(bdc),dabco MOF consists of two-dimen-
sional (2D) square lattices (containing Cu paddlewheel units)
connected to dabco as a pillar. In the epitaxial growth of
Cu,(bdc),dabco on Cu(OH),, preferential crystal growth in the
coordination direction of bdc (lateral direction in 2D square
lattices) and the non-uniform heterogeneous nucleation of
MOF crystals on Cu(OH), resulted in the fabrication of
oriented MOF films consisting of discrete MOF crystals and,
correspondingly, opaque MOF-oriented films with rough sur-
faces. In this study, we report a fabrication method for
oriented Cu-paddlewheel-based MOF thin films with closely
packed MOF crystals, smooth surfaces, and high optical trans-
parency by controlling the crystal morphology using a modu-
lator that controls the direction of MOF crystal growth (Fig. 1).
Modulators, also called capping reagents, have been used to
control the size and morphology of MOF particles.”* ' Here,
modulator-assisted control of the crystal morphology was
applied for the first time to an epitaxial growth approach for
Cu,(bdc),dabco MOF on Cu(OH),**?® films. Preferential
crystal growth in the coordination direction of bde (a- and
b-axis direction of Cu,(bdc),dabco) is prevented by the modu-
lator, resulting in a change in the crystal morphology, which is
relatively long in the coordination direction of dabco (c-axis
direction (1D channel direction) of Cu,(bdc),dabco).

This journal is © The Royal Society of Chemistry 2024
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Furthermore, using a modulator led to uniform hetero-
geneous nucleation of MOF crystals on the Cu(OH), surface
during the early stage of the reaction. Thus, out-of-plane/in-
plane-oriented Cu,(bdc),dabco thin films with closely packed
MOF crystals and smooth surfaces were fabricated owing to
controlled crystal growth and uniform heterogeneous nuclea-
tion. The obtained films with smooth surfaces showed
improved optical quality due to the decrease of light scattering
on the surface. These densely packed MOF thin films with flat
surfaces will facilitate the integration of MOFs into advanced
optical and electrical devices.

Methods

Materials

1,4-benzenedicarboxylic acid (H,bdc), acetic acid (99.7%),
sodium acetate, methanol, and ethanol were purchased from
FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan).
1,4-Diazabicyclo[2.2.2]octane (dabco) and 2,6-naphthalenedi-
carboxylic acid (2,6-Hndc) were purchased from Tokyo
Chemical Industry Co., Ltd (Tokyo, Japan). All reactants were
used without further purification.

Synthesis of Cu,(bdc),dabco-oriented thin films with a
modulator

Cu(OH),-oriented films on Si wafers (~15 mm x 20 mm) or
silica glass (~20 mm x 20 mm) were fabricated according to
our previous report.”* H,bdc (4 mM) and dabco (256 mM) were
dissolved in methanol at 40 °C. Organic linker (bdc) and pillar
(dabco) concentrations were optimized for epitaxial growth of
Cu,(bdc),dabco as the previous report.® Diluted acetic acid
(1742 mM) and sodium acetate were used as the modulators,
and the molar ratio of acetic acid to sodium acetate was fixed
at 9:1. The modulator was added to a methanol solution con-
taining H,bdc and dabco at predefined concentrations of up
to 50 mM and dissolved by sonication. Cu(OH),-oriented films
on Si wafers were immersed in 50 mL of the solution and left
for an hour at 60 °C. Subsequently, the film was removed from
the solution, washed with ethanol, and dried using an air gun.
To fabricate the MOF films on silica glass, the reaction was
conducted in 10 mL of the reaction solution in a Teflon
container.

Characterisation

The obtained MOF films were identified by X-ray diffraction
(Smart Lab, Rigaku Corporation, Japan) using CuKa radiation
(4 =0.154 nm). The degree of in-plane orientation of MOF crys-
tals was estimated by azimuthal angle dependence of intensity
profiles (¢ scan) (Fig. S31). The crystal morphologies of the
obtained MOF films were investigated using field-emission
scanning electron microscopy (FE-SEM; SU8010, Hitachi High-
Tech Corporation, Japan) (with an electrically conducting Pt
coating). The nucleation per unit area of the obtained MOF
films was examined by counting the number of nuclei in 5 pm
x 5 pm square of the films using SEM images. The thickness
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of the Cu,(bdc),dabco-oriented films on the Si wafer was
measured by investigating the average height of the films from
the Si wafer at five different locations using a surface profil-
ometer (Surfcorder ET200, Kosaka Laboratory Ltd, Japan).
Cuy(bdc),dabco nucleation was investigated using Fourier
transform infrared spectroscopy (FT-IR; FT-IR-4600 spectro-
meter, JASCO, Japan). The surface roughness of the obtained
MOF films was examined by analysing the average surface
roughness (S,: arithmetical mean height) of 5 pm x 5 pm
square of the films for 3D images obtained by confocal laser
scanning microscopy equipped with atomic force microscopy
(CLSM, AFM: Nanosearch Microscope, SFT-3500S, Shimadzu
Corporation, Japan). The haze spectra of the Cu,(bdc),dabco
films on silica glass were obtained by measuring the total
transmittance and sample scattering rate using a UV-Vis
spectrophotometer (V-670, JASCO, Japan) equipped with an
integrating sphere.

Results and discussion

Cu,(bdc),dabco®**? thin films were fabricated using the one-
pot method, with acetic acid and sodium acetate as modu-
lators. The crystal structure and crystallographic orientation
along all three axes of the MOF films were evaluated using pre-
viously reported protocols® and X-ray diffraction (XRD). For
the Cu,(bdc),dabco thin film synthesised without a modulator,
the intense 0k0 reflections of Cu,(bdc),dabco in the out-of-
plane XRD measurement and the intense %200 and 00! reflec-
tions of the MOF in the two types of in-plane XRD measure-
ments (parallel and perpendicular, respectively), which
showed substantial X-ray incidence angular dependence, were
confirmed, similar to our previous report>*° (Fig. S3t). These
results show the fabrication of oriented MOF films with out-of-
plane and in-plane orientations, where the (0k0) lattice planes
of the MOF were parallel to the substrate and the (200) and
(00!) lattice planes of the MOF were orthogonal to each other
and perpendicular to the substrate wafer throughout the entire
film (~15 mm x 20 mm). The same crystallographic orien-
tation was confirmed for all the films, regardless of whether
the modulator was used (Fig. 2(a) and S47). The heteroepitaxial
relationship between Cu(OH), and Cu,(bdc),dabco was con-
firmed using ¢ scan measurement; the g- and c-axis of Cu
(OH), are parallel to the ¢- and a-axis of Cu,(bdc),dabco,
respectively, which is consistent with our previous results
(Fig. S51). The degree of in-plane orientation was >80% regard-
less of the use of the modulator, as confirmed by the azi-
muthal angle dependence of the intensity profiles (Fig. 2(b)).
Based on the heteroepitaxial growth mechanism, the degree of
orientation of the MOF thin films (~80%) reflected that of the
Cu(OH), thin films.**

The morphological changes in the MOF crystals owing to
the effect of the modulator were investigated using an SEM. An
SEM image of the oriented Cu,(bdc),dabco thin film, syn-
thesised without a modulator, showed that the size of the
MOF particles along the g-axis (vertical direction) was longer

Nanoscale, 2024, 16, 14101-14107 | 14103
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Fig. 2 (a) XRD patterns of an oriented Cu,(bdc),dabco thin film fabri-

cated with a modulator (30 mM). (b) ¢ scan profiles for the (001) reflec-
tion of Cu,(bdc),dabco in oriented Cu,(bdc),dabco thin films fabricated
without and with a modulator (30 mM) and (200) reflection of Cu(OH),
in a Cu(OH),-oriented film.

than that along the c-axis (horizontal direction). The aspect
ratio of the MOF crystals in the a-axis to the c-axis direction
was ~4.11 (Fig. 3(a)) due to the preferential growth in the
a-axis direction. In contrast, the aspect ratio of the size along
the g-axis direction to that along the c-axis direction of the
MOF crystals tended to decrease with increasing concentration
of the modulator as shown in the SEM images (Fig. 3 and
4(c)). The size of each MOF crystal along the a-axis decreased
with the addition of the modulator, but the size of the crystals
in the c-axis direction remained constant even with increasing
modulator concentration. For instance, an SEM image of the
oriented Cu,(bdc),dabeo thin film synthesised with a modu-
lator (30 mM) clearly showed that the size of the MOF crystals

Fig. 3 SEM images (top view) of oriented Cu,(bdc),dabco thin films
fabricated (a) without a modulator and with a modulator ((b) 2.5 mM, (c)
5 mM, (d) 7.5 mM, (e) 10 mM, (f) 20 mM, (g) 30 mM, (h) 40 mM, and (i)
50 mM). The arrows in each image indicate the a- and c-axis of
Cu,(bdc),dabco crystals as a visual reference for the eyes, which were
confirmed by the XRD investigations in Fig. 2.
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Fig. 4 Cross-sectional SEM images of oriented Cu,(bdc),dabco thin
films fabricated (a) without and (b) with a modulator (30 mM). The
arrows in each image represent a- and b-axis of Cu,(bdc),dabco crystals
as a visual reference for the eyes, confirmed by the XRD investigations in
Fig. 2. The inset images show the SEM images from the top view for the
films (scale bar: 1 pm). (c) The aspect ratio of size along the a-axis to
c-axis of Cu,(bdc),dabco and size along the c-axis of Cu,(bdc),dabco to
modulator concentration. (d) The thickness of oriented Cu,(bdc),dabco
thin films fabricated without and with a modulator (2.5 mM, 10 mM,
30 mM, and 50 mM).

along the a-axis was shorter than the size along the c-axis, with
an aspect ratio of ~0.48 (Fig. 3(g)). This shows that increasing
the concentration of the modulator resulted in a more signifi-
cant modulation of crystal growth along the g-axis.

Most of the Cu(OH), nanobelts, the substrates for epitaxial
growth of the MOF, were covered by MOF crystals using a
modulator, as observed in the SEM images of the MOF thin
films fabricated with the modulator. The MOF crystals in an
MOF thin film fabricated without a modulator were discrete in
the c-axis. This preferential growth was inhibited in the MOF
thin films fabricated using the modulator, resulting in a MOF
thin film with closely packed crystals.

The crystal morphology with the a-b planes of
Cuy(bdc),dabco was observed by cross-sectional SEM (Fig. 4(a)
and (b)). The film synthesised with the modulator (30 mM)
were thinner than that without the modulator. The thickness
of the films tended to decrease with increasing modulator con-
centration (Fig. 4(d)), which indicates that the size of individ-
ual MOF crystals in the b-axis (structurally equivalent to the
a-axis) also decreased with increasing modulator concen-
tration. The top- and cross-sectional SEM observations
revealed that using the modulator decreased the size of the
crystals along the a- and b-axis.

The use of a modulator also facilitated fast and uniform
heterogeneous nucleation of MOF crystals over the entire
films, as observed by the SEM images of the samples with
a short reaction time (reaction time: 2.5 min) (Fig. 5).
The nucleation per unit area of the film synthesised with
the modulator (30 mM) was ~six times higher than that
of the film without the modulator. The fast formation of

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 SEM images (top view) of oriented Cu,(bdc),dabco thin films
(reaction time: 2.5 min) fabricated (a and c¢) without and (b and d) with a
modulator (30 mM). The arrows in each image indicate the a- and c-axis
of Cu,(bdc),dabco crystals as a visual reference for the eyes, which were
confirmed by the XRD investigations in Fig. 2.

Cu,(bdc),dabco was also detected by FT-IR spectroscopy
(Fig. S6 and S77). In the FT-IR spectrum of the Cu,(bdc),dabco
thin film fabricated without a modulator (reaction time:
2.5 min), there were no clear bands assigned to the
asymmetric symmetric carboxylate vibrations of
Cu,(bdc),dabco due to the comparatively slow nucleation of

and

the MOF. However, the bands assigned to the asymmetric and
symmetric carboxylate vibrations of Cu,(bdc),dabco®® were
observed in the thin films fabricated with the modulator
(30 mM) (reaction time: 2.5 min), which confirmed the faster
nucleation of Cu,(bdc),dabco in the solution containing the
modulator.

The modulation of crystal growth to the a- and b-axis of
Cu,(bdc),dabco can be attributed to the competitive coordi-
nation between the modulator and the ligand (bdc) as a simi-
larly reported mechanism for the Cu,(1,4-ndc),dabco particle
synthesis.>® Cu,(bdc),dabco crystals fabricated without a
modulator exhibited a growth preference in the direction of 2D
layers composed of Cu®* and bdc (direction of the a- and b-axis
of Cu,(bdc),dabco). In contrast, using acetic acid and sodium
acetate as modulators hindered the preferential crystal growth
along the a- and b-axis due to the competitive coordination of
acetate ion and bdc during the Cu-paddlewheel formation.
Consequently, the Cu,(bdc),dabco crystal exhibited a relatively
long shape in the c-axis direction. It was also found that the
modulator allowed fast and uniform heterogeneous nucleation
of MOF crystals in the epitaxial growth system on Cu(OH),.
This can be explained by the ligand exchange between acetate
ion and bdc on the surface of Cu(OH),. Slow and sparse
nucleation occurred due to the direct reaction between Cu
(OH), and bdc at the nucleation of MOF crystals in the solu-
tion without a modulator. During the initial stages of the syn-
thesis process, under the use of a modulator, the Cu(OH),
surface was possibly covered by acetate ions via coordination
bonds or hydrogen bonds over the entire film owing to the

This journal is © The Royal Society of Chemistry 2024
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high concentration of the modulator. The nucleation of MOF
crystals occurs by the substitution of acetate ions with the
MOF linker, bdc, which would lead to the uniform nucleation
of smaller MOF crystals across the entire film because this
reaction was faster than the reaction between Cu(OH), and
bdc. After the nucleation of MOF crystals, the top surface of
the crystals was possibly capped with acetate ions. The
repeated interaction between acetate ion and bdc in the solu-
tion promotes further crystal growth of the MOF, where crystal
growth to the a- and b-axis direction is slower than that of
MOF crystals fabricated without a modulator due to a capped
surface. This competitive coordination resulted in the uniform
growth of crystals with a relatively longer shape in the c-axis
direction. Consequently, the use of acetate ion as the modu-
lator in the one-pot method to fabricate oriented MOF thin
films by epitaxial growth on Cu(OH), led to the modulation of
crystal growth to the a- and b-axis of Cu,(bdc),dabco and the
fabrication of homogeneous MOF thin films with closely
packed and uniform MOF crystals.

The modulator-assisted homogeneous MOF thin-film fabri-
cation approach described above can be adapted to different
Cu-paddlewheel-based MOFs. Using an appropriate modulator
concentration also led to the fabrication of Cu,(bdc), and
Cu,(2,6-ndc),dabco (2,6-ndc = 2,6-naphthalenedicarboxylate)
thin films entirely covered by uniform MOF crystals (Fig. S8—
S11%). This result demonstrates the versatility of this modu-
lator-assisted homogeneous MOF thin-film fabrication
approach for epitaxial growth on Cu(OH),.

The surface roughness (S,) of the oriented Cu,(bdc),dabco
thin films synthesised with different modulator concentrations
was investigated using confocal laser scanning microscopy
(CLSM) and atomic force microscopy (AFM) (Fig. S12 and
S13t). Fig. 6 shows the surface roughness of the oriented
Cuy(bdc),dabco thin films synthesised with different modu-
lator concentrations. The use of a modulator significantly
reduces the surface roughness. The surface roughness was pro-
gressively reduced in films fabricated with modulator concen-
trations of 5 mM or higher (Fig. S13t). The reduced surface
roughness was due to uniform crystal growth and closely

Surface roughness,
o
E NG|

© o o o o
N
:

0 10 20 30 40 50
Modulator concentration (mM)

o

Fig. 6 Surface roughness of oriented Cu,(bdc),dabco thin films syn-
thesised with each concentration of the modulator.
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packed crystals formed by the modulator-assisted epitaxial
growth of the MOF on Cu(OH),.

The optical transparency of MOF films is a significant prop-
erty for the realisation of advanced optical and optoelectronics
devices.*® For example, fabricating MOF thin films with high
optical transparency is valuable for integrating MOF into
optical sensors.'®3® Typically, the optical transparency of films
is evaluated by haze measurement,?” which quantifies the pro-
portion of light scattering that occurs after the light passes
through the films.*® Fabricating MOF thin films with low haze
will expand the possibilities of MOF applications in optical
and electrical devices. The oriented Cu,(bdc),dabco thin films
synthesised with different modulator concentrations were fab-
ricated on silica glasses to investigate the optical transparency.
The thin films fabricated with the modulator were more trans-
parent than that fabricated without it (Fig. 7(a)). Increasing
the modulator concentration improved the optical transpar-
ency of the MOF thin films, as confirmed visually. The haze in
the visible light range showed a decreasing tendency with
increasing modulator concentration (Fig. 7(b)). The decrease
in haze can be attributed to the decrease in both surface
roughness and film thickness of MOF thin films. Considering
the effect of modulator concentration on film thickness and
surface roughness (Fig. 4(d) and 6), the reduction in surface
roughness contributes significantly to the haze reduction in
thin films synthesized at concentrations up to 10 mM. For
samples synthesized at higher modulator concentrations (10,
30 and 50 mM), the surface roughness was almost the same,
suggesting that the decrease in film thickness is the dominant
factor in a decrease in haze. Furthermore, the oriented MOF
thin films fabricated with a high concentration of the modu-

Without

modulator Somi

10 mM 50 mM

.

/OMU oMU OMU | omwmu

1cm

— O0mM
— 2.5mM

Haze (%)

400 500 600 700
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Fig.7 (@) Photo images and (b) haze spectra of oriented

Cu,(bdc),dabco thin films synthesised under different modulator con-
centrations on silica glass substrates.
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lator (30 and 50 mM) showed lower haze than that of the MOF
thin film fabricated on randomly oriented Cu(OH), nanobelts
with a modulator (30 mM) (Fig. S147). This can be attributed
to the gaps between the randomly oriented MOF crystals.
These results show a significant enhancement in the optical
transparency of the oriented Cu,(bdc),dabco thin films when a
modulator is used in the one-pod method for synthesising the
films via epitaxial growth on oriented Cu(OH),. Using a modu-
lator resulted in uniform heterogeneous nucleation through-
out the film and uniform crystal growth, resulting in homo-
geneous and oriented MOF thin films with closely packed
MOF crystals and smooth surfaces. Consequently, the optical
transparency of the films improved due to the low light scatter-
ing at the surface. Such high-quality MOF thin films with
crystal orientations in three directions will contribute to devel-
oping MOF-based optical/electrical devices.

Conclusions

A modulator was used to control crystal growth in a particular
direction to fabricate out-of-plane/in-plane-oriented MOF thin
films via the epitaxial growth of a Cu-paddlewheel-type MOF on
Cu(OH),. Using a modulator controlled the preferential crystal
growth of the 2D layers constructed using metal ions and
linkers, which resulted in relatively long MOF crystals in the
direction of the 1D channels. The modulation of preferential
growth and crystal morphology can be attributed to the compe-
tition between the modulator and the linker of the MOF. Using
a modulator facilitated fast and uniform heterogeneous nuclea-
tion of the MOF, resulting in oriented MOF thin films with
closely packed crystals. MOF films with smooth surfaces com-
posed of closely packed MOF crystals and minimal gaps exhibit
reduced light scattering at the film surface, resulting in
improved optical transparency. This approach for fabricating
high-quality MOF thin films with crystal alignment, closely
packed crystals, smooth surfaces, and optical transparency will
pave the way for integrating MOFs into advanced devices, such
as optical/electrical sensors.
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