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Well-oriented growth of surface-anchored metal-organic frameworks (SURMOFs) makes them ideal
candidates for optical sensor applications. In this work, SURMOF bilayers and trilayers that exhibit [001]
orientation are formed via heteroepitaxial growth. Using liquid-phase epitaxy (LPE), a (100) silicon
substrate is alternatingly exposed to a solution of metal salts and organic linkers. A Cu,(BDC),(DABCO)
basis layer allows subsequent deposition of Zn,(BDC),(DABCO) with 93% of the material aligned in the
crystallographic [001] orientation. This is not possible without a Cu-SURMOF seed layer. Out-of-plane
X-ray diffraction, 2D grazing-incidence wide-angle X-ray scattering, and scanning electronic microscopy
techniques reveal that the hybrid SURMOFs display oriented island-type film growth, resulting in multi-
shell islands. A third oriented SURMOF Zn,(ADC),(BPy) can be added to endow the heterostructure with
photoluminescence, which is not quenched by the Cu-SURMOF due to the intermediate Zn,(BDC),-
(DABCO) layer. Conceptually, the step-by-step LPE deposition method allows the construction of
monolithic multilayer SURMOFs wherein the orientation can be controlled by well-behaved templating
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Introduction

Metal-organic frameworks (MOFs) - built from inorganic ions/
clusters and organic ligands - are ideal candidates for optical
sensing,"* information encryption,® and bioimaging,* owing to
their high porosity, thermal stability, structural diversity, and
high compatibility.>”” The deposition of MOFs onto surfaces is
of interest for these applications, and also for realizing optical
devices.® The construction of surface-anchored MOFs (SURMOFs)
through layer-by-layer liquid-phase epitaxy (LPE) is one approach
for forming thin films and membranes for such applications.>*°
In an LPE process, alternating deposition of inorganic and organic
components onto the substrate allows fine control of the distri-
bution and thickness of functional entities in thin films, by
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layers and functionality can be added by more exotic layers that are challenging to grow on their own.

controlling the sequence and cycles of deposition.'™'? Ideally,
the growth mode of SURMOF thin films is expected to have a
resolution of “one unit layer” and the thickness of the layers
consisting of a specific component is proportional to the num-
ber of corresponding deposition cycles.”® Indeed, using the
SURMOF approach, the heteroepitaxial deposition of a variety
of MOFs has been demonstrated'* and the suppression of
interpenetration of different components has been achieved.'®
This allows for thin-film structural flexibility,"® and enabling
applications, e.g., in non-linear optics."”*®

With excellent crystalline order, the photophysical proper-
ties of SURMOFs make them potentially interesting materials
for light harvesting, and photon emission.'®?° Of particular
interest in this context is the mobility of excitons, which affect
the efficiency of the macroscopic transport properties.*'*
Exciton diffusion is strongly dependent on the orientation of
the chromophores and their distance. Thus, we are actively
seeking to leverage the rich field of SURMOFs to produce well-
defined, oriented thin films in which the positions of chromo-
phores can be precisely controlled. In previous work, we
fabricated a heterostructure with oriented 2D layers perpendi-
cular to the substrate for triplet-triplet annihilation-based
upconversion (TTA-UC).>® The emission of TTA-UC requires
efficient triplet motion in between sensitizer and emitter
molecules, thus ensuring the collision of two triplets to form

This journal is © The Royal Society of Chemistry 2024
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one singlet exciton. The emission from this singlet excited state
then has a higher energy than the incident photons (ie.,
upconversion). Unfortunately, the emission efficiency was sup-
pressed in this 2D SURMOF because the fast axis of triplet
motion parallel to substrate while the sensitizer and emitter 2D
sheets perpendicular to the substrate.>* To address this chal-
lenge, introducing a dinitrogen pillar linker to form layer pillar-
type SURMOFs of the general formula M,L,P (M = metal ion,
L = dicarboxylate, P = dinitrogen pillar ligand) would be an ideal
strategy:*° In this case the 2D-layer “sheets” can be separated
by pillar linkers perpendicular to the substrate, therefore maxi-
mizing exciton transfer. To date, the vast majority of SURMOFs
prepared with a desired [001] orientation (2D layers parallel to
the substrate) are grown on gold substrates coated with organic
thiol self-assembled monolayers (SAMs).>”*® However, a much
more ubiquitous substrate that meets these criteria is available —
silicon (all the mentioned silicon substrates have a native
oxide). Ott and coworkers reported [001]-oriented growth of
Cu,(BDC),(DABCO), in which the 2D sheets of BDC parallel to
the substrate and were separated by DABCO molecules, by only
rinsing silicon with absolute ethanol before the step-by-step
deposition of metal ions and linkers (BDC = 1,4-benzene
dicarboxylic acid, DABCO = 1,4-diazabicyclo[2.2.2]octane).>
However, Cu** ions typically exhibit a quenching effect on such
luminescent materials.>*>” Thus, it is desired to employ ions
with a full-filled d orbital, such as Zn>*, to retain the photo-
luminescence (PL) properties of the linkers.

Here, we first focus on developing a strategy for growing
[001]-oriented Zn,(BDC),(DABCO) on an ethanol-rinsed Si{100)
substrate by the LPE method. Despite varying the synthesis
conditions over a wide range, only poorly ordered Zn-type
SURMOFs were obtained when directly growing them on the
Si substrate. Considering stepwise LPE has demonstrated its
ability to fabricate SURMOF heterostructures,'** we explored
the possibility of first growing a Cu,(BDC),(DABCO) SURMOF
employing the established procedure,*® on which - by hetero-
epitaxy — a series of Zn,(BDC),(DABCO) layers is deposited.
These retained the highly-ordered [001] orientation of the
Cu,(BDC),(DABCO) (Fig. 1). The Zn,(BDC),(DABCO) layers then
serve as a spacer to separate the finally grown Zn,(ADC),(BPy)
layers from the Cu,(BDC),(DABCO) SURMOF (ADC = 9,10-
anthracenedicarboxylic acid, BPy = 4,4'-bipyridine). In this
way, the luminescence quenching effect of Cu®" is suppressed,
while the blue-colored emission from the anthracene units
contained in the ADC linkers is preserved.

Results and discussion

Growth of [001]-oriented copper- and zinc-based pillar-layered
SURMOFs

The SURMOFs were synthesized employing an automated
pump setup, built according to the setup reported by McCarthy
et al.”® This system has the capability to immerse the substrate
alternatively into solutions containing either the metal salt
or linkers. As a starting point, we attempted the growth of
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Fig. 1 Schematic illustration of the sequential deposition of SURMOF
heterostructures. Additionally, the structure of the used components
is shown. As a first step, a Cu,(BDC),(DABCO) SURMOF is prepared by
alternating soaks of the substrate in an ethanol solution containing the
copper ions and a solution containing a mixture of BDC/DABCO. In the
second step, the copper is replaced with zinc, which results in the
deposition of Zn,(BDC),(DABCO) on the originally grown Cu,(BDC),-
(DABCO) particles. This gives rise to the formation of core—shell (Zn/Cu),-
(BDC),(DABCO) heterostructure. Eventually, the growth of another
emissive Zn,(ADC),(BPy) layer using ADC/BPy instead of BDC/DABCO
leads to a core—shell-shell trilayer structure. In the schematics, a corner
of the trilayer structure is removed to expose the core—shell and core—
shell-shell thin film structures.
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Cu,(BDC),(DABCO) using the protocol also from McCarthy et al.”’
The (100) polished Si wafer was rinsed with absolute ethanol
three times and dried in a N, stream. The substrate was then
transferred to the automated pump system substrate container
(preheated to 60 °C) and soaked for 15 min in 1 mmol L™*
copper acetate ethanol solution, followed by rinsed twice with
ethanol (for 0.5 and 4.5 min, respectively) except for the very
first cycle of copper treatment, next soaked for 30 min in an
ethanolic solution of 0.4 mmol L' BDC and 0.2 mmol L™*
DABCO, and rinsed twice with ethanol again (for 0.5 and
4.5 min, respectively). Then the cycle was repeated.

After 20 cycles, the formed SURMOF was investigated by out-
of-plane X-ray diffraction (XRD), which confirmed the formation
of a Cu,(BDC),(DABCO) structure on the (100) Si wafer (green
line in Fig. 2a). The observation of several 26 peaks (at 9.3°, 18.5°,
and 27.8°) which can be associated with the (001) peaks, and of
the otherwise strong (100) peak being suppressed, suggest a
preferred orientation along the [001] direction. This result is
consistent with the prior report.”> Encouraged by these results,
we repeated the fabrication replacing the Cu by a Zn salt.
Zn,(BDC),(DABCO) SURMOF with 20 cycles was synthesized
using the same procedure. In contrast, the out-of-plane XRD
pattern of Zn,(BDC),(DABCO) exhibited both the (100) and (001)
peaks at 8.3° and 9.2°, pointing toward a poor order. A texture
equivalent to that in the Cu,(BDC),(DABCO) was not achieved.

To gain further insight into the degree of crystallite orientation
across the substrate, we employed 2D grazing incidence wide-
angle X-ray scattering (GIWAXS) to examine the Cu,(BDC),-
(DABCO) and Zn,(BDC),(DABCO) films. Cu,(BDC),(DABCO)
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crystallites result in unique points on the GIWAXS pattern
(Fig. 2b), representing a very high degree of orientation, where
the [001] direction is perpendicular to the substrate surface.
On the contrary, the Zn,(BDC),(DABCO) sample GIWAXS
pattern presents diffraction rings (Fig. 2c). One point to be
noted is that the rings are more obvious on the (100) plane
rather than on the (001) and (110) planes. This observation is
interesting, and we envision a two-part possible explanation.
The first is that a portion of the Zn,(BDC),(DABCO) grown
along the (100) direction perpendicular to the substrate sur-
face as we discussed above. However, the ring-shaped scatter-
ing pattern was mostly observed corresponding to the lattice
parameters that originate from Zn coordinated with BDC only.
Hence, we also considered the presence of impurities such as
non-oriented Zn(BDC) as a second effect leading to the observed
scattering pattern.>*> Scanning electronic spectroscopy (SEM)
images of both Cu,(BDC),(DABCO) and Zn,(BDC),(DABCO) were
taken to provide more evidence. As shown in Fig. 2d and e, SEM
reveals dense island-shaped Cu,(BDC),(DABCO) crystallites on
the surface. In contrast, Zn,(BDC),(DABCO) yielded surface with
a poor homogeneity. Apart from parallel and perpendicularly
aligned plates (regarded as [001]- and [100]-oriented crystals,
respectively), a lot of small particles can be observed on the
surface, which further confirms the formation of byproducts
during the synthesis of Zn,(BDC),(DABCO). Attempts to optimize
the orientation and phase purity of the samples by varying the
preparation parameters, the concentration of the individual
components in the precursor solutions, and the different sub-
strates — for example, crystalline TiO,- and Gd,0O;-coated Si

06 09
q,in Al

(a) Experimental XRD patterns of Cux(BDC),(DABCO) (2) and Zn,(BDC),(DABCO) (3) and simulated diffractogram for the DFT-optimized,

fully activated structure of Zn,(BDC),(DABCO) (1) as 2 GIWAXS patterns of (b) Cu,(BDC),(DABCO) and (c) Zny(BDC),(DABCO). SEM images of (d)

Cu,(BDC),(DABCO) and (e) Zn,(BDC),(DABCO).
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wafers as well as amorphous glass plate (Fig. S1, ESIt) - were not
successful. These findings demonstrate that [001]-oriented
Zn,(BDC),(DABCO) SURMOF is not well suited for a direct
application of the LPE process on an ethanol-rinsed Si substrate.

Heteroepitaxial growth of [001]-oriented zinc-based
pillar-layered SURMOFs on copper-based SURMOFs

The availability of high-quality Cu,(BDC),(DABCO) then made
it possible to test whether heteroepitaxial growth of the Zn-
based SURMOF is possible. As a first attempt, 18 cycles of
Zn,(BDC),(DABCO) deposition were carried out after 2 cycles of
Cu,(BDC),(DABCO) growth. This sample was named as 18C/2C-
(Zn/Cu),(BDC),(DABCO) and characterized by out-of-plane
XRD, GIWAXS, and SEM. In addition, density functional theory
(DFT) calculations were conducted on Zn,(BDC),(DABCO) for
reference. The simulated lattice parameters for the tetragonal
unit cell turned out to be a = b =11.05 A and ¢ = 9.59 A (Fig. 3a).
Notably, these simulated values are quite consistent with the
experimentally observed lattice parameters, which are a = b =
10.92 A and ¢ = 9.61 A>® Specifically, parameters a and b
showed a reduction of approximately 1.19%, while parameter
¢ exhibited a slight increase of approximately 0.21%. As shown
in Fig. 3b, the out-of-plane XRD of 18C/2C-(Zn/Cu),(BDC),-
(DABCO) has a good agreement with the simulated diffracto-
gram of Zn,(BDC),(DABCO) with preferred orientation along
the [001] direction, indicating 18C-Zn,(BDC),(DABCO) grew
only in the [001] direction, perpendicular to the substrate
surface on the 2C-Cu,(BDC),(DABCO) template. Regarding the

View Article Online
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GIWAXS pattern, the highly oriented growth of 18C/2C-(Zn/
Cu),(BDC),(DABCO) was demonstrated by the identical points
at out-of-plane [001] and in-plane [100] directions as well as the
diagonal (110) plane and off-axis (101) plane with almost no
trace of scattering rings (Fig. 3c). By integrating the GIWAXS
data along in-plane direction, we obtained the 1D GIWAXS
in-plane diffraction pattern (Fig. 3d). This plot closely matches
the simulated in-plane XRD pattern of Zn,(BDC),(DABCO).
In addition, the SEM image in Fig. 3e reveals a plate-like
morphology of 18C/2C-(Zn/Cu),(BDC),(DABCO) with a width
~1 pm. This agreement between experimental and simulated
data validates the crystal structure of the material. In terms of a
qualitative view of these results, the deposition of Zn,(BDC),-
(DABCO) templated by Cu,(BDC),(DABCO) island seeds vastly
improves the degree of preferential orientation of the Zn,(BDC),-
(DABCO) - an extremely promising result.

For a quantitative analysis of orientation degree, we used the
signal from the family {101} planes as a reporter. The scattering
of this chosen peak does not position on ¢, axis, so that we can
extrapolate the intensity of the corresponding ring to the origin
and measure the entire intensity of the peak by Gaussian fitting
as we have done in previous work.>” As the penetration depth
of the X-rays is dependent on the incidence angle, «;, of the
primary beam in the GIWAXS technique, we collected a dif-
fractogram for 18C/2C-(Zn/Cu),(BDC),(DABCO) at «; = 0.6° to
obtain the scattering from the entire sample thickness (Fig. 4a).
Afterwards, we prepared a pole figure (Fig. 4b), which is a com-
monly used approach for estimating the degree of orientational
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Fig. 3 (a) Simulated structure of Zn,(BDC),(DABCO) by DFT. Blue: Zn, gray: C, red: O, white: H. (b) Out-of-plane XRD pattern of 18C/2C-(Zn/
Cu)>(BDC),(DABCO) (2) and simulated diffractogram of Zn,(BDC),(DABCO) with preferred orientation along the [001] direction (1) as reference.
(c) 2D GIWAXS pattern of 18C/2C-(Zn/Cu),(BDC),(DABCO). (d) Integrated 1D GIWAXS in-plane pattern of 18C/2C-(Zn/Cu),(BDC),(DABCO) and
simulated in-plane XRD pattern of Zn,(BDC),(DABCO) regarding the DFT calculation. (e) SEM image of 18C-Zn,(BDC),(DABCO) grows on
2C-Cu,(BDC),(DABCO). (f) FTIR-ATR spectra of experimental 18C/2C-(Zn/Cu),(BDC),(DABCO) (2) and simulated Zn,(BDC),(DABCO) (1).
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Fig. 4 (a) 2D GIWAXS pattern of 18C/2C-(Zn/Cu),(BDC),(DABCO) at 0.6°
incidence angle. (b) sin(y) corrected pole figure corresponding to data in (a)
used to estimate that 93% of the film has a 2D powder texture.

order for a thin film based on GIWAXS.***° To generate such
a pole figure, the scattering intensity is integrated between a
minimum and maximum cutoff radius, ; and r,, then pre-
sented as a function of the angle to the ¢, axis, y. These angle
and radii are illustrated in Fig. 4a. For the peak and ring
that correspond to the scattering from the (101) peak of the
18C/2C-(Zn/Cu),(BDC),(DABCO), we take r; to be 0.82 and r, to
be 0.90. To correct for nonsample-related scattering the back-
ground was taken at a slightly larger radius (v, = 0.96 and r, =
1.05) and subtracted from the measured signal. In addition,
a correction to the pole figure to account for the fraction of the
scattering signal observed at each y was introduced.?” This can
be accomplished by multiplying the measured intensity, I(y), by
sin(y). The sin(y) corrected pole figure so generated (shown in
Fig. 4b), we can model with a Gaussian peak with almost no
isotropic scattering in the background which indicates that
scattering from a subset of the crystallites that have 2D powder
texture with their [001] axis aligned to the surface normal
clearly dominates. This procedure allows us to quantitatively
conclude that ~93% of the scattering comes from the 2D
powder texture so that the sample indeed has the desired high
degree of surface orientation.

Considering those ideal results, we further deposited 3, 8,
13, 28, and 38 cycles of Zn,(BDC),(DABCO) on top of 2 cycles of
Cu,(BDC),(DABCO). The XRD and GIWAXS patterns demon-
strated a desired [001]-oriented growth of Zn,(BDC),(DABCO)
on 2C-Cu,(BDC),(DABCO) with increasing cycles until 38 cycles
(Fig. S2-S6, ESIT). 38C/2C-(Zn/Cu),(BDC),(DABCO) shows a scat-
tering ring at the (100) plane which is similar to 20C-
Zn,(BDC),(DABCO). Fig. 6¢ and Fig. S6b (ESIT) compare GIWAXS
measurements on 38C/2C-(Zn/Cu),(BDC),(DABCO) sample with
different probing depths (; = 0.2° and 0.05° corresponding to a
penetration depth of ~800 and ~6 nm in a smooth film,
respectively). The 2D GIWAXS data shown here are similar for
the two angles of incidence, suggesting the 38C/2C-(Zn/Cu),-
(BDC),(DABCO) remains [001]-oriented across a large sample
volume. In contrast, a thin film containing byproducts, as dis-
cussed earlier, shows (100), (200), and (300) scattering rings. The
SEM image shows obvious cluster-like particles on the merging
boundary of parallel aligned planes (Fig. S7, ESIT), confirming our
hypothesis regarding scattering rings caused by impurities.

Identifying vibrational modes in the infrared absorption
spectrum is a helpful step in confirming the chemical
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composition of a material. To achieve this, Fourier transform
infrared spectroscopy with attenuated total reflection (FTIR-ATR)
was employed to characterize 18C/2C-(Zn/Cu),(BDC),(DABCO).
For comparison, the IR spectra for Zn,(BDC),(DABCO) were
also simulated and compared with the experimental results,
as presented in Fig. 3f. The absorbance peak at 1637 cm ™" was
assigned to the asymmetric carboxylate stretch, v,4(COO), while
the symmetric carboxylate stretching mode, v4(COO), was
attributed to 1434 cm ™' peak. The separation of 203 cm
between these vibrational modes aligns well with established
findings in the literature.*" Furthermore, peaks at 1387 cm™*
correspond to the C—C vibrational modes of the benzene ring,
while the peak at 1016 cm ™" is assigned to the phenyl vibra-
tional C-H bending character. Additionally, peaks at 811 and
743 cm ™' correspond to the C-H rocking mode and hydrogen
wagging modes in the BDC linker, respectively. These observed
features, along with the peaks in the fingerprint region, closely
match the simulated results (as shown in Fig. 3f). The good
match between experimental and simulated data supports the
conclusion that Zn,(BDC),(DABCO) was successfully synthe-
sized on top of Cu,(BDC),(DABCO). Energy dispersive X-ray
(EDX) analysis was conducted on the hetero (Zn/Cu),(BDC),-
(DABCO) SURMOFs to gain insight into the elemental distribu-
tion with thin film depth. The EDX results indicate the content
of Zn increases with the increasing deposition cycles in hetero-
structures as shown in Fig. S8a (ESIT). The elemental mapping
of the cross section of the 38C/2C-(Zn/Cu),(BDC),(DABCO) film
demonstrates a sufficient amount of Zn atoms (Fig. S8b-d,
ESIt), further confirming the SURMOF grown with Zn.

To qualitatively estimate the thickness of (Zn/Cu),(BDC),-
(DABCO) with a number of growth cycles of Zn-type MOF, we
obtained high-resolution XRD data of the (001) peak of 2C-
Cuy(BDC),(DABCO) and Zn,(BDC),(DABCO) with various
deposition cycles on it (Fig. 5a). Subsequently, the full width
at half maximum (FWHM) of the (001) XRD peaks were obtained
by Gaussian fitting. The average thickness along [001] direction
was estimated by Scherrer equation (Do) = k2/ff cos 0, where k is
the Scherrer constant (0.89), A is the wavelength of the X-ray
(0.154 nm), f is the FWHM, 0 is the Bragg angle of the peak).
As show in Fig. 5b, the average height gradually increased with
the number of growth cycles. The crystallite size demonstrates a
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Fig. 5 (a) Out-of-plane XRD of 2C-Cu,(BDC),(DABCO) (1), 3C/2C-(Zn/

Cu),(BDC),(DABCO) (2), 8C/2C-(Zn/Cu),(BDC),(DABCO) (3), 13C/2C-(Zn/

Cu),(BDC),(DABCO) (4), 18C/2C-(Zn/Cu),(BDC),(DABCO) (5), 28C/2C-

(Zn/Cu),(BDC),(DABCO) (6), and 38C/2C-(Zn/Cu),(BDC),(DABCQO) (7).

(b) Calculated average thickness as a function of number of growth cycles.
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nonlinear growth with respect to the number of cycles. This
phenomenon has been reported also in the literature,**** and
may be attributed to a storage mechanism in which unreacted
components are temporarily held on or in the already deposited
SURMOF. The amount of precursor material accessible near the
interface can then vary during each island growth step and
thereby cause a nonlinearity in the development of crystallite size
with the number of cycles. The estimated thickness of (38C/2C)-
(Zn/Cu),(BDC),(DABCO) is ~73 nm, agreeing well with the
observed height in cross-sectional SEM image (Fig. S8b, ESIT).
This observation indicates vertical growth of the SURMOF plate-
lets. In addition, the gradual growth of the platelet width as the
number of deposition cycles was increased from 3 to 38 can be
retraced by SEM, until, finally, full coverage of the substrate is
achieved (Fig. S7, ESIt). In other words, an island-type growth
(Volmer-Weber growth) for the core-shell heterostructures was
observed.*>** As illustrated in Fig. 6, the Cu,(BDC),(DABCO) first
formed and distributed on the substrate in the shape of small
islands. Then, alternating immersion between Zn and linkers
solution produced Zn,(BDC),(DABCO) growing along both lateral
and vertical directions on those islands. Further growth eventually
leads to merging of individual islands, ultimately resulting in
films that fully covered the substrate. It should be noted that
the thin film resulting from this growth mode is not perfectly
homogeneous, while Frank-Van der Merwe type growth should
yield MOF films of nearly uniform thickness and without
pinholes."***™*” To improve the homogeneity, it may have some-
thing to do with the modification of substrates, selection of
precursors, and conditions of synthesis. For instance, to facilitate
MOF nucleation, the surface may require functionalization with
active sites. This process usually involves the introduction of
functional groups such as -COOH or the application of a metal
oxide buffer layer, such as ZnO. Our laboratory is currently
conducting further mechanistic studies and developing asso-
ciated processes.

The Cu,(BDC),(DABCO)-templated growth of pillar-layered
Zn-type SURMOF with [001] orientation is not limited to the
Zn,(BDC),(DABCO). Zn,(NDC),(DABCO) is a well-known MOF
(NDC = naphthalene-1,4-dicarboxylic acid) that possesses
similar lattice parameters to Cu,(BDC),(DABCO). Therefore,
it serves as an initial target to synthesize a [001]-oriented
SURMOF by using this heteroepitaxial method, following
Zn,(BDC),(DABCO). Indeed, using 2C-Cu,(BDC),(DABCO) as a
template, crystalline and highly [001]-oriented 20C-Zn,(NDC),-
(DABCO) could be obtained (XRD and GIWAXS patterns shown
in Fig. S9, ESIT).

Deposition of
Zn,(BDC),(DABCO)

Cu,(BDC),(DABCO) islands

Fig. 6 Schematic showing layer-by-layer growth proceeds via the formation of islands and thus follows a Volmer—Weber-like growth mechanism.
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Core-shell-shell heterostructure

With a successful protocol established for growing well-
oriented Zn-type SURMOF on Cu,(BDC),(DABCO), we next
considered SURMOFs attractive for optical application, such
as M,L,P-type MOFs that include photo- and electroactive
ligands. These would be attractive for building functional
materials by virtue of being able to tune two separate ligands.
As detailed above, Cu,(BDC),(DABCO) is a useful template for
developing controlled growth methodology, leaving one curious
if a third layer oriented in [001] direction could be constructed
on the core-shell (Zn/Cu),(BDC),(DABCO) structure — particu-
larly, if emissive linkers are involved in the third layer, the
second shell Zn,(BDC),(DABCO) could serve as a spacer to
prevent the fluorescence from quenching by copper (Fig. 7a).
To verify this hypothesis, Zn,(ADC),(BPy) was a clear initial
target. The ADC linker dissolved in ethanol can produce
fluorescence at visible wavelengths and has an analogous
transversal length to BDC. Choosing BPy as a pillar ligand
could verify if the heteroepitaxial growth can happen in a
SURMOF with lattice mismatch in the ¢ parameter as well.
BPy, thereby, should give new diffraction peaks at smaller
angles which conveniently allows to distinguish the second
shell from the underlying core-shell (Zn/Cu),(BDC),(DABCO)
structure.

We prepared 20C-Zn,(ADC),(BPy) grown on top of 3C/2C-
(Zn/Cu),(BDC),(DABCO) by the liquid-phase-epitaxy method.
Examined by XRD leads to the observation of one single peak
at 12.7° (¢ = 0.90 A™") and a shoulder peak at 19.3° (g =1.36 A™%).
These two peaks correspond to the (004) and (006) planes along
¢ axis, verified by comparison with the structural simulation of
Zn,(ADC),(BPy) (Fig. S10a, ESIt). Although the first order (002)
peak cannot be detected because of the instrument limitation,
the integrated result of the out-of-plane GIWAXS pattern shows
an obvious peak ~6.4° (g = 0.46 A™%), indicating the retention
of the [001] orientation while deposited 20C-Zn,(ADC),(BPy)
on 3C/2C-(Zn/Cu),(BDC),(DABCO). As for the 2D GIWAXS pat-
tern, several additional peaks were observed from this tri-
layer sample concerning 3C/2C-(Zn/Cu),(BDC),(DABCO). Those
(002), (004), and (112) peaks originating from Zn,(ADC),(BPy)
indicates the preferential [001] orientation of 20C-
Zn,(ADC),(BPy) (Fig. 7b). In addition, the out-of-plane integra-
tion plot of GIWAXS diffractograms with varying angles of
incidence shows the intensity ratio of (004) of Zn,(ADC),(BPy)
to (001) of (Zn/Cu),(BDC),(DABCO) gradually increases with
incidence angle decreasing, indicating the third layer is, in

Increasing
growth cycles
= 4 o

Full-surface-coverage islands
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Fig. 7 (a) Illustration of core—shell-shell trilayer structure. (b) 2D GIWAXS
patterns of Zn,(ADC),(BPy) grown on 3C/2C-(Zn/Cu),(BDC),(DABCO).
(c) Normalized PL spectra of Zn,(ADC),(BPy) on 3C/2C-(Zn/Cu),(BDC)(-
DABCO) (blue line), ethanolic ADC solution (5 x 10~ mol L2, cyan line),
and drop-casted ADC film (green line). Aex = 300 nm. (d) Time-resolved
PL decay of Zn,(ADC),(BPy) on 3C/2C-(Zn/Cu),(BDC),(DABCO) (blue
triangle), ethanolic ADC solution (5 x 1077 mol L™, cyan square) and
drop-casted ADC film (green cycle) monitored at 426, 423, and 501 nm,
respectively. lex = 365 nm. Black square is the instrument response
function of excitation source.

fact, on top of the core-shell structure (Fig. S10b, ESIf). This
result further supports the successful fabrication of core-shell-
shell structure.

Considering the second shell Zn,(BDC),(DABCO) could keep
Zn,(ADC),(BPy) from fluorescence quenching by Cu®*, we carried
out photophysical studies on this trilayer structure. For compar-
ison, a drop-cast film of ADC from an ethanol solution on a Si
substrate and a dilute ADC solution in ethanol at a concentration
of 5 x 1077 mol L " were also investigated. As shown in Fig. 7c,
the steady-state fluorescence spectrum of the core-shell-shell
Zn,(ADC),(BPy) on 3C/2C-(Zn/Cu),(BDC),(DABCO) exhibits a
broad band with a maximum at 426 nm. ADC in ethanol shows
three fine peaks at 399, 423, and 447 nm while the emission of
ADC film centers at 501 nm. Additionally, time-resolved PL decay
reveals a lifetime of the ADC solution emission of 7.11 ns,
adopting a mono-exponential decay characteristic (Fig. 7d).
However, analysis of the fluorescence decay of the core-shell-
shell SURMOF at 426 nm reveals two emitting species with
lifetimes of 1.23 and 6.45 ns, respectively. This pattern mirrors
that of aggregated ADC films, which exhibit both short (2.15 ns)
and long (6.33 ns) decay components (Table S1, ESIT). Within
the Zn,(ADC),(BPy) lattice, ADC molecules are held apart
vertically (along [001] direction) by BPy; yet they are proximal
in the horizontal 2D sheet.*® This arrangement allows for
potential interactions between adjacent ADC or BPy molecules,
which is also evident by the emission broadening. Despite the
broad emission band, the lifetimes extracted from monitoring
the PL decay at 426 and 501 nm are similar. Moreover, the
decay tail bears resemblance to that of ADC molecules in
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ethanol. These observations suggest that ADC molecules within
the SURMOF can engage in coupling states but also have the
capability to emit as isolated monomers when excited.

Conclusions

In summary, we constructed a [001]-oriented core-shell-shell
heretostructural SURMOF composed of Cu,(BDC),(DABCO)
core and Zn,(BDC),(DABCO) and Zn,(ADC),(BPy) shells by the
heteroepitaxial method. Using LPE, despite growing poorly
oriented on its own, Zn,(BDC),(DABCO) could be achieved in
[001] orientation with a Cu,(BDC),(DABCO) as an underlying
oriented templated layer. This core-shell structure was systemi-
cally investigated and found to obey an island-type Volmer-Weber
growth mechanism. In addition, a core-shell-shell SURMOF
structure with the second shell Zn,(ADC),(BPy) serving as an
emitter, the first shell Zn,(BDC),(DABCO) as a spacer, and the
core Cuy(BDC),(DABCO) as the structural template was also
achieved utilizing heteroepitaxy. Since Zn,(BDC),(DABCO) could
suppress the quenching effect of Cu*, the photoluminescence
properties of Zn,(ADC),(BPy) could be examined. This study
facilitates the fabrication of future designer optical materials with
a common, single orientation.

Experimental
Materials

All reagents and solvents were used as received or otherwise
indicated. Copper acetate monohydrate (Cu(OOCCHj;),-H,O,
98%, Alfa Aesar), zinc acetate dihydrate (Zn(OOCCH3;),-2H,0,
97+%, Alfa Aesar), and 4,4’-bipyridine (BPy, 98%, Alfa Aesar) were
purchased from ThermoFisher (Kandel) GmbH. Naphthalene-1,4-
dicarboxylic acid (NDC, 99.66%) and 9,10-anthracenedicarboxylic
acid (ADC, 98%) were purchased from BLD Pharmatech GmbH.
1,4-Bibenzene dicarboxylic acid (BDC) was purchased from Merck
KGaA. 1,4-Diazabicyclo[2.2.2]octane (DABCO, >99%) was pur-
chased from Sigma-Aldrich GmbH. Gd,O;@Si substrates with
150 nm Gd,O3 coated by molecular-beam epitaxy were purchased
from Translucent Energy, Inc. Atomic layer deposition (ALD)-TiO,-
coated silicon substrates were prepared by using a Picosun
R-series ALD reactor. The deposition was performed at 300 °C
with 125 cycles. The pulsing and purging time for TiCl, was 0.1 s
and 9 s, respectively; while water was 0.1 s and 13 s, respectively.
The examined thickness of TiO, is 3 nm.

Characterization

2D grazing incidence wide angle X-ray scattering measure-
ments were carried out on a Bruker D8 Advance equipped with
a copper X-ray source (40 kV, 40 mA), Goebel mirror, a 0.5 mm
micro mask and a 0.3 mm snout on the primary track and an
Eiger 2R_500K detector on the secondary track. The reciprocal
g-space GIWAXS scattering images was obtained with the
GIXSGUI MATLAB plug-in.*® X-ray diffraction patterns were
obtained using a Bruker D2 Phaser diffractometer with CuKa
radiation. The simulated XRD patterns of Zn,(NDC),(DABCO)

This journal is © The Royal Society of Chemistry 2024
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and Zn,(ADC),(BPy) are based on single crystal .cif data in the
literatures.*®*° FTIR-ATR spectra were acquired on a Bruker
VERTEX 70 FT-IR spectrometer. Steady-state photoluminescence
was recorded with a Ocean Insight QE PRO spectrometer-based
system using a UV LED (4 = 300 nm) as excitation source.
Fluorescence decay was recorded on the Edinburgh Instruments
FS5 spectrofluorometer with excitation by an external LED
(365 nm). SEM images were taken on a ZEISS Supra 60VP. To
examine the cross section image at the sample center, the sample
was broken in half prior to measurement.

Synthesis of SURMOFs

The SURMOF synthesis on different substrates was performed,
as previously reported, using the pump sequence by McCarthy
et al.*® Typically, for Cu,(BDC),(DABCO) the epitaxial growth
process consists of alternately immersing a (100) Si substrate
into an ethanolic solution of the building units: Cu(OOCCHj;),-H,O
(1 mmol L™, 15 min) and BDC/DABCO (0.4/0.2 mmol L”*, 30 min).
Between each soaking step, the substrates were rinsed thoroughly
with ethanol for two times (0.5 and 4.5 min each). The temperature
of the heating bath was fixed at 60 °C. The pump sequence lacked
the ethanol-only immersion between the very first metal ion and
ligand immersion. For zinc-type SURMOFs, ethanolic solution of
Zn(OOCCH3),-2H,0 (1 mmol L") was used, and the concentration
of BDC, NDC, ADC, DABCO, and BPy in ethanol were fixed at
0.2 mmol L%,

Simulation

We employed the Fritz Haber Institute (FHI-aims) code,”" based
on density functional theory (DFT), to investigate the stability
and equilibrium structural parameters of Zn,(BDC),DABCO.
To determine the minimum energy structure, we initially
utilized the Perdew-Burke-Ernzerhof (PBE) functional,’® aug-
mented with many-body dispersion correction.”® We selected
“tight” settings within FHI-aims and carried out computations
with a well-converged 2 x 2 x 2 k-points grid, systematically
sampling the Brillouin zone. Strict convergence criteria were
enforced for variations in charge density (10°), total energy
(107° ev), and forces (107* ev A™') to ensure the highest
precision. To determine Kohn-Sham eigenstate occupations,
we applied a Gaussian broadening function with a ¢ = 0.01 eV
width, significantly enhancing electronic state evaluations.
Relativistic effects were accurately accounted for using the
atomic Zeroth-Order Regular Approximation (ZORA).>* In local
geometry optimizations, an advanced iteration of the Broyden-
Fletcher-Shanno-Goldfarb (BFGS) optimization algorithm,>"
incorporating the trust radius method, facilitated the identifi-
cation of minima on the potential energy surface. Throughout
the optimization process, convergence was rigorously main-
tained, with a tolerance threshold of 107> eV A™* consistently
upheld.

For the IR calculations, FHI_aims code with the PBE func-
tional underestimate IR peak positions. Switching to the hybrid
functional improve alignment with experimental peaks. For
calculating the IR spectrum, we turned to the CRYSTAL23
code.>® Within this code, crystalline orbitals are expressed as

This journal is © The Royal Society of Chemistry 2024
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linear combinations of localized atomic orbitals of Gaussian
type. We employed the hybrid B3LYP functional,”®*” account-
ing for dispersion interactions via the D3 correction. The lattice
parameters were obtained from FHI-aims calculations and the
atomic positions relaxed before conducting vibrational calcula-
tions (B3LYP-D3 shows underestimation of lattice constants
compared to experimental data). The accuracy of the Coulomb
and exchange series was controlled by setting thresholds equal
to 9, 9, 9, 9, 18.°® Reciprocal space was discretized using a
Monkhorst-Pack 4 x 4 x 4 grid in the irreducible part of the
Brillouin zone. We maintained a self-consistency procedure
accuracy of no less than 10~"" atomic units (1 a.u. = 27.21 €V)
to ensure the precision of our results.
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