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The targeted synthesis of DUT-8 metal-organic framework thin films of composition M,(2,6-ndc),-
(dabco), where 2,6-ndc = 2,6-naphthalenedicarboxylate, and dabco = 1,4-diazabicyclo[2.2.2]octane
were performed using a dip-coating synthesis strategy on functionalised gold-coated silicon substrates
at room temperature. The thin films were characterised using atomic force microscopy (AFM), scanning
electron microscopy (SEM), and powder X-ray diffraction (XRD), revealing a crystalline and oriented thin
film with a homogeneous nanoparticle formation when M = Cu, and an inhomogeneous distribution of
micron-sized crystals for M = Zn. However, the refined unit cell parameters indicated a large reduction
to the known DUT-8 unit cells (—5% and —13% in the ab-plane for M = Cu and Zn, respectively). Three-
dimensional electron diffraction (3D ED) was performed on the crystals from the thin film synthesis

Received 6th April 2022, of M = Zn, revealing the formation of Zn(2,6-ndc)(H,0), instead of the intended Zn,(2,6-ndc),(dabco)
Accepted 19th July 2022 compound. Similarly, in the case of M = Cu thin films, Rietveld refinements of the powder X-ray
DOI: 10.1039/d2ma00389a diffraction data indicated that Cu(2,6-ndc) was the most likely phase grown. Our results highlight the

competing phases possible for a room-temperature dip-coating synthesis strategy of DUT-8, and
rsc.li/materials-advances demonstrate the advantage of using 3D ED in thin film research.

1 Introduction

Metal-organic frameworks (MOFs) are a class of porous materials
with a highly tuneable chemical and structural diversity, allowing
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the additional control over film thickness through the number
of cycles performed. Moreover, LbL synthesis is carried out
close to room temperature, limiting cracking of the MOF film
upon cooling from a high-temperature synthesis.

The MOF family M,L,P, where M, L and P are the metal
cation, the dicarboxylate ligand, and the pillar ligand,
respectively, are of great interest for thin film growth. The
orientation of these MOF films can be controlled through
growth along the dicarboxylate or pillar ligands,’ and the pores
can be easily functionalised using a wide variety of available
dicarboxylate ligands. In addition, many of these MOFs exhibit
responsive and selective adsorption/desorption of different
gases.'*"? For thin film synthesis, the pillar ligand typically
employed is dabco (1,4-diazabicyclo[2.2.2]octane), while the
dicarboxylate ligand has been varied, such as 1,4-benzenedi-
carboxylate (bdc),"*'* various functionalised bdc ligands,">™*®
anthracene-9,10-dicarboxylate (adc),"® 1,4-naphtalene dicarb-
oxylate (1,4-ndc),”*°>* and campbhoric acid (cam).>***

The 2,6-naphtalene dicarboxylate (2,6-ndc) ligand has not
yet been employed for thin film synthesis of M,L,P type MOFs.
It is a longer ligand, and thus the porosity of the thin film will
be greater, compared to the ligands mentioned above [Fig. 1].
In the bulk form, M,(2,6-ndc),(dabco), named DUT-8, has
been synthesised under hydrothermal conditions for M" = Ni,
Co, Cu, Zn, and have exhibited different sorption-induced
responses.”®?” In particular, DUT-8(Ni) exhibits large flexibility
upon desolvation and adsorption of different gases, with up to
254% changes in volume,”® while DUT-8(Cu) remains rigid
upon desolvation and adsorption, and finally DUT-8(Zn) and
DUT-8(Co) exhibit an irreversible and reversible transition,
respectively, upon desolvation to an unknown phase.>” Recent
studies have highlighted that the conformation of the 2,6-ndc
linker is important for the interchange between the closed and
open forms, which enables the large flexibility.>**°

Due to the interesting sorption properties of DUT-8 and
the possibility to tune its structural flexibility with the choice
of metal cation and synthesis conditions, we aim to syn-
thesise DUT-8 in thin film form using the LbL strategy at

M,(1,4-ndc),(dabco)

M,(bdc),(dabco)

M,(2,6-ndc),(dabco)

o

bdc? dabco 1,4-ndc* 2,6-ndc*

Fig.1 Mj(L),(dabco) MOFs with the ligands used shown below the
structures, reproduced using the cifs from ref. 10, 25 and 26. Note that
the 1,4-ndc?~ ligand is disordered over four sites.
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room-temperature conditions. In this paper, we show first
the DUT-8 bulk powder room-temperature synthesis and its
characterisation by XRD. The thin-film synthesis using functio-
nalised gold silicon substrates as well as non-functionalised
glass slides is then reported. Characterisation of the films using
XRD confirms crystalline and oriented thin films are formed
for both M = Cu and Zn syntheses. The surface morphology
and roughness are determined using AFM and SEM imaging.
Additionally, 3D ED,*' a method recently used for the structure
determination of various nanocrystalline materials that cannot
be addressed by XRD methods,**>* was employed for the
crystal structure determination of crystals from the film sur-
face. In contrast to the M = Cu and Zn synthesises, the M = Ni
thin film synthesis did not yield any crystalline product.
We highlight the competing phases possible for room-
temperature synthesis of DUT-8, and the preferred synthesis
pathways for the different metal cations.

2 Experimental section
2.1 Synthesis

Bulk powders. The targeted synthesis of bulk powders of
DUT-8 for the metal cations Cu", Zn", and Ni" were performed
by mixing the dissolved components of the metal salt and
ligands in ethanol at room temperature. Specifically, metal
acetate salt, Cu(OAc), (98%), Zn(OAc), (99.99%), or Ni(OAc),-
4H,0 (98%) (0.1 mmol), 2,6-ndc (99%) (0.1 mmol), and dabco
(98%) (0.1 mmol) purchased from Sigma-Aldrich were each
dissolved in 4 ml, 3 ml, and 0.5 ml of ethanol, respectively.
In order to assist the dissolution of 2,6-ndc, a few drops
(0.03 ml) of triethylamine were added. The 2,6-ndc and dabco
solutions were mixed and placed at the bottom of a vial,
followed by 2 ml of ethanol and finally the metal acetate
solution through pipetting. In all reactions, fine powders
formed. These were filtered and analysed using powder XRD.

We note that ambient temperature synthesis of DUT-8 has
already been performed with DMF as the solvent, assisted with
mixing in an ultrasonic bath and heating to 55 °C.** The metal
salt to 2,6-ndc and dabco ratio used was 1:1:2, so an excess of
dabco is added compared to the high-temperature synthesis
which uses the ratio as found in the formula unit of 1:1:0.5.>’

Thin films. Silicon substrates were employed for the thin
film synthesis with the dimensions 20 x 20 x 0.5 mm. For
substrate functionalisation, 5 nm of Cr, acting as an adhesion
promoter, followed by 100 nm of Au were evaporated onto the
substrate. The substrates were cleaned first in acetone, then in
isopropanol, and finally dried in a stream of nitrogen. Then,
an O, plasma cleaning for 5 minutes at 100 W was performed
in order to eliminate any photoresist residues.

For SAM functionalisation, the substrates (two at a time)
were immersed into a 20 mM solution of 16-mercaptohexa-
decanoic acid (90%, Sigma-Aldrich) (MHDA) in ethanol/acetic
acid (5% in volume) for 24 h. Afterwards, they were washed in a
ethanol/acetic acid solution (10%) and used directly. We note
that this functionalisation uses a much more concentrated

© 2022 The Author(s). Published by the Royal Society of Chemistry
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solution than the typical 20 pM of MHDA employed,”"®
however, the higher concentration did not affect the surface
roughness as investigated by AFM [Fig. S9, ESIt].

For the thin film growth, an automated inhouse-built dip
coater that could move in the horizontal and vertical directions
was employed. The substrate was submerged first in the metal
acetate solution (1 mmol L") for 5 minutes, then in the
2,6-nde (0.1 mmol L"), and finally in the dabco solution
(0.1 mmol L") for 10 minutes in each for the ligand solutions
with a washing step in ethanol for 5 minutes in between each
step. The concentration and the submersion times in solution
were chosen based on the previous literature procedures, which
often show a factor of 10 dilution from the metal salt solution
to the ligand solutions, and double the submersion time for the
ligand solutions [see Table S4, ESI{].>'*'8223637 Thig cycle
was repeated 40 times.

The thin films were additionally grown on glass slides for
comparison to the thin films grown on SAM-functionalised
substrates. For these dip coatings, 80 cycles were employed with
the same concentrations and dipping times as detailed above.

Thin film synthesis was also performed using the SAM
4-mercaptopyridine (95%, Sigma-Aldrich) (4-PyS) in order to
explore different thin film growth directions. The substrates
were immersed into a 10 mM solution of 4-PyS in ethanol for
24 h. Afterwards, they were washed in ethanol and used directly.
AFM and SEM imaging revealed that at this concentration, the
4-PyS molecule self-assembled into multiple layers ontop of the
substrate, forming a film [Fig. S9, ESI{]. Thus, a second functiona-
lisation was used with a lower concentration of 4-PyS in ethanol at
0.1 mM, forming a much smoother functionalised surface [Fig. S9,
ESIt]. The dip-coating procedure was performed by first submer-
sion of the substrate in the metal acetate solution (1 mmol L") for
5 minutes, followed by the ligand solution (both 2,6-ndc and dabco;
0.1 mmol L") for 10 minutes with a washing step in ethanol for
5 minutes between each step. This procedure was identified as
favouring growth along a different orientation.” This cycle was
repeated for 40 cycles.

2.2 X-ray diffraction

Powder X-ray diffraction on the bulk powders were measured
using a PANalytical X’Pert Pro MPD diffractometer, operating in
reflection mode. A Cu Ko source, rotating stage, and the
X’Celerator detector were used.

Synchrotron powder X-ray diffraction for the Cu,(2,6-ndc),
(dabco) bulk synthesis was performed at the X04SA-MS
beamline®® of the Swiss Light Source (Paul Scherrer Institute,
villigen, CH). The beam energy was set at 22 keV (1 = 0.5636 A),
and the single-photon counting silicon microstrip detector
(MYTHEN II) was employed. The powder sample was loaded
in a 0.5 mm diameter quartz capillary.

Powder X-ray diffraction was measured on the thin films
using a PANalytical Empyrean diffractometer, operating in
reflection mode. A Cu Ka source, the iCore and dCore optics,
and the PIXcel1D detector were used.

Powder X-ray diffraction was measured on the thin films
when SAM = 4-PyS using a Bruker D8 Davinci, operating in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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reflection mode. A two-bounce Ge(022) monochromator was
employed, selecting the Cu Ko, wavelength, and the LYNXEYE
1D detector was used.

Single-crystal X-ray diffraction on a 0.7 x 0.4 x 0.36 mm
crystal of 2,6-ndc:dabco was measured using a Stoe IPDS-II
diffractometer equipped with a graphite-monochromatised
MoKo radiation and an image plate detector. The measured
frames were converted into ESPERANTO format® for indexing
and integration using the CrysAlisPro software.*® The crystal
structure was solved using a dual-space algorithm imple-
mented in the SHELXT program.*' The iterative structure
refinements were performed with the use of the SHELXL
program built in the ShelXle graphical user interface.*>*

2.3 Electron diffraction

High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) imaging and electron diffraction
(ED) data were recorded with a Zeiss Libra TEM operating at
120 kV and equipped with a LaB4 source. 3D ED was performed
in STEM mode after defocusing the beam in order to have a
parallel illumination on the sample. ED patterns were collected
with a beam size of about 150 nm in diameter, obtained using
a 5 um C2 condenser aperture. Data were recorded by a
single-electron ASI MEDIPIX detector.** An extremely low dose
illumination was adopted in order to avoid beam damage.

3D ED acquisitions were performed at room temperature by
rotating the sample around the TEM goniometer axis in steps of
1°, in total tilt ranges up to 120°. The exposure time per frame
was 1 s. The camera length was 180 mm, allowing resolution in
real space up to 0.7 A. During the experiment, the beam was
processed around the optical axis by an angle of 1°. Precession
was obtained using a Nanomegas Digistar P1000 device. After
each tilt, a diffraction pattern was acquired and the crystal
position was tracked by STEM imaging.

3D ED data were analysed using the software PETS2.0.*
Structure determination was obtained by standard direct
methods as implemented in the software SIR2014.*° Data were
treated with a fully kinematical approximation, assuming that
I was proportional to |Fi|®. Least-squares structure refine-
ment was performed with the software SHELXL using electron
atomic scattering factors."’

2.4 AFM

AFM images were collected in peak force tapping mode using
etched silicon tips, SCANASYST-AIR (Bruker, Santa Barbara, CA),
with a spring constant range of 0.2 to 0.8 N m~ ' and a resonant
frequency range of 45 to 95 kHz. 1 Hz scan rate was used to collect
images of 500 x 500 nm and 5 x 5 pm sizes at different locations
on the thin film. In the case of very rough thin films, as for Zn(2,6-
ndc)(H,0), the scan rate was reduced to 0.1 Hz. Image corrections
and analysis was performed using Gwyddion.*®

2.5 SEM

Scanning Electron Microscopy (SEM) images were recorded
with a FEI Nova NanoSEM 230 (FEI, Hillsboro, Oregon, USA)
at an accelerating voltage of 10-15 kV and a working distance of

Mater. Adv., 2022, 3, 6869-6877 | 6871
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5 mm, in some cases going to 3.8 mm for the higher magnifica-
tion. The immersion mode was employed with the Through-
Lens-Detector (TLD) for imaging.

3 Results and discussion

The structures of DUT-8 (M,(2,6-ndc),(dabco)), synthesised
under hydrothermal conditions, were first reported by ref. 26
and 27. Only DUT-8(Ni) was grown as single crystals, while
M = Co, Cu, or Zn compositions were solved from powder
diffraction data. Since then, a re-evaluation of the DUT-8(Ni)
and DUT-8(Zn) structures based upon the orientation of the
non-linear 2,6-ndc ligand was determined, which was found to
be important for the MOF flexibility [Fig. 2].>>***° The crystal
sizes, linked to different synthesis conditions, were also found
to influence the flexibility and guest-response properties of
DUT-8(Ni), with the smaller particle sizes (below ~500 nm)
exhibiting a rigid response.*>*"**">> For flexible DUT-8, changes
in their crystal structure could be initiated by the presence of
different solvent or gas molecules in the pores due to the
varying interaction between the guest and the MOF.?®

Prior to thin film synthesis, we performed the synthesis of
M,(2,6-ndc),(dabco) in bulk powder form at room temperature
by layering the metal salt and ligands dissolved in ethanol.
Synchrotron powder XRD measurements revealed that DUT-
8(Cu) formed as a phase mixture of DUT-8(Cu)-3EtOH P4/n
phase and Cu(OAc), (dabco) [Fig. 3].>> The mismatch in some of
the measured diffraction intensities of the DUT-8(Cu)-3EtOH
phase likely arises from the simplified model of the ethanol
molecules in the pores [see Fig. S1 (ESIt) for a Pawley fit]. In the
case of the DUT-8(Zn) synthesis, the powder diffraction pattern
could not be identified to a particular known phase, and
moreover, the formed sample changed with time as indicated
by powder XRD measurements performed after three weeks of
the sample being exposed to air [Fig. S2, ESI{]. This is in
contrast to the DUT-8(Cu)-3EtOH sample, which remained
stable with time. In one of the synthesis trials of DUT-8(Zn),
acetic acid was added as a modulator to slow down the MOF

[+
b P4in C2/m
Ligand conformation A Ligand conformation B
'Rigid' 'Flexible'

Fig. 2 The DUT-8(Ni) crystal structures at 300 K from ref. 26 and 29 in the
open pore form, with the different possible conformations of the 2,6-ndc
ligand. The two different orientations are highlighted in the C2/m structure
with the grey and black coloured carbons of the ligands. Note that in both
structures the dabco ligand is disordered. The green square pyramids
indicate the Ni" coordination, O is in red, N in blue, C in grey or black, and
hydrogen atoms have been omitted for clarity.
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Fig. 3 Rietveld refinement of DUT-8(Cu)-3EtOH and Cu(OAc),(dabco)
from the room-temperature synthesis in ethanol. The powder XRD was
measured at the SLS with 4 = 0.5636 A. The black points indicate
experimental data, the red line the calculated profile, and the grey line
the data-fit. The blue and green hkl tick marks represent the DUT-8(Cu)-
3EtOH and Cu(OAc),(dabco) reflections, respectively. The crystal struc-
tures from the refinement are shown as insets, with the phase fractions
indicated.

formation for promoting single crystal growth.> This synthesis
condition resulted in the formation of single crystals of a new
2,6-ndc:dabco co-crystal [Fig. S3 and Table S1, ESI{]. For the
DUT-8(Ni) synthesis, only a poorly crystalline/nanocrystalline
powder formed [Fig. S4, ESIf{]. Further studies on room-
temperature (RT) synthesis optimisation are needed, in parti-
cular with EtOH used as the solvent. Increasing the molar ratios
of ligands, and additional mixing steps could be future direc-
tions to try and optimise DUT-8 RT synthesis.

Despite the challenges encountered in the RT synthesis of
DUT-8, the synthesis as thin films for M" = Cu, Zn, and Ni were
carried out since the different synthesis conditions of LbL
growth may be beneficial for selecting phase pure DUT-8
growth. The silicon substrates employed were functionalised
by firstly gold coating and secondly by chemisorption of the
self-assembled monolayer (SAM) 16-mercaptohexadecanoic
acid (MHDA). The carboxylate ending of MHDA mimics the
coordination of the 2,6-ndc ligand and is thus expected to
promote growth of the MOF along the (110) direction [Fig. S10,
ESIt]. A systematic study on the deposition sequence for the
LbL growth of the related Cu,(1,4-ndc),(dabco) MOF suggests
the order of Cu(OAc), or Zn(OAc), — H,ndc — dabco, with an
ethanol washing step in between, for oriented and crystalline
films using the MHDA SAM.® This sequence was thus employed
here and repeated for 40 cycles using an automated homemade
dip coater. For comparison, the same synthesis procedure was
repeated on a glass substrate, containing no functionalised
surface, for 80 cycles.

The homogeneity and morphology of the synthesised thin
films were determined from atomic force microscopy (AFM)
and scanning electron microscopy (SEM) measurements.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Optical, SEM, and AFM images on the thin films for the M = Zn and Cu syntheses. (b) Powder X-ray diffraction patterns of the thin films with the

calculated powder patterns of empty-pore DUT-8(Cu) and DUT-8(Zn) from ref. 27.

AFM images were recorded on different positions of the thin
film, and the average surface roughness was calculated within
Gwyddion®® with the error representing the standard deviation.
The initial gold surface has a root mean square (RMS) rough-
ness (Rq) of 0.99(3) nm, which does not change upon MHDA
functionalisation (R, = 0.99(7) nm), consistent with the
literature.”> However, the features in the MHDA film do
become noticeably larger compared to the native gold surface,
suggesting a change in surface morphology [Fig. S9, ESIt]. For
the M = Cu thin film synthesis, the RMS roughness increases by
a magnitude to 13(3) nm. However, in the case of the M = Zn
synthesis, the thin film roughness is much larger with a two
orders of magnitude increase at Ry = 150(20) nm [Fig. 4(a)].
The inhomogeneous surface of the M = Zn synthesis film was
further confirmed by SEM, which revealed individual crystals
on the surface at 0.5 to 1 pm in size. This contrasts with the
M = Cu synthesis, which exhibits a dense film with particle
sizes of 30-50 nm [Fig. 4(a)].

Fig. 4(b) shows the XRD patterns measured for the thin films
when M = Cu and Zn. In the case of the thin film synthesis for
M = Ni, no crystalline product was formed, which is consistent
with the formation of a poorly crystalline powder in the bulk
synthesis. The M = Cu and Zn thin film powder patterns could
be fitted with the unit-cell parameters and P4/n symmetry of
DUT-8,*” with a preferred orientation along the (110) direction,
however, there is a large reduction in the ab-axes by 4.8% and
13.0% for M = Cu, and Zn, respectively [Fig. 5]. In order to
validate whether this change in unit cell dimensions can still be
chemically realistic, Rietveld refinements were performed
where the 2,6-ndc ligand was treated as a rigid body and its
orientation was refined with bonding restraints to the metal
cation. Due to the limited number of diffraction peaks, all other
structural parameters were kept fixed, many of which were
imposed because of the high symmetry. The P4/n symmetry was
employed for DUT-8(Zn) instead of the P2/n model since both
structures fitted equally well and employing the P4/n model
reduced the number of refineable parameters. These fits

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Rietveld fits of the X-ray powder diffraction of the thin films using

M5(2,6-ndc),(dabco) as the structural model. Preferred orientation along
the (110) direction was refined using the March—-Dollase factor.

IR ORI

resulted in unphysically short M-O bonding distances of
Cu-O at 1.6 A and Zn-O at 1.2 A [Fig. 5].°*°” In addition, the
relative intensities of the diffraction peaks do not follow the
DUT-8-xEtOH predicted pattern, but rather the empty-pore
DUT-8 powder diffraction patterns, even though the films were
not heated for desolvation. These points indicate that DUT-8
was not grown as intended, but that a different crystalline thin
film formed instead.

In order to elucidate the thin film crystal structure, the
micron-sized crystals from the M = Zn synthesis were removed
from the film surface [Fig. 6(a)], and measured using 3D ED.
Electron diffraction was favoured over single-crystal X-ray dif-
fraction due to the small crystal sizes. The crystals were isolated
and directly dispersed on a carbon-coated Cu TEM grid. 3D ED
data were recorded from six crystal fragments with sizes less
than 1 pm [Fig. S5, ESIt]. All 3D ED data sets were consistent
with a C-centred monoclinic cell with approximate unit-cell
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Fig. 6 (a) Optical image of the pm-sized crystals from the thin film
synthesis on a glass slide when M = Zn. (b) Reciprocal space reconstruction
of the hOl plane from the 3D electron diffraction data collection. (c) Crystal
structure of Zn(2,6-ndc)(H,O) as solved from 3D electron diffraction.
Grey polyhedra indicate the distorted trigonal bipyramid five-fold
Zn-coordination, red, black, and pink atoms indicate oxygen, carbon,
and hydrogen, respectively.

parameters of @ = 22.7 A, b = 6.3 A, c = 7.3 A, and f = 91.7°
[Fig. 6(b) and Fig. S6, ESIt]. A search in the CCDC>® indicated
a possible match with the coordination polymer Zn(2,6-
ndc)(H,0).>°°

Ab initio structure solution was performed in the space
group C2/c using the most complete 3D ED data set that was
collected from one single nanocrystal. The obtained structural
model confirms that the non-porous Zn(2,6-ndc)(H,0) coordi-
nation polymer is formed [Fig. 6(c) and Fig. S7, Table S2, ESIT].
This model was subsequently least-squares refined against 3D
ED data imposing geometrical restraints for the interatomic
distances and for the planarity of the flat naphthalene.
All hydrogen atoms were generated in geometrically idealized
positions. More details about structure determination and
refinement are reported in Table S3 (ESIt).

Using the result from the 3D ED, the thin-film XRD patterns
were fitted with the M(2,6-ndc)(H,0) structural model. For
these refinements the 2,6-ndc ligand was treated as a rigid
body, and its orientation was allowed to refine with bonding
restraints in place to Zn or Cu. Since the orientation of the film
is along the (100) direction, the a-axis was refined. All other
structural parameters were kept fixed due to the limited num-
ber of diffraction peaks. This resulted in an excellent fit for
M = Zn and a reasonable fit for M = Cu, with the models
exhibiting physically sound M-O bonding distances at Cu-O =
2.0 and 2.4 A and Zn-O = 2.0 and 1.9 A [Fig. 7; see Fig. $12 (ESIY)
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Fig. 7 Rietveld fits of the X-ray powder diffraction of the thin films using
M(2,6-ndc)(H,0) as the structural model. Preferred orientation along the
(100) direction was refined using the March—Dollase factor.

for an enlarged fit of Zn(2,6-ndc)(H,0)].>**” The optical, SEM,
and AFM images of the Zn(2,6-ndc)(H,O) thin film are shown in
Fig. 4(a) and Fig. S13 (ESIt). However, Cu(2,6-ndc)(H,0) is not a
known crystal structure, and trigonal bipyramidal Cu" coordi-
nation does not display such large differences in the Cu-O
distances, especially within the equatorial plane.®"®* Yet, the
long Cu-O bonding distances are required for fitting the larger
a-axis for M = Cu at a = 24.655(5) A compared to a = 22.7067(3) A
for M = Zn. Unfortunately, electron diffraction on the nano-
crystals recovered from the M = Cu thin film did not result in
unit cell indexation nor structure solution due to the tendency
of the crystals to aggregate and their poor diffraction quality
[Fig. S8(a), ESIt].

Further thin films were synthesised with different substrate
functionalisations in order to encourage other growth direc-
tions and thus observe a different set of Akl diffraction peaks
to help elucidate the M = Cu thin film structure. In addition
to the thin films with MHDA used as SAM, the SAM
4-mercaptopyridine (4-PyS) and a synthesis without any sub-
strate functionalisation (glass substrate) were employed.
For the thin film synthesis of M = Cu and (i) SAM = MHDA,
(ii) SAM = 4-PyS, and (iii) no SAM functionalisation, all the
diffraction patterns were identical [Fig. S11, ESI{]. In the case of
the thin film synthesis with M = Zn and the MHDA SAM, 100%
of (100) oriented Zn(2,6-ndc)(H,O) is formed. When 4-PyS
is employed as SAM or no SAM used, the main peaks of
Zn(2,6-ndc)(H,0) are preceded by peaks at lower angles. The
position of these additional peaks match the peak positions
found in the XRD patterns of M = Cu thin films [Fig. S11, ESI{].
These observations point towards a different phase that forms
for all M = Cu thin film synthesises, and as a competing phase
when M = Zn and SAM = 4-PyS or no SAM are used. Fig. S14 and
S16 (ESIT) show the Rietveld fits using a two-phase fit for M =
Zn when SAM = 4-PyS or no SAM are used, and the corres-
ponding optical, SEM and AFM images are given in Fig. S15 and
S17 (ESIT). The electron diffraction results also suggest a

© 2022 The Author(s). Published by the Royal Society of Chemistry
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different structure than Zn(2,6-ndc)(H,O) for the M = Cu thin
film due to the large difference in diffraction quality, which
could arise from a more disordered and porous structure in the
case of the M = Cu nanocrystals.

The thin film XRD patterns of the M = Cu synthesis resemble
closely the thin film XRD of Cu(2,6-ndc) reported by ref. 64
[Fig. S18, ESI{]. Liu et al. report a structural model and unit cell
of Cu(2,6-ndc) based upon ab initio electronic structure calcula-
tions as @ = ¢ =13.35 A, b = 5.6 A, o = f = y = 90° with P2
symmetry,®* although their XRD patterns were not fitted. Here
we use the unit cell proposed by ref. 64, but reduce the
symmetry to P1 in order to freely refine the 2,6-ndc ligand
orientations. Our refinement of the experimental diffraction
data leads to a = ¢ = 12.3215(15) A, with all other unit cell
parameters kept fixed since only (200) and (00/) reflections are
observed. The smaller ac-plane necessitates the 2,6-ndc ligand
to be coordinated to the Cu" ions on a diagonal along the b-axis
[Fig. 8]. This leads to a chain of equally-separated Cu'" ions
which are linked with four 2,6-ndc ligands, with the centre of
the ligands above and below the plane of the CuO, square
planar coordination [see Table S5 (ESIt) for the atomic coordi-
nates]. This coordination differs from the expected paddle-
wheel copper coordination geometries from ref. 64. However,
the refined model gives Cu-O bonding in the expected range:
2.0-2.2 A and a good fit to the experimental XRD pattern [Fig. 8;
see Fig. S19 (ESIt) for an enlarged Rietveld fit]. The corres-
ponding optical, SEM, and AFM images are given in Fig. 4(a)
and Fig. S20 (ESIt). The thin films made with 4-PyS SAM or
when no SAM is employed gave similar thin film diffraction
patterns, which could be fitted using the Cu(2,6-ndc) model
[Fig. S21 and S23, ESIf]. The corresponding optical, SEM, and
AFM images are given in Fig. S22 and S24 (ESIf). Out of
the three structural models refined for the M = Cu thin film,
Cu(2,6-ndc) gives the most chemically feasible model with the
d-spacings observed. For a complete structural validation,

L L L
Cu(2,6-ndc) P1 -
a=c=12.3215(15) A

b =5.761 A (fixed)

B a=p=y=90° (fixed) 7

Intensity (a. u.)

26 (°)

Fig. 8 Rietveld fits of the X-ray powder diffraction of the thin films using
Cu(2,6-ndc) as the structural model. Preferred orientation along the (001)
was refined using the March-Dollase factor.
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DFT-optimisation of the MOF structure and/or further efforts
to crystallise more robust single crystals of Cu(2,6-ndc) for
single-crystal or electron diffraction would be needed.

In all thin film syntheses, the incorporation of the neutral
pillar ligand dabco did not occur, and instead the coordina-
tion polymer Zn(2,6-ndc)(H,0O) and metal-organic framework
Cu(2,6-ndc) and Zn(2,6-ndc) were formed. The synthesized
films gave contrasting morphologies depending on the phase
grown. The Zn(2,6-ndc)(H,0) grows as isolated um-sized crystals
giving rise to extremely rough film surfaces of thicknesses of
~480 nm [Fig. S25, ESIt], while the Cu(2,6-ndc) film exhibits
homogeneous and flat surfaces with densely-packed nanoparticle-
sized particles with film thicknesses of ~166 nm [Fig. S26, ESIt].
While powder XRD is typically used to characterise MOF thin films,
in the case of an unexpected phase growth it is extremely challen-
ging to characterise the film crystal structure due to the limited
number of diffraction peaks from a textured sample. In this study,
we highlight that 3D ED is a powerful tool to be employed in thin
film research in order to determine unambiguously the crystal
structure of the film. We suggest that for future synthesis of DUT-8
thin film, much greater concentrations of dabco should be
employed. However, there may be other synthesis parameters to
optimise, since some MOF phases can form in a very narrow
concentration, temperature, and pH range.*>*” In order go through
many synthesis conditions for M,(2,6-ndc),(dabco) thin films, a
faster synthesis strategy could be adopted, such as the use of an
aluminium-doped ZnO functionalisation on the substrate surface.
MOF growth then requires only one submersion in the metal salt
solution followed by the ligand solution.®®

4 Conclusions

In summary, we show that DUT-8 synthesis at room temperature
gives rise to a variety of other phases, such as mixtures of DUT-
8(Cu) and Cu(OAc),(dabco) in bulk powder synthesis, and in thin
film LbL synthesis Zn(2,6-ndc)(H,0)/Zn(2,6-ndc) mixtures, and
phase pure Zn(2,6-ndc)(H,0) or Cu(2,6-ndc). Due to the growth of
unexpected thin film phases, 3D ED was used to elucidate the
crystal structure of the thin film in the M = Zn synthesis. These
results pave the way for future studies in DUT-8 thin film research.
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