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Abstract
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Solvent-free powder synthesis and thin film chemical vapour
deposition of a zinc bipyridyl-triazolate framework

Timothée Stassin,@ lvo Stassen,® Nathalie Wauteraerts,® Alexander John Cruz,® Marianne Krauter,®
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Abstract: MAF-252, a non-porous crystalline coordination polymer, is
obtained from the solvent-free reaction of ZnO with 3-(2-pyridyl)-5-(4-
pyridyl)-1,2,4-triazole. MAF-252 can be synthesized in powder form
and deposited as thin films, starting from ZnO powder and layers,
respectively. Chemical vapour deposition (CVD) of MAF-252 enables
conformal and patterned thin films, even on high aspect ratio features.

Introduction

Coordination polymers are built from metal ion nodes
interconnected by organic linkers. Among these materials,
crystalline and microporous metal-organic frameworks (MOFs)
have been extensively studied because of their record-breaking
specific surface area (up to 7500 m2 g'*) and functionalisable pore
interior.2 MOFs are typically synthesized under solvothermal
conditions. For example, Yaghi and co-workers prepared zeolitic
imidazolate frameworks (ZIFs), a subclass of MOFs, using metal
salts and various imidazole linkers in solution.®! At the same time,
Chen and co-workers obtained similar or identical materials, and
called these metal-azolate frameworks (MAFs).*®! Later, a more
sustainable preparation method was demonstrated, based on
solvent-free reactions in mixtures of metal oxide and linker
(OSFR).[6™ Interestingly, a number of MOF materials can only be
obtained under solvent-free conditions.®!

The deposition of new materials as thin film, a prerequisite for
their introduction in several applications (e.g., microelectronics),®
is often achieved through adaptation of powder preparation
routes.*? For example, MOF chemical vapour deposition (MOF-
CVD) was inspired by OSFR chemistry.!Y) The MOF-CVD
approach relies on two steps: vapour-phase deposition of an
oxide precursor followed by its reaction with the vaporised
linker.'1-14 Recently, we developed CVD protocols for the
microporous zinc 2-methylimidazolate ([Zn(mim).]) MAF-4 (also
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Figure 1

known as ZIF-8) and mesoporous zinc 2-ethylimidazolate
([Zn(elm),]) MAF-6.11114 Other candidates to expand the scope of
this CVD approach are an isostructural series of MAFs based on
3-(2-pyridyl)-5-(4-pyridyl)-1,2,4-triazolate) (Hdpt) or the
methylated  3-(3-methyl-2-pyridyl)-5-(4-pyridyl)-1,2,4-triazolate
(Hmdpt). These materials have been reported as MAF-25
([Co(dpt)2]), MAF-26 ([Co(mdpt).]), MAF-27 ([Mg(mdpt)2]) and
MAF-28 ([Zn(mdpt)2]).57 Here, we focused on the undocumented
reaction of ZnO with the commercially available linker Hdpt.
Surprisingly, the reaction yields a material that is not the Zn-
analogue of MAF-25, but rather a novel non-porous crystalline
coordination polymer to which we further refer as MAF-252 (read:
‘MAF-25 two’). This study reports the solvent-free formation and
characterisation of MAF-252 in powder form and as thin films
(Figure 1).

Results and Discussion

MAF-252 powder was synthesized by heating a mixture of ZnO
and Hdpt at 270 °C for 16 h in a glass ampoule, as for the OSFR
of other H(m)dpt-based MAFs.®71 This approach can be
translated to a thin film deposition process following a two-step
reaction scheme, as in MOF-CVD: (1) deposition a thin (1-15 nm)
ZnO layer and (2) reaction of the ZnO layer with Hdpt vapour. The
resulting MAF-252 powder has a beige colour, while the MAF-252
films have a homogeneous mirror-like appearance (Figure 1).
MAF-252 CVD requires a reaction temperature = 175 °C (step 2)
(Figure S3.1). For this study, MAF-252 thin films were deposited
within an hour in a simple glass reactor kept at 200 °C to ensure
a high enough vapour pressure of this low-volatily linker (Figures
a
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Figure 2. Solvent-free formation of MAF-252 from reaction between ZnO
and  3-(2-pyridyl)-5-(4-pyridyl)-1,2,4-triazolate  (Hdpt) vapour. a,
Schematic representation of the powder synthesis. b, Schematic
representation of the film deposition. c, Image of MAF-252 powder and film.
d, Chemical structure of Hdpt and Hmdpt.
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Figure 3. MAF-252 powder and thin films characterisation. a, X-ray diffractogram of MAF-252 powder and film. b, TGA of MAF-252 powder. ¢, SEM images of
MAF-252 powder, MAF-252 film, and MAF-27 powder reproduced from Ref. 6 with permission from The Royal Society of Chemistry; scale bar = 2 ym. d, ATR-FTIR
spectra of MAF-252 powder and film. e, GIXRD plot of an oriented MAF-252 film grown from (002)-oriented ZnO.

S2.1 and S2.2). MAF-252 CVD is a very simple and robust film
deposition process, while ZIF-8 and MAF-6 CVD require precise
control over the atmosphere composition (e.g., relative humidity),
as well as the temperature gradient between substrate and
reactor to achieve reproducible film morphology.i*%

MAF-252 powder and films are crystalline and have similar
ATR-FTIR spectra and diffraction patterns (Figure 2a,d). No
match was found with a known crystal structure. The cell
parameters and symmetry cannot be unambiguously identified
from the powder pattern because of the limited number of
reflections and broad peaks. In both cases, no ZnO is observed
by X-ray diffraction, suggesting complete reaction of ZnO with the
linker, as also reported for MAF-28.18]

MAF-252 CVD is sensitive to the ZnO crystallinity and
orientation. MAF-252 films grown from amorphous or poorly
crystalline zZnO display a powder-like GIXRD pattern,
characteristic of a random crystallite orientation (Figure S3.5).
Conversely, diffraction spots instead of continuous rings are
observed in the GIXRD pattern of MAF-252 films grown from
(100)-oriented and (002)-oriented crystalline ZnO layers,
suggesting some degree of crystallite orientation (Figure 2e,
Figure S3.5). These observations are reflected in the film
morphology. The morphology of MAF-252 films grown from non-
oriented ZnO and powders as observed by SEM is identical and
consists of elongated micron-sized crystallites, as for MAF-27
(IMg(mdpt)2]) (Figure 2c).®! Fiims grown from oriented ZnO
display larger crystallites lying parallel to the surface, that we
believe result in the observed out-of-plane orientation in the
GIXRD patterns. The formation of these large crystallites likely
stems from a difference in MAF-252 nucleation, growth and
crystallite ripening for the different types of ZnO precursor, as
observed elsewhere for ZIF-8 CVD.'® MAF-252 CVD is

insensitive to the substrate surface chemistry: films with identical
morphology can be deposited on Si, Au, and TiO, (Figure S3.7).

Thermogravimetric analysis of MAF-252 in air shows no
weight loss below 400 °C. (Figure 2b). Above 400 °C, the material
decomposes to ZnO. Since the observed weight loss (83 %)
matches the weight loss expected for [Zn(dpt).] (84 %), MAF-252
likely has this chemical formula, similar to MAF-25 ([Co(dpt)2])
and MAF-28 ([Zn(mdpt)2]) prepared under the same conditions
(Table S4.1).67 Temperature-dependent PXRD and SEM
confirm the degradation of MAF-252 above 400 °C (Figures S4.2-
S4.4).

While MAF-25 is porous to both N, and CO,, no porosity was
detected in MAF-252 powder by N, and CO; physisorption, and
in MAF-252 films by Kr physisorption and MeOH ellipsometric
porosimetry, even after activation for 12 h at 350 °C under
dynamic vacuum.

MAF-252 CVD was also investigated as a function of starting
ZnO thickness and CVD reaction time by SEM, GIXRD, AFM, and
ellipsometry. MAF-252 films grown from 1 nm of ZnO show
scattered crystals on the surface. Thicker ZnO layers yield MAF-
252 films with full surface coverage (Figures S3.2 and S3.3).
Conversion of ZnO to MAF-252 is paired with a significant
thickness increase. Starting from 1, 4 and 11 nm of ZnO yields
MAF-252 films with a thickness of 19, 77, and 109 nm after 16 h,
respectively (Figure S3.4). The corresponding film thickness
expansion factors are respectively 19, 19 and 10, which is
remarkably large for oxide-to-MAF conversions (Table 1). As
observed for other materials, linker diffusion hindered by the
growing film causes incomplete oxide-to-MAF conversion and a
lower apparent expansion factor (10 vs 19) when starting from
thick oxide layers.[*!



Table 1. MAF structures and corresponding ZnO-to-MAF film expansion
factors.

Material CSD code Density (g cm™) Film expansion factor®
Bulk ZnO  ALD ZnO
ZIF-8 (MAF-4) VELVOY 0.95 17 12
MAF-6 MECWOH 0.77 22 15
MAF-28 UYAQER 1.53 24 17
MAF-252 This work - - 19 (exp.)

[ETheoretical values based on the bulk ZnO density (5.6 g cm®) and measured
ALD ZnO density (3.9 g cm?), and the know crystal structure of ZIF-8 (MAF-
4), MAF-6, and MAF-28. Experimental value from the ratio of the measured
ellipsometric film thickness of ZnO precursor and MAF-252 films.

Different growth stages can be observed: smooth and thin
amorphous films in the first 10 min likely corresponding to the
surface reaction between ZnO and Hdpt vapour, followed by
MAF-252 nucleation and crystallization observed as a steep
increase in film thickness and roughness. After 1 h reaction, the
growing MAF-252 film hinders the linker diffusion and further
oxide conversion. At the same time, larger crystallites are formed
by ripening (Figure 3 and S3.4). A similar growth process was
observed for ZIF-8 CVD.1

Some applications could benefit from the large film expansion
upon conversion of ZnO to MAF-252 and the high carbon content
of the resulting films (e.g., carbonization for use in
microsupercapacitors). For integration into microelectronics,
compatibility of the deposition process with typical
microfabrication steps is critical. Therefore, the conformality of
MAF-252 CVD and film patterning were evaluated (Figure 4).
Conformal ZnO precursor layers were deposited by atomic layer
deposition (ALD) on high aspect ratio (25:1) silicon micropillars
and converted to conformal MAF-252 fiims over the whole
micropillar length. ZnO was also patterned on a flat substrate by
lithography and converted to MAF-252. The original pattern was
maintained with high fidelity.

Conclusions

The formation of the non-porous crystalline coordination polymer
MAF-252 from ZnO and a commercially available linker is an

example of the potential of solvent-free, vapour-phase processing.

MAF-252 CVD is compatible with microfabrication. While the
crystal structure of MAF-252 remains to be solved, its integration
in applications could benefit from the robustness and the large
film expansion factor of the deposition process.

Experimental Section

Material and methods can be found in the electronic supporting
information.
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Figure 4. Time evolution of MAF-252 CVD. a, SEM images, b, thickness by
ellipsometry and RMS roughness by AFM, and c, diffractograms extracted from
GIXRD patterns of MAF-252 films grown from 10 nm ALD ZnO at various
conversion times.
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Figure 5. MAF-252 CVD compatibility with typical microfabrication steps.
a, SEM images of MAF-252 films deposited conformally on high aspect ratio Si
micropillars. b, Schematic representation of MAF-252 CVD on high aspect ratio
micropillars and film patterning. ¢, SEM images of patterned MAF-252 films;
scale bar =1 um.
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