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ABSTRACT: Here we show that sub-micron coatings of =~ ZNONC - 5, ZIF

zeolitic imidazolate frameworks (ZIFs) and even ZIF—ZIF D'SSQIUt'On Crystallization
bilayers can be grown directly on polymers of intrinsic N DR
microporosity from zinc oxide (ZnO) nanocrystal precursor
films, yielding a new class of all-microporous layered hybrids.
The ZnO-to-ZIF chemical transformation proceeded in less
than 30 min under microwave conditions using a solution of
the imidazole ligand in N,N-dimethylformamide (DMF),
water, or mixtures thereof. By varying the ratio of DMF to
water, it was possible to control the morphology of the ZIF-
on-polymer from isolated crystallites to continuous films.
Grazing incidence X-ray diffraction was used to confirm the
presence of crystalline ZIF in the thin films, and X-ray absorption spectroscopy was used to quantify film purity, revealing films
with little to no residual ZnO. The role solvent plays in the transformation mechanism is discussed in light of these findings,
which suggest the ZnO nanocrystals may be necessary to localize heterogeneous nucleation of the ZIF to the polymer surface.

o

.o. o o.o QN\' '.

B INTRODUCTION sites for the first time (Figure 1). ZIFs are robust materials
A hybrid material can exhibit functional properties greater than demonstrating great promise in a variety of applications
the sum of its parts when its components are chosen and including separations, catalysis, sensing, and elec-
arranged rationally."” Assembling such a composite requires tronics."*'*~"" The ultrathin films reported here are especially
attention to the chemistry, size, and morphology of each promising for asymmetric membranes, where thin selective
component. Furthermore, controlling composite architecture layers provide high selectivity without sacrificing flux. The
necessitates consideration of the interfaces between these morphology of these ZIF films on polymer is strongly
components. While there are many examples of functional influenced by the reaction conditions used to convert
composites with a dispersed phase in a host matrix (eg, nanocrystalline ZnO to either ZIF-7 or ZIF-8, highlighting

mechanically reinforced polymer composites,” > composite
; 67
electrodes for electrochemical devices,
photonic displays®”), those with layered architectures are
fewer and are often more difficult to fabricate. This is the case
with ZIF—polymer composites, where producing layered
composites is more time-consuming and less controllable

) the deterministic role solvent plays on ZnO dissolution as well
and switchable . . .
as ZIF nucleation and growth. The unique layered architecture
made possible by these synthetic advances required us to apply
synchrotron X-ray techniques to understand the structure and

composition of the composite in a quantitative manner.

than the formation of mixed-matrix composites.'”"* Through the use of these techniques, we were able to directly
Here we show that sub-micron-thick ZIF films can be grown

in a controllable manner via a ZnO-to-ZIF dissolution— Received: August 20, 2015

crystallization scheme carried out on polymers of intrinsic Revised:  October 9, 2015

microporosity (PIMs), yielding layered microporous compo- Published: October 13, 2015
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Figure 1. Scheme and cross-sectional SEM images depicting (a) ZnO
nanocrystals on a polymer film, (b) a ZIF-7 film grown from sacrificial
ZnO nanocrystals, and (c) a PIM/ZIF-7/PIM trilayer structure. Scale
bars are 200 nm.

probe the nanoscale ZIF films rather than relying on the
products of analogous bulk reactions.

Our implementation of cationic naked ZnO nanocrystals as
precursors to sub-micron-thick ZIF films is unique and
overcomes several challenges previously encountered with
direct growth methods from solution-phase precursors. In
those cases, ZIF films with thicknesses of microns or even tens
of microns are more common.'”'*'®7?* Thinner films, which
help shorten molecular diffusion paths, generally require
multistep layer-by-layer strategies (e.g, SURMOFs), and
while 100 nm ZIF-8 films have been grown solvothermally
on glass and silicon, extending this technique to polymers
frequently requires substrate modification.'””*™*” In the
present scheme, we limit the total Zn(Il) available for ZIF
formation simply by controlling the ZnO nanocrystal film
thickness, and as the ZIF growth is directed by the ZnO
nanocrystal layer, no functionalization of the polymer is
necessary. We also hypothesize that the high surface area
inherent to these 0D nanostructures aids in conversion rate and
efficacy. In that regard, our results are complementary to
previous work reporting ZIF growth on nanoscopic ZnO and
Zn(OH), materials, which have been transformed into both 1D
and 2D ZnO-ZIF or Zn(OH),—ZIF hybrids.”* ">’ Metal
oxides and hydroxides have also been used to grow other
classes of porous crystals, including metal—organic frameworks
(MOFs) via pseudomorphic replication.*®** Common to these
schemes is the etching of the metal oxide or hydroxide by the
ligand (i.e., dissolution) and subsequent nucleation and growth
of the framework material (i.e., crystallization).

B RESULTS AND DISCUSSION

We found that the conversion of cationic naked ZnO
nanocrystal films (15—30 nm thick) to either ZIF-7 or ZIF-8
coatings (100—500 nm thick) on cross-linked films of PIM-1
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(~200 nm thick) proceeded readily using a low-temperature
microwave reaction (Figure lab). Typically, ~7 nm ZnO
nanocrystals were spin-coated on a cross-linked polymer film
atop a silicon substrate. The nanocrystal-coated polymer film
was submerged facedown in a solution of either benzimidazole
or 2-methylimidazole in a water/DMF mixture ([imidazole
ligand], = 1.11 M) to induce transformation to ZIF-7 or ZIF-8,
respectively. The vessel was subjected to microwave radiation
without stirring to maintain an internal solution temperature of
50 °C for 30 min. Substrates were then retrieved and washed by
dipping in a solvent bath (DMF for ZIF-7 films; deionized
water for ZIF-8 films) to remove excess ligand. A sandwich
structure with the ZIF between two layers of polymer was
generated by spin-coating another layer of PIM-1 over the ZIF
surface (Figure 1c). Unusual ZIF-8/ZIF-7 multilayers could
also be prepared on cross-linked PIM-1 films through the
sequential deposition and transformation of ZnO nanocrystal
films with 2-methylimidazole and benzimidazole in turn (Figure
S1 of the Supporting Information). Notably, in no cases was
surface modification of PIM-1 necessary to adhere the ZnO
nanocrystals or ZIF films, where in previous work, amine
functionalization of the polymer was needed to promote
heterogeneous nucleation and adhesion of the ZIF.”
Cross-sectional and top-down SEM were used to study the
resultant film morphology. Contrast differences between
residual ZnO nanocrystals and the overlying ZIF made each
phase readily distinguishable. Crystalline ZIF-7 or ZIF-8 within
the layered hybrid was detected using powder X-ray diffraction
(PXRD) and synchrotron grazing incidence X-ray diffraction
(GIXD) (Figure 2). GIXD patterns provided high signal-to-

(@) (b)
5 5
L s
2 2
= =
[ c
g 3
= =
) l I l ]
04 08 12 04 08 12

q (A7) q (A7)

Figure 2. Diffraction patterns of (a) ZIF-7 and (b) ZIF-8 thin films on
PIM-1 polymer supports, including (i) PXRD, (ii) GIXD, and (iii)
simulated diffraction patterns.

noise crystallographic identification with increased surface
sensitivity, mitigating the overwhelming baseline from the
amorphous polymer seen in the PXRD data.*” This allowed us
to directly collect diffraction patterns of ZIF on the polymer
films. The 2D GIXD patterns were isotropic, revealing no
preferential ZIF orientation with respect to the plane of the film
(Figure S2). To provide further insight into the fundamental
steps in the present scheme, we explored in greater detail the
reaction conditions that influenced ZIF film formation on PIM-
coated substrates.

Our systematic investigation of the reaction conditions used
for the ZnO-to-ZIF-8 film transformation revealed significant
control over film thickness and grain size with changes to the
reaction solvent: here, mixtures of water and DMF (Figure 3).
Other reaction parameters, including temperature, ligand

DOI: 10.1021/acs.chemmater.5b03219
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3:1

Figure 3. SEM images of ZIF-8 coatings transformed from 30 nm thick sacrificial ZnO films at various DMF:water (v/v) ratios. Both cross-sectional
(top row) and top-down (bottom row) views are shown. Scale bars are 200 nm.
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Figure 4. Quantitative XANES characterization of ZIF-8 films transformed from ZnO coatings at various DMF:water (v/v) ratios. (a) Spectra of
bulk ZnO and ZIF-8 (green) and of ZIF-8 films (black). (b) The two principal components (PC) best expressing change in the experimental data set
(black) match experimentally collected bulk ZIF-8 and ZnO spectra (green). (c) Mole fraction of Zn in ZIF-8 after the chemical transformation of
ZnO nanocrystal films (average film thickness = 15 nm, 20 nm, or 30 nm) using different solvent mixtures. These data can be taken as a measure of
film purity with respect to ZIF and residual ZnO.

concentration, and reaction time, were investigated but failed to beyond 50 vol %, significantly less ZnO was visible in the cross-
both provide control over ZIF film growth and produce high- sectional SEM images and the ZIF-8 grain size increased. In
quality coatings. Transformations employing reaction mixtures these cases, the ZIF-8 coatings ceased to be continuous;
up to 50 vol % water yielded comparatively smooth, continuous instead, the growth of faceted, isolated crystals adhered to the
ZIF-8 films as thick as ~150 nm. The continuous nature of the polymer surface was observed. Reducing the thickness of the
films produced under these reaction conditions suggests the sacrificial ZnO layer only slightly changed the morphology of
formation of many ZIF-8 nuclei and comparatively slow crystal the ZIF coatings but resulted in significantly less residual ZnO
growth. Unincorporated Zn(II) is presumed to be lost to in the SEM cross sections (Figures S3—S4). ZnO nanocrystal
solution or retained as residual ZnO trapped at the ZIF— film thicknesses were controlled by diluting the dispersion from
polymer interface. If all the ZnO were successfully transformed, which the films were cast, and approximate ZnO film
a 30 nm nanocrystal layer would produce a ~320 nm thick ZIF- thicknesses were measured using cross-sectional SEM (Figure
8 film.*" As the water content of the reaction mixture increased SS). ZIF-8 coatings formed from even the thinnest ZnO

7675 DOI: 10.1021/acs.chemmater.5b03219
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precursor films fabricated. In most cases, the equilibrium
rhombic dodecahedral ZIF-8 crystal morphology was observed
rather than the kinetically favored cubic morphology.*”
Reactions in pure DMF were not reproducible, which we
attribute to the ease with which naked ZnO nanocrystals
redisperse in this solvent. As benzimidazole is sparingly soluble
in water, an analogous study of the ZnO-to-ZIF-7 trans-
formation is not included here.

To quantify the purity of ZIF-8 layers produced in different
solvent mixtures (i.e., with respect to any residual ZnO), X-ray
absorption near-edge structure (XANES) spectra of represen-
tative samples produced in four DMF:water mixtures were
compared to reference spectra for ZnO nanocrystals and ZIF-8.
XANES total fluorescence yield spectra of the Zn K-edge are
well-suited to the analysis of our hybrid films: they are
unaffected by the presence of the underlying PIM-1 film; the
probe depth is micron scale; and the fluorescence intensites of
Zn atoms in different electronic environments, here ZIF-8 and
ZnO, are the same (see Experimental Section for more
information). XANES spectra were collected from each sample
at multiple spots near the center of the film and averaged
together to faithfully represent the sample composition and to
reduce beam damage on the ZIF-8 (Figure 4a). Principal
component analysis (PCA) was performed on the data set. The
two principal components best expressing change in the data
set were compared against reference spectra taken of ZIF-8 and
ZnO (Figure 4b). Both exhibit excellent agreement, suggesting
the Zn content of the films can be accurately modeled as a
mixture of only ZIF-8 and ZnO. Least-squares fits of the
reference spectra to each experimental film provided a
quantitative fraction of the total Zn present in each crystalline
phase (Figure 4c). The XANES fits reveal that as the volume
fraction of water in the reaction medium increases and the
thickness of the ZnO precursor film decreases, the films tend
toward pure ZIF-8, which is in good agreement with the
phenomenological interpretation of the SEM cross sections.
Continuous, nearly pure ZIF-8 coatings were obtained from 15
nm thick ZnO films transformed in 50 vol % water solutions
(Figure S). To demonstrate the reproducibility of sample

Figure S. (a) Cross-sectional SEM image of a ZIF-8 coating on PIM
that is >90% pure with respect to residual ZnO. (b) Top-down image
of the same film shows significant surface coverage. Scale bars are 200
nm.

preparation, the experiment was repeated for the 30 nm thick
ZnO films three times, and in no case was the standard error
greater than 8 mol % (Figure S6).

While several metal oxide-to-MOF chemical transformations
have been reported in the literature, the mechanism of this
chemical conversion is still under investigation. Different metal
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oxide/ligand pairs and the conditions in which the reaction is
carried out may change the mechanism of MOF formation.””**
Clearly, the metal oxide-to-MOF conversion depends on the
competing rates of several processes: (1) metal oxide
dissolution, (2) metal-ion diffusion away from the polymer
surface, (3) MOF nucleation (possibly from an amorphous
precursor), (4) MOF growth, and (S) Ostwald ripening (Figure
S7). The relative rates of these processes dictate the overall
kinetics of the reaction and the resultant morphology and
composition of the product.

In the scheme presented here, water and DMF each affect
these competing rates. The transforming solutions show an
increase in pH with increasing water content, from pH 9 at 25
vol % water to pH 11 at 100 vol % water. Increasing the vol %
of water therefore results in faster etching of the amphoteric
ZnO, increased proton mobility overall, and more facile
deprotonation of the ZIF crystal surfaces, which in turn
promotes crystal growth over nucleation of new crystallites.”
DMEF, aside from regulating etching by modulating pH, may
also be responsible for inhibiting ZIF growth as has been
reported in some solvothermal ZIE-8 syntheses.”* Finally, we
considered whether differences in microwave absorption might
affect the energy available to the system. However, since water
and DMF have similar loss tangent values, both solvents can be
expected to behave similarly under microwave radiation.*

As ZnO has been reported previously as an effective
templating agent for the solvothermal growth of ZIF films,
we reasoned that metal oxide may be necessary for a local ZIF
nucleation event, consistent with a heterogeneous nucleation
mechanism.'***® Phase-pure ZIF at the polymer surface was
not measured in any of the XANES experiments when the
initial ZnO film thickness was 30 nm. If ZnO is needed for
heterogeneous nucleation, the voids between crystals due to
rapid nanocrystal dissolution are concomitant with fewer
nucleation sites in those regions on PIM-1. This is consistent
with our observation that voids account for greater fractions of
the surface area in films formed using high water content
solutions, where ZnO dissolution is more rapid. ZIF coatings
transformed from thinner ZnO films produced nearly pure ZIF-
8 coatings, which may result from ZIF nucleation occurring
directly at the polymer surface, presumably at the nitrile groups
decorating the PIM-1 backbone.”” However, we believe it is
more likely the ZIF preferentially nucleates on ZnO nano-
crystals that are subsequently etched via diffusion through the
ZIF pores, a phenomenon previously reported in similar
chemical conversions.”’

Finally, studying the time-evolution of ZIF-8 film growth in a
75 vol % water solution provided further insight into the
contributing and competing influences of ZIF-8 nucleation,
growth, and Ostwald ripening (Figure S8). Large crystals, seen
in films grown from 75 vol % or pure water solutions, form
when nucleation is slow relative to crystal growth. Nucleation
occurs as long as ZnO is exposed to the solution, and crystal
growth stops when all accessible Zn(II) is depleted, explaining
the increased ZIF-8 polydispersity observed in reactions with a
high water content. After microwave irradiation for 10 min, few
nucleation sites have formed and the surface is primarily ZnO.
By 30 min, the surface ZnO is either lost to solution, converted
into ZIF-8, or covered by ZIF-8. The crystal size is static over
longer reaction times, demonstrating that Ostwald ripening is
likely not a significant factor in film formation and that the 30
min reaction time is sufficient to obtain the final film
morphology.

DOI: 10.1021/acs.chemmater.5b03219
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B CONCLUSION

Sub-micron ZIF-7 and ZIF-8 coatings and bilayers on
microporous polymer substrates were obtained through the
chemical conversion of naked ZnO nanocrystal precursor films.
The high surface area of the nanocrystal films facilitated a rapid
conversion under mild conditions to ZIF coatings with
morphologies that were controlled by choice of solvent. Crystal
structures were confirmed by GIXD, and the morphology and
chemical composition of the ZIF-8 films formed under varying
reaction conditions were measured using SEM and XANES
spectroscopy, respectively. Sub-micron-thick ZIF films encased
on both sides by polymer and ZIF-8/ZIF-7 multilayers were
accessible, demonstrating an attractive and versatile new
methodology to fabricate layered composite architectures.
These composite architectures may be well suited to
applications in selective separations and sensing. In that the
deposition of metal oxide nanocrystals within or on other
materials is foreseeable, our techniques may also be applicable
to ZIF—polymer composites in a variety of porous polymer
formats, including hollow polymer fibers, polymer monoliths,
polymer membranes, and polymer beads. Our unique access to
ZIF-on-ZIF multilayers likewise suggests new avenues for
selective species transport.

B EXPERIMENTAL SECTION

Grazing Incidence X-ray Diffraction. GIXD was performed at
two beamlines. Data were collected at the Stanford Synchrotron
Radiation Laboratory (SSRL) beamline 11-3 with a photon energy of
12.7 keV. A MAR34S 2D detector was used at a sample—detector
distance of 175 mm. Integration of the diffraction peak areas was
performed with the software WxDiff."® Additional data were collected
at beamline 7.3.3 of the Advanced Light Source, Lawrence Berkeley
National Laboratory, using a photon energy of 10 keV, a sample—
detector distance of 280 mm, and a Pilatus 2 M detector.” These
diffraction peak areas were integrated with the software package Nika
for Igor Pro.*® The incident angle at both beamlines was fixed at 0.12°
and all experiments were conducted in a He atmosphere. Diffraction
patterns were scaled for clarity.

X-ray Absorption Near-Edge Structure Spectroscopy. Zn K-
edge XANES spectra were collected at the Advanced Light Source
(ALS) beamline 10.3.2.°" The incident angle was ~15° and the spot
size ~50 X 3 pm. Scans were taken at between 4 and 20 spots on each
sample, until adequate signal to noise was achieved, from 9.56 to 10.00
keV using a Canberra 7-element UltraLEGe solid-state Ge detector or
Amp-Tek silicon drift diode detector and averaged together. Spectra of
bulk ZnO and ZIF-8 nanocrystals were used in least-squares linear fits
of each sample. Monochromator drift was accounted for by making EO
a parameter of the fit. Probe depths were estimated using the
Hephaestus software package. At the 15° incident angle used, these
depths correspond to a 22.5 um thick ZIF-8 sample, assuming a
density of 1.45 g cm™, and a 2.14 um thick ZnO sample, assuming a
density of 5.61 g cm™.>>* Because the measured sample thicknesses
were well below this limit, no overabsorption correction was used.
PCA and least-squares fits were gerformed on the data set using
routines previously described.***>*® These analyses and all other data
processing were completed using software provided at the beamline.

B ASSOCIATED CONTENT

© Supporting Information

Materials, experimental methods, and Figures S1—S10 detailing
ZIF-on-ZIF bilayer architectures on PIM-1, GIXD, ZIF-8 film
morphology with changes to ZnO film thickness and reaction
conditions, ZnO precursor film thicknesses, reproducibility of
sample fabrication by XANES, mechanistic considerations of
dissolution—crystallization, ZIF-8 growth kinetics on PIM-1,
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areal views of ZIF film uniformity, ZnO nanocrystal character-
ization, and PXRD of the ZIF-8 reference standard. The
Supporting Information is available free of charge on the ACS
Publications website at DOI: 10.1021/acs.chemmater.5b03219.
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