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/Abstract: Surface-mounted metal-organic frameworks (SUR-
MOFs) are crystalline films of MOFs and have garnered a
great deal of attention in the past years. So far, thin-film
MOF research has been mainly focused on the synthesis and
the exploration of potential applications of these materials,
while a detailed understanding of their growth is still lack-
ing. In this report evidence is provided for the inter-grown
nature of surface-mounted thin films of Zn-ZIF-8 (SURZIF-8;
ZIF =zeolitic imidazolate framework). Two distinct SURZIF-8
thin films have been made through layer-by-layer (LBL)
growth after applying 20 and 50 LBL cycles. They have been
characterized with atomic force microscopy (AFM) and

Raman micro-spectroscopy. A detailed analysis of the Raman\
mapping data, inter alia using principal component analysis
(PCA), revealed the existence of phase boundaries within the
20-cycle thin film, while the 50-cycle thin film is chemically
more homogeneous. To further analyze these chemical het-
erogeneities, density functional theory (DFT) calculations
were performed of three theoretical models providing spec-
troscopic fingerprints of the molecular vibrations associated
with the Zn-ZIF-8 thin films. Based on these calculations and
the experimental data distinct vibrational markers indicative
for the presence of defects sites were identified.

/

Introduction

The recent decades have witnessed the discovery, characteriza-
tion, and performance testing of a wide variety of metal-or-
ganic frameworks (MOFs) and related porous structures."
The fact that MOFs consist of both inorganic and organic
building blocks provides ample opportunities to design MOFs
with tunable functional properties, leading to various applica-
tions in the fields of catalysis,*” drug delivery,®® sensing,!"*™
biomedical imaging,” and gas adsorption.'*¥ An emerging
class of MOFs are zeolitic imidazolate frameworks (ZIFs)." The
word “zeolitic” is derived from their zeolite-like framework top-
ologies, while the term “imidazolate” relates to the presence of
imidazolate linkers or their derivatives. ZIFs are formed
through tetrahedral coordination of transition-metal ions (e.g.,
Co**, Zn?*, Cu®" or Fe’") with imidazolates or its derivatives
acting in the same way as silicon and aluminum atoms when
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covalently joined by the bridging of oxygen atoms in zeo-
lites."®'”! Since the metal-ion/imidazolate/metal-ion angle is
similar to the 145° Si*™-0-Si** angle in zeolites, ZIFs have zeo-
lite-like topologies. One of the prototype materials of the ZIF
family is Zn-ZIF-8, one of the most widely studied ZIFs."®2"
Zn-ZIF-8 is composed of Zn?" ions tetrahedrally coordinated to
bridging 2-methylimidazolates, and has the sodalite topology
with 1.16 nm wide cavities formed by 4-ring and 6-ring Zn-N,
clusters leading to 0.34 nm wide windows.?*¥

There has been substantial attention towards the growing
of MOFs in the form of a thin layer anchored to a surface,
which are known as surface-mounted metal-organic frame-
works (SURMOFs).'>#-2") The thin-film morphology of MOFs is
required in certain applications for their proper functioning,
which is unfortunately not available for MOF powders with a
few um of particle size.”> MOF thin films have potential use in
the fields of luminescence,”® quartz crystal microbalance-
based sensors,”*3% catalysis,®"*? as well as gas separation.®*>
So far three main strategies have been reported in literature
for the preparation of SURMOFs: 1) direct growth from a
mother liquor, 2) assembly of preformed MOF crystals, and
3) the step-wise layer-by-layer (LBL) growth onto a sub-
strate.”®?”) For LBL growth of SURMOFs, functionalized sub-
strates are vital for directing the nucleation, orientation, and
the structure of the MOF growth.B® Similarly, ZIF thin films can
be prepared by direct synthesis, seeded growth, electrochemi-
cal methods, and assembly of preformed crystals.*>2

Herein we present the synthesis of thin films of ZIF-8
(SURZIF-8) by using the stepwise LBL method. Two distinct
SURZIF-8 samples were prepared by applying 20 and 50 LBL
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cycles. A detailed chemical imaging of these two materials was
provided by Raman micro-spectroscopy, while for the height
information and the surface morphology atomic force micros-
copy (AFM) was used. The AFM maps revealed morphological
differences between the 20-cycle and 50-cycle thin films, and
for the 20-cycle sample it was furthermore possible to corre-
late these morphological features with distinct spectral fea-
tures in the Raman data. In order to further investigate the
spatial variation of spectroscopic features within each sample
in an unbiased way principal component analysis (PCA) and
subsequent clustering were performed. The resulting maps
showed regions with distinct spectral characteristics that were
found more heterogeneously distributed in the 20-cycle
sample than in the 50-cycle sample.

To link these distinct spectral features and their variation to
structural information density functional theory (DFT) calcula-
tions for model clusters were conducted, helping to identify
the observed experimental vibrations and their spatial varia-
tion. DFT allowed for the identification of fingerprint vibrations,
providing insight in the structural heterogeneities present
within the two Zn-ZIF-8 thin films under study. This detailed
analysis of the Raman spectral maps revealed the presence of
defects sites and allowed for the identification of diagnostic
Raman bands, which undergo intensity changes and/or band
splitting/shifts, indicative for structural defects in the material.
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Results and Discussion

Combined AFM-Raman mapping of SURZIF-8 thin films

AFM measurements were performed in a region of 100x
100 um? in order to obtain spatially resolved information on
the morphology and height of the two thin-film samples
under study. Figure 1T shows the AFM scans obtained for the
Zn-ZIF-8 thin films recorded after 20 and 50 LBL cycles. Note
that the defect observed as a blue area in the center of the
AFM micrograph of the 20-cycle Zn-ZIF-8 thin-film material
originates from a too long Raman laser exposure during the
Raman micro-spectroscopy measurements executed before
performing the AFM scans. This illustrates that the Zn-ZIF-8
thin films prepared are rather sensitive to laser irradiation, but
also provides a means to make a spectroscopic marker for in-
ternal calibration of the AFM and Raman data.

The maximum height difference within each AFM map was
found to be higher in the 50-cycle Zn-ZIF-8 sample than in the
20- cycle Zn-ZIF-8 sample ( (3jkm versus [T.7 ym when con-
sidering the hole). The reason for this larger height difference
is that the 50-cycle Zn-ZIF-8 thin-film sample contains two
large grains, clearly visible in Figure 1b. Furthermore, the
number of grains seems higher in the case of the 20-cycle Zn-
ZIF-8 sample indicating that after 30 additional cycles a more
homogeneous and more inter-connected thin film is formed
due to a decreasing distance between the individual Zn-ZIF-8
grains formed. The number of grains in both sample regions
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Figure 1. Atomic force microscopy (AFM) micrographs of two Zn-ZIF-8 thin films as made by the layer-by-layer (LBL) synthesis method: a) 20-cycle Zn-ZIF-8
thin film and b) 50-cycle Zn-ZIF-8 thin film. Panels c) and d) display the result of the grain analysis performed with each AFM map. Each individually colored
region in these images represents and isolated grain, while the background is indicated in gray. The maps indicate morphological differences in grain sizes

and shapes.
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Figure 2. Grain analysis based on the atomic force microscopy (AFM) micrographs of two Zn-ZIF-8 thin films as made by the layer-by-layer (LBL) synthesis
method: the blue bars indicate the 20-cycle Zn-ZIF-8 thin film, while the red bars denote the 50-cycle Zn-ZIF-8 thin film. Panels a) through f) report the results
of the grain analysis: a) grain size distribution, b) grain equivalent diameter, c) grain eccentricity (a value between 0 and 1, where 0 indicates a circle), d) and
e) the major and minor axis length of an ellipse that has the same second-moments as the grain, respectively, and f) the grain orientation expressed as the

angle in degrees between x-axis and the major axis of this ellipse.

was computed based on the AFM image segmentation de-
scribed in the experimental section and determined as 819
and 438 grains for the 20-cycle and 50-cycle material, respec-
tively. The region properties of each grain, namely region area,
eccentricity, major and minor axis length, and orientation are
reported in Figure 2. The grain size distributions confirm what
can be seen in the AFM maps: most grains are smaller than
2 um, while the 50-cycle sample show fewer grains in the
region around 1 um, but several very large grains. Stronger
morphological differences are observed when inspecting pa-
rameters that describe the shape of the grains. Here many
grains in the 50-cycle sample show a needle- or platelet-like
morphology, which is reflected by a grain eccentricity distribu-
tion that is clearly shifted towards values closer to 1, that is,
less circular shapes, and the fact that very few grains show a
minor axis length larger than 1 um, while a significant popula-
tion has major axis lengths larger than 1 um. However, as can
be seen in Figure 2 f, neither the more spherical grains in the
20-cycle sample nor the more elongated grains in the 50-cycle
sample showed a significantly preferred orientation. The larger
number of grains with an orientation of 0° for the 20-cycle
sample does not indicate a preferred orientation, but is a
result of a larger number of almost perfectly spherical grains
for which no orientation can be computed.

In addition to the morphological information acquired from
the AFM data, we performed Raman micro-spectroscopy meas-
urements on both samples in order to provide chemical infor-
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mation regarding the formation of Zn-ZIF-8 thin-film material.
In addition to micro-spectroscopic Raman maps we have re-
corded bulk Raman spectra for both samples. These spectra
are displayed in Figure 3a and 3b for the 20-cycle and 50-
cycle Zn-ZIF-8 thin films, respectively. These Raman spectra of
the thin films confirm that the chemical bond structure corre-
sponds to the one previously reported in the literature for Zn-
ZIF-8."*3"] The Raman spectra of Zn-ZIF-8 exhibited characteris-
tic bands, namely, Zn [NCdtretching ( cm T;'strong) imida-
zole ring puckering ( cm™;'very strong), C=C stretching
( 1805 cm ™' strong), CH, ( [2926 cm ™' moderate), and C [H]
aromatic ( [31B0 cm™;' very weak) stretching modes.>* A
comparison of these bulk Raman spectra of the 20-cycle and
50-cycle thin films clearly reveal spectral differences arising
from 1) intensity changes and 2) band aspect ratio variations
along with band broadening/splitting and also spectral shifts.
These spectral differences and variations require further analy-
sis as they may provide a scientific basis to determine a set of
spectroscopic fingerprints for defect sites in SURZIF-8 thin
films, and MOF and ZIF materials in general. This is the topic of
this research work.

To accomplish this goal, we have performed combined AFM
and Raman mapping measurements as one may expect that
the topology differences in the AFM maps for both samples
may harbor these important spectral changes. Raman micro-
spectroscopy maps have therefore been recorded for the same
100x 100 um? region of each of the two Zn-ZIF-8 thin films, as
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