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Metal—organic frameworks (MOFs) which consist of organic
ligands linked together by metal ions belong to a relatively new
class of porous materials. Owing to their potential applications in
storage,' separation,” and heterogeneous catalysis,> MOFs have
attracted increasing attention.*> So far MOF research has been
mainly focused on bulk structure of the material prepared in the
form of a powder. Only very recently a new, and radically different,
approach was undertaken by exploring the possibilities of MOF
growth on surfaces in the form of thin films.°"'' Two important
aspects have been addressed by these studies. First, they demon-
strated selective growth of MOFs on polar surfaces using differently
functionalized self-assembled monolayers (SAMs) in combination
with the microcontact printing technique.®'® Second, they proved
the possibility of surface-oriented crystalline growth of the MOF
structure.®'! Both achievements are technologically relevant since
the first one demonstrates the possibility of spatial control of the
MOF film architecture on the surface, and the second shows ability
to control orientation of the crystals, and thus the pore system in
such MOF films.

An important issue for further progress in optimizing growth of
MOF crystals, and particularly MOF thin films, is control of their
surface structure. Therefore, the high-resolution imaging of MOF
surfaces by atomic force microscopy (AFM) is of key importance,
as has been previously recognized for zeolites'>~'* which are
analogous to MOFs. Only very recently was the first AFM study
of a MOF crystal realized.'> Although we also present an AFM
study, we here propose a different and, in our opinion, more
effective approach to surface analysis of MOFs. There are three
important and new aspects introduced by the present paper. First,
by performing analysis both in air and under ultra high vacuum
(UHV) conditions for the first time high-resolution AFM imaging
of a MOF surface is demonstrated. Second, for the first time the
surface structure of a MOF crystal grown directly on the function-
alized substrate is revealed and, moreover, this information is further
utilized to optimize growth conditions. Finally, and most impor-
tantly, comparison of the present data with the previous ex situ
AFM study' clearly demonstrates a much higher structural quality
of MOF crystals grown on the substrate and, in contrast to the
conventional method reported previously,'” provides an experi-
mentally convenient approach for in situ surface analysis of MOFs.

We have selected the Cuy(BTC), system (HKUST-1)'® as a
model case for our studies. It consists of Cu, units connected by
BTC (1,3,5-benzenetricarboxylate) molecule in a paddle-wheel
arrangement. The Cu3(BTC), microcrystals were grown on SiO,/
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Figure 1. (a) SEM image of an individual Cuz(BTC), microcrystal grown
on a COOH-terminated SiO,/Si(100) substrate with an arrow showing the
O110direction perpendicular to the (111) crystal upper surface. (b)
Schematic structure of the solvent free Cuz(BTC); crystal (based on the
XRD data) with indicated cubic cell size of 2.63 nm and the (111) plane.
(c—d) Simplified model of the fcc cubic structure of the Cuz(BTC); crystal
showing the expected step height on the (111) surface (1.52 nm) and the
size of the hexagonal structure in the (111) plane with a nearest neighbor
distance of 1.86 nm.

Si(100) wafers functionalized by the COOH terminated SAMs
following the procedure reported by us previously.® As documented
by the X-ray diffraction data,® the growth of the Cus(BTC),
microcrystals directly from the solvothermal mother solution
proceeds with the (111) crystal plane parallel to the substrate plane
(Figure 1a—b). The AFM analysis was performed on the top (111)
surface of an individual Cus(BTC), microcrystal. The measurements
were conducted both in air, using tapping mode (Nanoscope Illa
DI microscope), and in UHV using noncontact mode (VP2 Park
Scientific microscope). Data obtained in air for the freshly prepared
Cu3(BTC), crystal are presented in Figure 2a and show micrometer
long terraces covered by much smaller depressions and islands with
a diameter of 20—200 nm. The triangular shape of these features
reflects the expected 3-fold symmetry the surface. The topographic
profile (A) marked in Figure 2a shows that both islands and
depressions correspond to the same change in height of about 1.5
nm which is fully consistent with expected height (1.52 nm) of
steps on the (111) surface of the Cus(BTC), crystal (Figure 1c).
The observation of small depressions and islands exposing the last
2—4 layers of the crystal suggests that these features were created
only at the very end of the crystal formation process, otherwise
formation of large terraces would not have been possible. Since
crystal formation takes place in the mother solution at elevated
temperature (120 °C) followed by slow cooling to room temperature
before the sample is removed for microscopic measurements, one
can suppose that this slow cooling procedure is responsible for
changing the crystal growth conditions and thus had an affect on
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Figure 2. Upper part shows AFM images taken in air using tapping mode
(a, b, f, g) and in UHV in noncontact mode (c) on the surface of Cuz(BTC),
microcrystals prepared in different ways. (a) A fresh surface prepared by a
standard procedure ending with slow cooling; (f, g) sample prepared by
the same procedure but stored in air for 5 days before imaging; (b,c) a
fresh surface prepared by a standard procedure followed by fast cooling;
(d) FFT of the image shown in panel c; (e) part of panel ¢ after filtering
frequencies marked in panel d by circles. Lower part shows topographic
profiles marked in images by yellow lines.

the last few layers of the MOF crystal structure. Following this
idea we have analyzed samples directly removed from the hot
mother solution. Typical AFM data are reproduced in Figure 2b
and reveal a smooth surface (profile B) exhibiting micrometer long
terraces which are completely free from any islands and depressions
characteristic of crystals obtained by the slow cooling procedure.
For such optimized surface structure of the MOF crystals we have
conducted measurements in UHV using noncontact AFM which,
in principle, enables analysis at molecular resolution. Although,
collecting images with clearly visible molecular resolution was
difficult, hexagonal periodicity with a distance of about 1.8 nm
and orientation following high symmetry directions of the crystal
could be seen reproducibly in the corresponding Fourier spectra
(Figure 1d—e). These results are in full agreement with the expected
(111) Cus(BTC), surface structure (Figure 1d).

In the final experiments the influence of exposure to air of the
Cu3(BTC), crystal surface was investigated. For this purpose a
freshly prepared sample (the same as presented in Figure 2a) was
imaged after storing it for 5 days in ambient conditions. The
corresponding AFM data (Figure 2f) obtained in air show mi-
crometer long terraces which exhibit an average height of 1.5 nm
(profile E) and are covered by a very dense network of islands and
depressions. Images collected at higher resolution (Figure 2g) show
that, in contrast to freshly prepared sample, these features cor-
respond to only a fraction of the complete layer of the Cuz(BTC),
crystal structure, that is, about 0.6—0.9 nm as documented by the
topographic profile (F). To confirm that this observation reflects
the true topography of the sample and is not influenced by imaging

in ambient conditions (e.g., water condensation), the same sample
was investigated also under UHV conditions using noncontact AFM
after storing it for another 5 days in vacuum. The UHV experiment
fully reproduced ambient results indicating that exposure to air
induced erosion of the MOF surface. Considering the Cu3(BTC),
crystal structure, as shown schematically in Figure 1b, we suppose
that the observed fractional height corresponds to the loss of a BTC
linker from the (111) surface and, effectively, to the local exposure
of the (222) surface of the crystal.

The reported results are particularly satisfying when compared
with the previous AFM study'> for the (111) surface of the same
Cu3(BTC), crystals prepared in the conventional way. The main
observation emerging from the previous study was the very high
density of screw dislocations and frequent fracturing which result
in a high density of very short terraces (~100 nm)."> Moreover, as
evidenced by the frequently observed steps with a height corre-
sponding to the multiple of 1.52/2 height, this surface exhibits also
(222) termination, which makes it chemically nonhomogenous.'”
In contrast, the crystals analyzed in our study were grown on the
substrate and are essentially free from screw dislocation, and (after
optimization of the preparation procedure) exhibit large micrometer-
sized terraces with a homogeneous (111) termination (i.e., (222)
termination was only observed as a result of surface erosion by
long-term exposure to air). It is also crucial to note that the
preparation of crystals suitable for an AFM study in previous studies
required more then two years,'” whereas, the crystals grown on
the substrate reported here were prepared in just a few days.®
Moreover, considering the very recent microwave-stimulated study
of MOF growth on a substrate'” this time could probably be
shortened to a matter of minutes.
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