GDCh
~—

8488

Crystal Growth

Zuschriften

An dte

Chemie

Deutsche Ausgabe: DOI: 10.1002/ange.201602907
Internationale Ausgabe: DOI: 10.1002/anie.201602907

Minimization of Surface Energies and Ripening QOutcompete Template
Effects in the Surface Growth of Metal-Organic Frameworks
Xiu-Jun Yu, Jin-Liang Zhuang, Julian Scherr, Tarek Abu-Husein, and Andreas Terfort*

Abstract: As well-oriented, surface-bound metal-organic
frameworks become the centerpiece of many new applications,
a profound understanding of their growth mode becomes
necessary. This work shows that the currently favored model of
surface templating is in fact a special case valid only for
systems with a more or less cubic crystal shape, while in less
symmetric systems crystal ripening and minimization of sur-
face energies dominate the growth process.

The immense potential of surface-attached metal-organic
frameworks (SURMOFs) to serve as functional materials for
numerous applications, including chemical sensors, optoelec-
tronics, electronic devices, and membranes, have attracted
significant interest throughout the scientific community."l
Several methods*' for the formation of SURMOFs have
been developed, which often permit adjusting film thickness,
homogeneity, morphology, crystallographic orientation, lat-
eral position, and/or surface roughness. Of these, a method
called layer-by-layer (LbL) growth exhibits striking advan-
tages in controlling the mentioned features, which can be
crucial for MOF-based device applications.>" It is generally
accepted that, independent of the deposition method, the key
for the growth of homogeneous and highly oriented SUR-
MOFs is the suitable adjustment of the surface chemistry, as it
determines the interactions between the MOF structure and
the surface. A very convenient method to control the surface
chemistry is the use of self-assembled monolayers (SAMs),
which can be tailored to expose a variety of functional
groups.’? In the case of coordinating head groups (e.g.
-COOH or -NH,), these can directly interact with the metal
ions at the interface with the SURMOF, which does not only
contribute to a tight binding, but also opens opportunities to
control the orientation of the growing SURMOF crystalli-
tes [13.22.25.26]

Two classes of MOFs, which both are based on secondary
building units (SBUs) comprising dinuclear tetracarboxylate
clusters [M,(O,CR),] having the so-called paddle-wheel
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symmetry, have been successfully deposited in the form of
highly defined SURMOPFs. First, the cubic HKUST-1 MOF
(Cusbtc,; btc=benzene-1,3,5-tricarboxylate) and its deriva-
tives,”>?”l and second, the tetragonal, layered MOFs of the
general formula [M,L,P], where M =Cu*" or Zn*', L=a
rigid, linear dicarboxylate linker, and P = an optional diamine
pillar.?>26282) While the first class of MOFs can be formed
very reliably and thus has turned out to be a very robust test
system, the pillared-layer system shows a larger structural
variability, and thus a broader range of potential applications,
because of the basically independent choice of L and P. A set
of rules has been developed to predict the surface growth of
these MOFs. While for the cubic HKUST-1 systems mostly
the density of coordinating groups at the surface seems to
determine the SURMOF’s orientation,™ in the tetragonal
pillared-layer system the nature of the surface-exposed
ligands is of major importance. Thus, monodentate functional
groups (e.g. -OH or pyridyl), which coordinate at the apical
position of the paddle-wheel SBUs, usually induce SURMOF
growth in the [001] direction, while bidentate ones (typically
-COO") promote a growth in either the [100] or the [010]
direction, depending on the exact symmetry of the MOF
system.!'*?231 Tn extension of these intuitive rules, a recent in-
depth study could show that in fact an interplay of surface
functionalities, deposition temperature, and first layer order
determines the orientation and crystal quality of SUR-
MOFs.P!! These findings opened the possibility to obtain
high quality pillared layer SURMOFs by correctly adjusting
all the relevant parameters.

In our efforts to extend the scope of available SURMOF
systems, we decided to turn to a new series of [M,L,P]-type
MOFs. These MOFs are based on V-shaped ligands, such as
isophthalate derivatives or 4,4'-sulfonyldibenzoate (sdb),***!
which together with the metal SBUs form one-dimensional
coordination polymers, which become expanded to two-
dimensional (2D) sheets by the pillar ligands. Often a second
network can interdigitate into the structure, thus reinforcing
the 2D sheets. The sheets are held together mostly by van der
Waals forces and, as in the case of the sdb ligand, by dipolar
interactions between the highly polar sulfone groups (see
Figure S2 in the Supporting Information for structural
details). These structural features inherently lower the
symmetry of the systems, but result in unique guest-molecule
adsorption properties arising from the flexible nature of their
2D layer structure.” Attempts to grow well-defined SUR-
MOFs of such systems have failed so far.?¥

Based on our previous studies on the interplay between
surface chemistry and deposition temperature, we set out to
deposit the orthorhombic [Cu,(sdb),(bipy)] MOF onto SAMs
of either 4'-(mercaptomethyl)terphenyl-4-carboxylic acid
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(MTCA) or 4-(mercaptomethyl)-4-(4-pyridyl)biphenyl
(PPP1) on gold.P"! After about 40 deposition cycles, only
two crystallographic orientations could be found in the out-
of-plane surface X-ray-diffractometry (SXRD; Figure 1a),
namely [001] and [010], as could be expected from the
templating chemistry (see Figure S3). It was nevertheless
completely unanticipated that the orientation of the
SURMOF exclusively depended on the deposition temper-
ature, regardless of the surface chemistry (Figure 1b). Phe-
nomenologically, this behavior can be divided into three
distinct temperature regimes: At low temperatures (up to
35°C), the crystals are exclusively [010] oriented. In the
middle-temperature regime (40°C to approx. 55°C), [001]
orientation predominates, while at higher temperatures the
admixture of [010] orientated material increases again. The
different orientations also become visible in the scanning-
electron micrographs (SEM), where the plate-like crystals can
be seen standing up (low temperatures, Figure 1c), lying
down (medium temperatures, Figure 1d), or mixed (high
temperatures, Figure 1¢). In the latter case, the shape of the
crystals has also changed to a chubbier, more rodlike form.

To understand this unexpected behavior, we applied
surface IR spectroscopy to the deposits after one and 40
deposition cycles. This powerful technique permits the
determination of the orientation of functional groups in the
vicinity of metal surfaces because of the directed dipolar
shielding/enhancement of the vibrational excitations (surface
selection rules®'). We used the asymmetric and the symmet-
ric carboxylate vibrations at 1650 cm ™' and 1420 cm ™' to learn
about the orientation of the SURMOF during its growth. The
spectra of the fully grown material (40 cycles) reproduce the
orientational behavior found by SXRD (Figure 1b, solid
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symbols). Surprisingly, the orientation of the material after
one cycle shows a completely inverted behavior (Figure 2): at
low temperature, the [001] orientation is preferred, while at
higher temperatures the SURMOF layer is predominantly
[010] oriented. The transition temperature is again, as in the

. - v, (a)
0.84 N /v/ \v
0.6 \V

—/— 1 cycle
0.4{ —w—40 cycles
0.2 Vv
V\v
00 Y~—y—" v ~v-v

10 15 20 25 30 35 40 45 50 55 60 65 70
Deposition temperature / °C

Normalized contribution of symmetric -COQ" vibration on both -COO" signals

1.0
0.8+ \
0.6
—v— 1 cycle
044 —Vv—40cycles \y—V
0.2
00{ v—v—vw VV-y-V~y-v

10 15 20 25 30 35 40 45 50 55 60 65 70
Deposition temperature / °C

Figure 2. IRRAS data for the films on PPP1 (a) and MTCA (b) after

one and 40 cycles. While the data for the thicker films basically

reproduce the SXRD data, both systems show a distinct reorientation

in both temperature regimes.
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40°C. At first, we suspected that at this
temperature a conformational change of
the ligand occurs, so that either one or
both of the carboxylate groups become
rotated with respect to the SO, group (in
the MOF crystal, the O-O axes of the
carboxylate groups and of the sulfone
group, respectively, are parallel). This
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Figure 1. Compilation of the main observations in the growth behavior of the [Cu,(sdb),(bipy)]
system. a) Temperature-dependent out-of-plane SXRD data for a 40 cycle SURMOF grown on
PPP1. b) Evaluation of the diffraction data for PPP1 and MTCA SAMs. c—e) Scanning electron
micrographs of SURMOFs grown for 40 cycles at 15°C (c), 50°C (d), and 65°C (e). The green
arrows point out grain boundaries between [001] oriented crystals, while the orange arrow

indicates residual [010] oriented crystals protruding from the film.
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occurrence was excluded by the IR spec-
tra, which showed a slow decay of con-
formational order in the one-cycle SUR-
MOFs, with increasing temperature (see
Figure S6), but no abrupt change at 40°C.
This observation explains the increasing
disorder in the third temperature regime
(z>55°C), but cannot describe the tran-
sition between the low- and medium-
temperature regimes.

Therefore, we propose that the
observed orientational behavior is
explained by the interplay of two phe-
nomena, which have been typically dis-
regarded for the growth of SURMOFs,
although well recognized in other areas of
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surface chemistry: minimization of surface energies and
(Ostwald) ripening. A recent publication™ suggests that the
LbL growth follows the Volmer-Weber mechanism, in which
the surface growth is not dominated by nucleation but by
crystal growth, so that a limited number of crystals form
instead of a closed film. In conjunction with the minimization
of surface energies, it can be expected that crystals form in
a way such that the most energetic surfaces (surface area
times surface energy) come into contact with the substrate
surface. In case of the orthorhombic [Cu,(sdb),(bipy)] MOF,
the (001) surface exposing the highly dipolar SO, groups is
also the largest crystal face, at least at temperatures below
55°C (compare Figure 1c,d). This crystal shape is a result of
a slower growth along the [001] direction, in particular in
comparison with the one in the [010] direction. Based on these
observations, the temperature-dependent behavior of the
system can be explained in the following manner: At low
temperatures, crystals with different orientation nucleate at
the surface, with the [001] ones dominating because of the
minimization of surface energy (Figure 3, center left). While
this behavior violates the well-established template effects of

pore direction
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Figure 3. Summary of the observed growth mechanism. In the begin-
ning of the deposition, crystals form in a Volmer—Weber growth mode.
While at high temperatures template effects play a role at this phase,
at low temperature surface energy minimization predominates. At later
growth stages, higher temperatures promote ripening in conjunction
with minimization of surface energies leading to reorientation. In
contrast, at temperatures below 40°C, the dominant orientational
species is determined by differences in growth rates. The arrows point
out the same phenomena as found in Figure 1.

the groups exposed by the SAMs, different coordinative
modes can be imagined in addition to pure van der Waals
effects (see Figure S3). Because of the preferred growth in the
[001] and [100] direction, the crystals with [001] orientation
intergrow, thus effectively blocking their further development
(green arrows in Figure 1 and Figure 3). After this, the few
crystals with a [001] orientation take up most of the material
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during the following deposition cycles (Figure 3, lower left),
thus leading to the growth of the observed upright platelets
(Figure 1¢).

At 40°C, the crystal lattice energy can be overcome, so
that recrystallization (ripening) can occur under the deposi-
tion conditions. As has been shown earlier,*" higher temper-
atures facilitate the mono-coordination of the apical site of
the Cu, SBU at the SAM surface, thus promoting nucleation
of SURMOFs crystals with [010] orientation. Because of the
efficient coordination, these crystals are still flat (Figure 3,
center right), but upon further deposition of material it should
result in upright plates as in the case of the low-temperature
deposits. This large-surface situation is nevertheless supressed
by the Ostwald ripening process, which leads to recrystalliza-
tion during the deposition process and favors the formation of
lying-down, [001] oriented crystals (Figure 1d). Because of
the higher temperatures, growth in the [001] direction is less
hampered, thus permitting an efficient SURMOF growth.

This hypothesis is supported by micrographs recorded at
the different surfaces and different temperatures after
deposition of one cycle (see Figure S7). Independent of the
surface chemistry and the temperature, all the surfaces show
the crystals typical for the Volmer—Weber growth. Regardless
of their orientation, all these crystals lie flat on the surfaces
with aspect ratios (width/height) between four and ten (see
Table S1). The main difference is a higher crystal density in
the systems deposited at higher temperatures (55°C).

In the regime of the highest temperatures, the discrim-
ination between growth velocities is even less pronounced, so
that the crystals become less plate-like. This change of shape
reduces the differences in the energetic situation, which in
conjunction with the increased entropy, as can be seen, for
example, by the change of ligand conformation mentioned
above, leads to less ordered SURMOF systems.

Regarding the temperature dominance of the different
effects, we wanted to make sure that indeed the crystals all
have the same quality regardless of their genesis and
orientation. While the SXRD data already support similar
bulk structures, subtle changes at the surface of the MOFs can
influence the growth and also the uptake of guests.”” ! To
test this, the uptake of several guest molecules was deter-
mined using a quartz crystal microbalance (QCM). As can be
seen in Figure 4, the SURMOFs with a [010] orientation take
up almost four times the mass of any guest molecule as
compared the ones of the [001] oriented SURMOFs. This
behavior can be easily explained by the fact that in the former
case the pore openings are exposed towards the ambient,
while the respective crystal surfaces of the [001] oriented
crystals block each other, as has been discussed above. This
distinction can be made by comparing the uptake kinetics of
the two systems, which within 1% are the same (diffusion
coefficients of 4.41 and 4.44 x 10 m?s™! for [010] and [001]
orientation, respectively). This data clearly demonstrates that
the quality of both the pores and their openings are
independent of the orientation, and thus the deposition
temperature.

In conclusion, we demonstrated that the growth of
scientifically and technologically important SURMOF sys-
tems depends on more factors than just the choice of the right
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Figure 4. Orientation-dependent absorption properties of the [Cu,-
(sbd),(bipy)] SURMOF. a) Absolute uptake of different molecules by
the [010]-oriented material (empty boxes) and the [001]-oriented
SURMOF (filled boxes). The ratio is in all cases about four, thus
hinting on inaccessible pores in the [001] case. b) The uptake kinetics
for both orientations (here shown for CHCl;, the solid lines are the fit
curves to the model) is nevertheless the same, and indicative of
similar situations at the pore openings and in the pores. The [010]
samples were deposited at 15°C and the [001] ones at 50°C.

surface template. In particular temperature-induced ripening
processes and the tendency to minimize surface energies can
outcompete the template effects. The presented system is
insofar unique as it shows a very pronounced temperature
onset for the change in crystal orientation, which permitted
the analytical dissection of the different influences. These
effects (minimization of surface energies, Ostwald ripening)
are nevertheless universal and will dominate every liquid
epitaxy process, thus explicating why systems with more or
less cubic/isotropic crystal shape (such as HKUST-1 and
ZIFs) can be grown easily as oriented SURMOFs: here the
energy gain by reorienting the crystals is relatively low, so the
template effects can dominate the growth. If this interplay of
effects is kept in mind, it is nevertheless possible to grow well-
oriented SURMOFs even of highly anisotropic systems, as we
could show here for the case of [Cu,(sdb),(bipy)].

Experimental Section

For details of the sample preparation and characterization, see the
Supporting Information. In short, the layers were grown onto SAM-
covered gold surfaces by using a temperature-controlled vessel, in
which the substrate was exposed to the following solutions/solvents at
different temperatures (15-65°C): a 1 mm solution of copper acetate
dihydrate in ethanol (20 min), 2 x fresh ethanol (5 min), an equimolar
H,(sdb)/bipy mixture (0.1 mm each, 40 min), and 2 x fresh ethanol
(5 min). This sequence counts as one cycle. For the absorption
measurements, a QCM200 controller (SRS) was used and the

Angew. Chem. 2016, 128, 8488 -8492
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SURMOFs were deposited onto SAM-modified QCM25 crystal
oscillators (SRS, AT cut, 5 MHz).
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