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ABSTRACT: The layer-by-layer growth of a surface-attached
metal−organic framework (SURMOF), [Cu2(F4bdc)2-
(dabco)] (F4bdc = tetrafluorobenzene-1,4-dicarboxylate and
dabco = 1,4-diazabicyclo-[2.2.2]octane), on carboxylate- and
pyridine-terminated surfaces has been investigated by various
surface characterization techniques. Particular attention was
paid to the dependency of the crystal orientation and
morphology on surface functionality, deposition temperature,
and first layer order. For the fully oriented deposition of
SURMOFs, not only a suitable surface chemistry but also the
appropriate temperature has to be chosen. In the case of
carboxylate-terminated surfaces, the expected [100] oriented
[Cu2(F4bdc)2(dabco)] SURMOF can be achieved at low
temperatures (5 °C). In contrast, the predicted [001] oriented SURMOF on pyridine-terminated surface was obtained only at
high deposition temperatures (60 °C). Interestingly, we found that rearrangement processes in the very first layer determine the
final orientation (distribution) of the growing crystals. These effects could be explained by a surprisingly hampered substitution
at the apical position of the Cu2-paddle wheel units, which requires significant thermal activation, as supported by quantum-
chemical calculations.

■ INTRODUCTION

The growth of metal−organic frameworks (MOFs) on surfaces
gained significant attention due to the possibility not only to exert
extraordinary control over the crystallographic orientation, the
film thickness, or interdigitation but also to implement these films
directly into devices, e.g., for sensorics.1,2 Several methods have
been developed to control the growth of such surface-attached
MOFs (so-called SURMOFs) on various substrates.3,4 Self-
assembled monolayers (SAMs) turned out to be the most
powerful tool for adjusting the surface chemistry of the substrates,
since their headgroup chemistry can easily be adapted by
synthetic means. It has been demonstrated by Wöll and co-
workers that on SAM-functionalized surfaces a stepwise layer-by-
layer (or liquid-phase epitaxial) growth ofMOFs with a very high
structural control is possible.4a,b,5 By using a combination of in
situ surface plasmon resonance (SPR) spectroscopy and quartz
crystal microbalance (QCM) measurements these authors could
also show that, in contrast to the hydrothermal approach, the
layer-by-layer growth mechanism requires the employment of
preformed metal clusters (such as the tetrakis-μ-carboxylatodi-
copper unit) for a successful growth.6 This led to a now generally
accepted model for the origin of orientation of the SURMOF on

either carboxylate-terminated or monodentate donor-terminated
SAM surfaces (Figure 1, top).
Recent exceptions observed in particular for a series of

tetragonal systems M2L2P (M = Cu, Zn; L = 1,4-benzenedicarb-
oxylate (bdc), tetrafluorobenzene-1,4-dicarboxylate (F4bdc),
naphthalene-1,4-dicarboxylate (ndc); P = 1,4-diazabicyclo[2.2.2]
octane (dabco), 4,4′-bipyridine (bipy), where the P ligands serve
as pillar to connect the 2D M2L2 paddle wheel framework,

7 cf.
Figure S1 (Supporting Information)) suggest, however, that the
growth of SURMOFs might be more complicated than
anticipated.8 We therefore decided to investigate the influence
of the chemistry in the very first layer on the morphology of the
final multilayer SURMOFs. To this end we used infrared
reflection absorption spectroscopy (IRRAS), which is a powerful
tool for the determination of the structure and orientation even of
ultrathin molecular layers.
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■ RESULTS AND DISCUSSION
To obtain reproducible results, appropriate SAMs as well as a
suitable SURMOF system had to be chosen. We used two SAMs
of very high structural quality: The COOH-terminated SAMwas
formed from 4′-(mercaptomethyl)terphenyl-4-carboxylic acid
(MTCA),9 and the monodentate Lewis-base terminated one was
formed from (4-(4-(4-pyridyl)phenyl)phenyl)methanethiol
(PPP1).10 As a SURMOF model we used [Cu2(F4bdc)2-
(dabco)],11 a very compact system with a low degree of
conformational freedom. The F4bdc ligand was employed as
dicarboxylate ligand, since it has a high symmetry (D2h), does not
show C−H vibrations interfering with those of other materials
used during the preparation (dabco, starting materials, solvents),
andabove allshows shifted carboxylate vibrational energies
compared to the acetate groups of the copper(II)acetate
(Cu2(OAc)4·2H2O) precursor. Generally, the combination of
the two carboxylate vibrational modes (asymmetric/symmetric
stretching) with the selection rules in the vicinity of metallic
surfaces12 permits the exact determination of the orientation of
the carboxylate groups, and thus of the tetragonal network, with
respect to the surface (Figure 1, bottom). Thus, the IRRA
spectrum of a tetrakis-μ-carboxylatodicopper unit should only
show the signal of the asymmetric vibration at about 1670 cm−1

when its Cu−Cu axis is oriented parallel to the surface normal
(corresponding to a [001] orientation of the crystalline bulk, see
Figures 1 and S1 in the Supporting Information). The IRRA
spectrum of the same complex exclusively exhibits the signal of
the symmetric vibration at about 1410 cm−1 if the axis is oriented
parallel to the surface ([100]/[010] orientation of crystals). This
is in fact the case for the SURMOFs deposited on PPP1 and

MTCA SAMs, respectively, under optimized conditions (Figure
2a).
In line with the surface selection rule, the signals of the

symmetric vibration of the carboxylate group (in the case of the
deposit on PPP1) or the asymmetric vibration (the MTCA case)
almost completely disappeared. Surface X-ray diffraction (SXRD,
Figure 2b) confirms that this is in fact due to the preferential
orientation of the crystals. The residual signals stem from very
few misoriented crystals on the surfaces identifiable by scanning
electron microscopy (SEM, Figure 2d). The in-plane XRD data
(Figure S2 in the Supporting Information) further indicate that
the SURMOF indeed has the same structure as observed for the
bulk material. The central observation here is that this highly
oriented growth occurs only at the temperatures indicated in the
caption of Figure 2, that is, 60 °C for the PPP1-based system and
5 °C for the MTCA-based one (these temperatures are currently
the extrema reachable in our experimental setup).
We figured that the temperature dependence can be used to

understand the processes guiding the orientational distribution in
the final systems. To find out whether the orientation of the
SURMOFs is already predetermined in the very first layer as a
function of the deposition temperature, we recorded IRRA
spectra after each deposition step. From here on, we use the
following nomenclature: “Full cycles” consisted of first dipping
the substrates into the metal precursor solution (1 mM
Cu2(OAc)4·2H2O in ethanol), followed by a rinsing step,
immersion into the ligand solution (0.1 mM H2F4bdc/0.1 mM
dabco in ethanol), and another rinsing step. We refer to “half
cycles” (0.5 cy) when the surfaces were immersed only in
Cu2(OAc)4 solution and then rinsed. Since DFT calculations
suggested that the symmetric carboxylate vibration inCu2(OAc)4
coincides with a combination vibration of the −CH3 groups (see
Supporting Information, bands 5 and 6 in Figure S3 and Table
S1), we used perdeuterated copper(II)acetate (Cu2(CD3COO)4·
2D2O, Cu2(OAc)4-d12) in most experiments. Figure 3 depicts
representative spectra taken on MTCA and PPP1 surfaces after
0.5 cycle and 1 cycle at different temperatures.

Figure 1. Top: The coordination of the tetrakis-μ-carboxylatodicopper
unit onto surfaces terminated by amonodentate Lewis base (left, in form
of a pyridine-terminated SAM) and carboxylate-terminated surfaces
(right) is expected to influence the orientation of the resulting
SURMOF, as indicated by the respective crystallographic planes. An
expanded model is shown in Figure S1 (Supporting Information).
Bottom: The surface selection rule permits the distinction of the three
possible orientations of a carboxylate group by the appearance of the
−COO− stretching bands in the IRRA spectra. The red arrows signify the
transition dipole moments for the respective vibrational modes (black
arrows).

Figure 2. Oriented layer-by-layer growth of the [Cu2(F4bdc)2(dabco)]
SURMOF on two different SAMs (PPP1 and MTCA). The orientation
of the frameworks can be deduced by the presence/absence of the signals
of the symmetric or asymmetric carboxylate vibrational bands in the
IRRA spectra (a), of the respective reflections in the SXRD (b,
background-corrected), and also from SEM images (c, d). These
SURMOFs were grown on MTCA SAMs at 5 °C (c, 35 cy, see text for
explanation) and PPP1 SAMs at 60 °C (d, 50 cy).
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A number of interesting observations resulted from these
series. It becomes immediately obvious that after 0.5 cycle the
intensity of the signal of the symmetric vibration of the −CO2

−

group (1440 cm−1) in the MTCA case is independent of the
deposition temperature, while on the PPP1 surface carboxylate
signals appear only from samples deposited at 25 °C or higher.
We verified by total external reflection X-ray fluorescence
(TXRF) measurements (see Figure S6, Supporting Information)
that these intensities in fact correspond to different surface
coverages and not to chemical changes. These findings indicate

surprisingly hampered substitution processes at the apical
positions of the copper dimer, which are typically occupied by
solvent molecules (in our case: water or ethanol). In contrast,
substitution of the bidentate carboxylate ligand seems to proceed
rapidly. This is in line with previous reports on QCM results for
the in situ observation of the layer-by-layer deposition.8,13

The IRRA spectra give information not only about coverage
but also about the orientation of the units. On the MTCA SAM,
the complete invisibility of the asymmetric acetate carboxylate
vibrational mode (expected at 1585 cm−1) after 0.5 cycle
indicates a perfect orientation of the Cu−Cu axes perpendicular
to the surface normal at any deposition temperature. In contrast,
at the PPP1 surface the orientation of the copper paddle wheels
seems to be significantly less defined. The exact evaluation of the
apparent tilt angle is hampered by the pyridine ring vibration (ν
CC) at 1595 cm−1 superposed on the signal at 1585 cm−1. After
subtraction of the SAM spectra tominimize this interference (see
Supporting Information, Figure S7), an upper limit for the tilt
angle can be estimated using the Debe method on the relative
intensities of the asymmetric and the symmetric−CO2

− bands.14

In all cases, values around 50° result, which can only partially be
explained by the tilt angle of the pyridine-terminated thiolates
within the SAM (15−20°).10 It must therefore be assumed that
this unit experiences a significant degree of orientational freedom
on the surface (as could be described, e.g., by a wagging mode).
Note that a similar wagging of the Cu2(OAc)3 unit at the
carboxylate-terminated surface does not lead to a change in the
orientation of the Cu−Cu axis and thus cannot be detected by
IRRAS.
Surprisingly, the situation changes drastically after introduc-

tion of the MOF ligands, completing the first cycle. On the PPP1
SAM, a perfect alignment of the Cu−Cu axis parallel to the
surface normal can be achieved at any temperature, as indicated
by the absence of the signal for the symmetric −CO2

− vibration
(expected at 1410 cm−1). Obviously, the F4bdc ligands act as
spreader bars forcing the upright orientation of the inorganic
units. To fit these spreader bars perfectly in between the Cu2
units, the latter must have some lateral mobility, e.g., by moving

Figure 3. IRRA spectra of the deposits after immersion only in copper
acetate solution (0.5 cy) and copper acetate solution followed by the
ligand solution (1 cy). For comparison, the IRRA spectra of the pristine
SAMs are given in the upper two graphs (black lines). The gray
rectangles signify the areas where the carboxylate bands are expected to
be found (light gray, asymmetric; dark gray, symmetric vibration), see
text for explanation.

Figure 4. SEM images of [Cu2(F4bdc)2(dabco)] grown for 35 cycles onMTCASAMs at various temperatures: (a) 5 °C; (b) 15 °C; (c) 25 °C; (d) 40 °C;
(e) 60 °C. (f) Plot of length and width of the [Cu2(F4bdc)2(dabco)] crystals as a function of deposition temperature.
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from one coordination site to the next. This assumption is
supported by a recent observation of Anderson and co-workers,
who found that the growth of another MOF based on the Cu2
paddle wheel motive (HKUST-1) can be best described by the
Volmer−Weber mechanism, which is based on such a lateral
mobility.15

The picture is more complex for the MTCA surface: Here the
perpendicular orientation of the Cu−Cu axis is maintained only
at 15 °C and below, indicating a thermally activated reorientation
process. The spectra clearly demonstrate that the acetate ligands
(1440 and 1585 cm−1) became exchanged by F4bdc, the
carboxylate vibrations of which appear at 1410 and 1670 cm−1,
respectively (see lines in Figure S7 in the Supporting
Information). Their relative intensities suggest that at elevated
deposition temperatures coordination networks are formed with
a significant fraction of the copper dimers standing upright at the
MTCA surface causing substantial orientational heterogeneity in
the system.
We simulated a putative reorientation path of the Cu2-

carboxylate unit by quantum-chemical means with a minimalistic
molecular model, employing trifluoroacetate (TFA) residues
instead of F4bdc linkers and methanol instead of ethanol

molecules (see Supporting Information for details). For the
resulting single cluster unit we obtain an energetically feasible
reorientation mechanism, which involves a change from the
bridging μ-η1,η1 coordination of the surface-bound carboxylate to
a η2-coordination mode induced by an incoming TFA ligand with
concomitant saturation of the liberated Cu coordination site by
dabco (see Supporting Information for details, Figure S8). The
computed energy regime governing this reorientation process is
in line with a thermally induced tilt of the Cu−Cu axis, as
evidenced by the spectroscopic observations.
To test whether the orientational order of the respective first

layers (1 cy) determines the orientation of the final SURMOFs,
the growth was continued at the same temperatures for several
cycles, until crystals could be observed by SEM and clean SXRDs
could be obtained (35 cycles on MTCA and 50 cycles on PPP1,
see Figures 4, 5, and 6).
On the MTCA surface, the layer-by-layer growth resulted in

densely packed layers of rectangular, platelike crystals regardless
of the deposition temperature. Nevertheless, the temperature had
a remarkable influence on both the size of the MOF crystals and
the orientation distribution. As depicted in Figure 4f, the size of
the crystals in two dimensions (length/width) increases basically

Figure 5. SEM images of [Cu2(F4bdc)2(dabco)] grown on PPP1 surface at various temperatures after 50 cycles: (a) 25 °C; (b) 40 °C; (c) 60 °C.

Figure 6. Temperature dependency of the orientation of the SURMOFs grown on MTCA (top) and PPP1 (bottom). From left to right are shown the
IRRAS, SXRD (background-corrected), and orientational composition (filled squares, SXRD data; filled stars, IRRAS data of multilayer systems; open
stars, IRRAS data of system after 1 cy). The spectra in panel a are normalized to the signal of the sym.−CO2

− vibration, and the diffractograms in panel b
are normalized to the (100) peak. The value of 0 in panels c and f corresponds the orientations expected according to themodel depicted in Figure 1. See
text for explanation.
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linearly with the temperature while maintaining a ratio of about
two. The third dimension, the thickness, is almost constant at all
temperatures and amounts to about 80 nm after 35 cycles. Such
an anisotropic growth has also been observed for other
nanoporous materials, for which several growth mechanisms
were proposed, such as birth-and-spread growth, spiral growth,
and modulation growth mechanism.16d Our case presumably is
best described by the birth-and-spread mechanism. As stated
before, the deposition temperature influences not only the size of
the MOF crystals but also their orientational distribution: While
at low temperatures (5 and 15 °C), the nanoplates on MTCA
surfaces show a highly uniform vertical alignment, the number of
flat-lying plates increases dramatically with increasing deposition
temperature. Note that in any case only these two orientations
can be found, so no randomly tilted crystals were observed on the
MTCA surfaces.
The situation on the PPP1 surface is entirely different. Here,

the surface coverage by the MOF crystals depends significantly
on the deposition temperature (Figure 5). Below 25 °Calmost no
crystals grow on this surface, while at 60 °C, full coverage is
obtained. These observations are in accord with the results of the
IRRAS as well as the TXRF measurements of the initial layer of
these SURMOFs. Another significant difference is the relative
amount and the growth mode of the vertically grown crystals.
While, on the MTCA surface, crystals with both kinds of
orientation grow from the SAM surface, on PPP1 the upright
crystals always grow on top of flat-lying ones. This twinning of the
crystals becomes particularly clear for the samples grown at 25 °C
exposing a low crystal density: Obviously themisorientation does
not result from defects in the monolayer but from some defect
mechanism during crystal growth. These defects become
repeated at the misoriented crystals (see the tiny protrusions at
the side of the “upright” crystal part in the inset in Figure 5a), so
that obviously a very general mechanism for their formation
exists.

In order to quantify the effect of the deposition temperature on
the crystal orientation, the samples were investigated using SXRD
and IRRAS. The out-of-plane SXRD patterns of SURMOFs
grown on MTCA at low temperatures (5 and 15 °C) exclusively
show the (100) and (200) diffraction peaks (2θ=8.15° and 16.3°,
respectively, see Figure 6b). This indicates highly oriented
growth along the [100] direction, consistent with the vast
predominance of vertically aligned crystals as displayed in Figures
4a and 4b. The SXRD patterns of SURMOFs grown at higher
deposition temperatures (25 to 60 °C) additionally exhibit (001)
and (002) peaks (2θ = 9.15° and 18.3°, respectively) which are
due to increasing fractions of flat-lying crystals (see Figures 4c−
e). In the IRRA spectra, asymmetric −COO− stretch signals are
present in the samples formed at deposition temperatures of 25
°C and higher. Their intensities rise with temperature, again
indicating an increase of the number of flat-lying crystals, the
crystallographic orientation of which allows for detection of this
vibrational mode (Figure 6a).
The SXRD patterns (Figure 6e) of SURMOFs grown on PPP1

surfaces at high temperatures (40 and 60 °C) show predominant
(001) and (002) diffraction peaks (9.15°, 18.3°) alongwith (100)
signals of very low intensity. The latter become dominant at
decreased deposition temperature (25 °C). This is accompanied
by a low overall intensity of this diffraction pattern as a result of
low surface coverage (note that, below 25 °C, no substantial
growth of SURMOF crystallites on PPP1 surface could be
observed at all). We infer from the diffraction data that high
temperatures promote SURMOF growth on PPP1 surfaces along
the [001] direction, which is in accord with the SEM results (vide
supra). The ratio of the asymmetric and the symmetric −COO−

stretch modes in the IRRAS data (Figure 6d) markedly increases
with deposition temperature, also pointing to a predominant
[001] orientiaton of the SURMOF crystals. Interestingly, even
for high temperatures, the symmetric −COO− stretch signal is
present, indicating a tendency of the SURMOF crystallites for
twinning at all temperatures. Note that, in contrast to this, the

Figure 7.Model for the temperature dependent processes at a nucleus on the carboxylate-terminated surface (A) during the insertion of the dicarboxylate
ligands (= green bold lines; the dabco ligands have been omitted for clarity). The mismatch between the coordination sites of the SAM and the MOF
structure results in structural stress and disorder (B). At higher temperatures the stress becomes relaxed by a thermally activated reorientation of the Cu2
units, which are then coordinated by the SAM-carboxyl groups at their apical site (C). The relative amount of reoriented units (pink) in the crystal
nucleus at the MTCA surface must exceed a certain threshold to initiate the growth of crystals with the undesired [001] orientation. A similar situation
occurs at the edges of the growing [001] oriented crystals on PPP1 surfaces.
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IRRAS data of the initial layer (1 cy) on PPP1 surface do not
suggest the presence of any temperature-dependent orientational
defects. We thus wanted to understand under which conditions
the formation of such orientational defects occur.
For this, SXRD and IRRAS can be used to quantify the ratio

between crystals with [100] and [001] orientation, since the
crystallographic orientation is unambiguously connected to the
orientation of the Cu2 units. The proportions of crystals with the
desired orientation can be calculated from the intensities of the
respective signals (for the procedures see Supporting Informa-
tion) and are depicted in Figure 6 (third column, filled symbols).
As can be seen, the two methods produce very similar results,
validating each other. Applying the same evaluation procedure to
the IRRAS data obtained after 1 cy (Figure 3, bottom row)
produces curves showing similar trends but significant differences
(Figures 6c and 6f, open stars). On PPP1 SAMs, the high order
within the first SURMOF layer (no [100] oriented material is
found) can only be maintained in the multilayer systems at high
deposition temperatures, with already significant misorientation
at 25 °C (Figure 6f). Note that below this temperaturein line
with the observations made at 0.5 cyalmost no SURMOF was
formed, so that no data points could be obtained. On the MTCA
surface, the orientational (dis-)order of the first layer (1 cy)
becomes well communicated into the multilayer SURMOF
system, with the best ordered systems (almost no [001] oriented
crystals) formed at 5 °C (Figure 6c). Nevertheless, between 5 and
40 °C the orientational order of the crystals significantly exceeds
that in the first layer, suggesting the existence of an ordering
mechanism: On the MTCA surface the initially (after 0.5 cy)
well-oriented Cu2 units become orientationally disordered by the
cross-linking via the bifunctional F4bdc unit due to a mismatch
between the MOF lattice and the SAM lattice (Figure 7). Based
on the observation that at room temperature and below the
substitution at the apical position of the Cu2 unit seems to be
significantly hampered compared to the substitution of the
carboxylate ligands (vide ultra), we suggest that at low
temperature the majority of the molecules keep their orientation
despite the fact that some stress/disorder occurs in the MOF
network, which can only be compensated in part by a
conformational rearrangement of the SAM (Figure 7B). At
higher temperatures, the system can increasingly relax by
permittingmore of the Cu2 units to reorient, since the occupation
of the apical position by a MTCA carboxyl group (pink units in
Figure 7) becomes energetically feasible as demonstrated by the
DFT calculations. Note that the coordination of the Cu2 dimer at
the apical position by additional carboxylate ligands has already
been reported in the literature.17 Such a partial reorientation also
explains how the system still might be able to grow a majority of
the desired, [100] oriented crystals: Each nucleus at the surface
contains a certain ratio of misoriented to well-oriented Cu2 units.
Below a certain threshold, a crystal with the desired [100]
orientation will grow; above this threshold, a [001] oriented
crystal results.
This assumption is also confirmed by the scanning electron

micrographs (Figure 4). On MTCA, all crystals, regardless of
their orientation, directly grow from the substrate, meaning that
their nuclei also have been located at the substrate. The situation
is quite different for the disordered systems at PPP1, since here a
reorientation of the Cu2 units is not possible at the surface,
resulting in their perfect orientation within the nuclei. In this case,
disorder arises on top of the already grown, [001] oriented
crystals by more or less pronounced twinning. The geometry of
the twinning (centered, interpenetrated) suggests a flipping of

some of the Cu2 units during crystal growth (see Figure 8).
Obviously, at temperatures of 25 °C and below, the energy of the
system is too low to achieve the substitution at the apical
coordination site, which would force all the Cu2 cages into the
correct orientation.
To demonstrate that this behavior is not specific for the

presented system, and not even for the Cu2 paddle wheel motif,
we investigated the temperature dependent deposition of
[Zn2(adc)2(dabco)] with adc being 9,10-anthracenedicarbox-
ylate. It is well established that the chemistries of the Zn and the
Cu paddle wheels are quite distinct so that with these two systems
a relatively wide range of systems is embraced.18 As can be seen in
the AFM images as well as the IRRA spectra (Figure S10 in the
Supporting Information), very similar data can be obtained for
this system, suggesting that the temperature dependency is a
general phenomenon.

■ CONCLUSION
In conclusion, the layer-by-layer growthmechanism of tetragonal
MOF systems grown on SAM functionalized surfaces is
determined not only by the surface chemistry of SAMs but also
by the surprisingly inhibited substitution reaction at the apical
position of the paddle wheel metal cluster. Only when the
deposition temperature is chosen adequately is the correct
substitution pattern (apical vs equatorial) maintained/obtained

Figure 8. Model for the processes occurring during the layer-by-layer
deposition at the monodentate donor-terminated PPP1 surface. The
Cu2 clusters deposited in the first half-cycle (0.5 cy) are orientationally
disordered but become confined by addition of the bidentate F4bdc
(thick green lines). Due to the hampered substitution in the apical
position, some of the Cu2 units in the upper layers become not locked in
place by the dabco bridges and therefore can rotate around the σ-bonds
of the F4bdc ligand. These units can act as twinning sites during the
growth of the originally [001] oriented crystals.
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at the SAM/MOF interface and/or the MOF surface. For
example on the pyridine-terminated PPP1 surface, and
presumably any other monodentate Lewis-base terminated
surface, elevated temperatures are necessary to achieve
deposition of the tetrakis-μ-carboxylatodimetal units in the first
place, but also to force the correct alignment of these units in
subsequent layers. To characterize the orientation of the paddle
wheel units even in the very first layer, IRRA spectroscopy turned
out to be a sensitive and versatile tool, which can be
complemented by SXRDmeasurements in themultilayer regime.
Thus, this study provides vital details on the interplay of several
factors (surface chemistry, deposition temperature, and first layer
order) for the layer-by-layer growth of SURMOFs, which will
help to control the fabrication of SURMOFs for many
applications.
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S.; Gliemann, H.; Wöll, C. J. Am. Chem. Soc. 2013, 135, 7438−7441.
(3) (a) Hermes, S.; Schröder, F.; Chelmowski, R.; Wöll, C.; Fischer, R.
A. J. Am. Chem. Soc. 2005, 127, 13744−13745. (b) Biemmi, E.; Scherb,
C.; Bein, T. J. Am. Chem. Soc. 2007, 129, 8054−8055. (c) Li, Y. S.; Liang,
F. Y.; Bux, H.; Feldhoff, A.; Yang, W. S.; Caro, J. Angew. Chem., Int. Ed.
2010, 49, 548−551. (d) Ranjan, R.; Tsapatsis, M.Chem.Mater. 2009, 21,
4920−4924. (e) Horcajada, P.; Serre, C.; Grosso, D.; Boissiere, C.;
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