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The concept of biomineralization implies control of crystal-
lization in terms of phase and orientation through interactions
with organic macromolecules.!! This is of particular interest
for the synthesis of biomimetic materials.’! If one strives to
mimic the enormous structure-directing power of biominer-
alization in materials science, an artificial organic interface is
needed. For example, functionalized self-assembled mono-
layers (SAMs)P have been shown to effect oriented growth
and phase direction of dense-phase calcium carbonate.” The
oriented growth of other dense materials such as lead sulfide”!
and zinc oxide,””! and even the oriented growth of porous
materials such as zeolites,”) on SAMs has been reported.
Studies on the growth of MOF-5 and HKUST-1 phases on
organic monolayers were recently reported.’! However, to
our knowledge, so far it has not been possible to control the
crystal structure of a porous material through interactions
with molecular layers. This is expected to be particularly
difficult due to the large, complex unit cells of these systems.

Herein we present a dramatic change in the crystallization
of a porous metal-organic framework on moving from
homogeneous nucleation to heterogeneous nucleation on an
ordered SAM.

Due to their many potential applications such as gas
sorption, molecular separation, storage, and catalysis, metal—
organic frameworks (MOFs) have been intensively studied.””!
We have recently reported the tunable, oriented growth of the
porous MOF HKUST-1 on different functionalized SAMs.!""!
Herein we investigate the crystal growth of MOFs on
mercaptohexadecanoic acid (MHDA) SAMs in the system
Fe"/bdc (bdc = 1,4-benzenedicarboxylic acid or terephthalic
acid). In this system several open-framework structures are
known, including MIL-53 and MIL-88. The structures of MIL-
53 and MIL-88 are very flexible, and the cell constants of
these materials are strongly dependent on pore content.!"!
The framework flexibility of these materials enables their use
for adsorption of different organic molecules and makes them
interesting candidates for sensors.
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In the monoclinic structure of Fe(OH)(bdc)(py)oss, the
Fe™ analogue of MIL-53, chains of FeO, octahedra are
connected by benzenedicarboxylate anions. Thus, rhomb-
shaped one-dimensional (1D) channels are formed that run
along the aaxis of the structure.'” The hexagonal 3D
structure of MIL-88B is built up from trimers of FeOq
octahedra linked to benzenedicarboxylate anions. Thus, the
3D pore system of MIL-88B consists of tunnels along the
c axis connected by bipyramidal cages (Scheme 1).['%]
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Scheme 1. In the system Fe"'/bdc we observe Fe-MIL-53 as the product
of homogeneous nucleation and oriented Fe-MIL-88B as the product
of heterogeneous nucleation on MHDA-functionalized gold surfaces.

Highly ordered thin films of MOF crystals were formed on
the carboxylate-terminated SAMs. X-ray diffraction patterns
of all synthesized thin films show two reflections at 26 =9.2
and 18.4° (Figure l1a). For further characterization the
crystals were removed from the gold surface. The powder
pattern of the removed crystals shows several additional
reflections in comparison to the XRD patterns of the films
(Figure 1b). The lack of these additional reflections in the
XRD patterns of the film samples is proof of oriented
assembly of the crystals on the functionalized gold surface.

We now turn our attention to the structural identity of the
surface-grown MOF crystals. The reflections in the XRD
pattern of the synthesized films fit both the (011) and (022)
reflections of MIL-53 as well as the (002) and (004) reflections
of MIL-88B (Figure 1).

The precipitate in the crystallization solution during film
synthesis can be identified as the iron analogue of MIL-53
(Figure 1¢). However, the powder pattern of the crystals
removed from the surface does not fit the powder pattern of
bulk MIL-53. An authentic sample of MIL-88B was prepared
by bulk synthesis,'** and the XRD pattern of this product
(Figure 1d) agrees very well with that of the surface-removed
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Figure 1. a) XRD pattern of the film on a gold substrate, b) powder
pattern of the removed crystals, c) powder pattern of bulk Fe-MIL-53,
d) powder pattern of bulk Fe-MIL-88B, and e) calculated reflection
positions for Fe-MIL-88B. All patterns are normalized to the most
intense reflection.

crystals. It is possible to index the reflections of the XRD
pattern of the removed crystals in the space group of MIL-
88B as P62c™ (Figure 1e). The lattice constants were
determined to be a=10.8 and c=19.2 A.

As indicated in Scheme 1, Fe-MIL-53, the product of
homogeneous nucleation from the crystallization solution,
differs dramatically from Fe-MIL-88B, the product of hetero-
geneous nucleation on the functionalized gold surface. We
attribute this dramatic effect to symmetry transfer, that is, the
different symmetry relationships between the carboxylate-
terminated SAMs and the two crystal systems. Carboxylate-
terminated thiolates, as well as thiolates in general, are
adsorbed on an Au(111) surface to form a (v/3 x v/3)R30°
overlayer.'"") The order of carboxylic acid SAMs responds
sensitively to the deposition conditions.!"”! The SAMs used in
this study feature carboxylate termini and high crystallinity in
the alkyl part of the film, as evidenced by the reflection/
absorption infrared spectra presented in the Supporting
Information. No crystal growth was observed with hydroxy-
and alkyl-terminated SAMs or with untreated gold slides.
Presented with a surface exposing (approximately) hexagonal
symmetry, the reactants (Fe™ and bdc) clearly prefer to
crystallize in the form of hexagonal MIL-88B instead of
monoclinic MIL-53.

To investigate the morphology of the crystals grown on
gold substrates, scanning electron micrographs of samples
after different immersion times were taken. The scanning
electron micrographs of three different samples are shown in
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Figure 2. Scanning electron micrographs of samples after immersion
times of a,b) 24 h and c) 3 days. d) A bundle of removed crystals after
9 days.

Figure 2. After an immersion time of 24 h, small hexagonal
pyramids with almost vertical orientation and a diameter of
about 200 nm can be observed. Crystal intergrowth has
already started after an immersion time of 24 h. After an
immersion time of 3 d the gold surface is almost completely
covered with pillarlike hexagonal crystals that are about
500 nm long. Samples with longer immersion times show
cracked films in the SEM image. The cracking may be due to
post-synthesis treatment of the samples (i.e., drying under
nitrogen or evacuation during SEM).

The morphology and symmetry of the crystals agree well
with the structure of MIL-88B. The XRD pattern of the film
shows exclusive orientation of the crystals in the [001]
direction. This implies that the (001) plane of the crystals is
parallel to the gold substrate. Figure 3 shows schematically
the connection of MIL-88B to the carboxylate groups of the
MHDA SAMs on the gold surface. The sixfold axis of the
MIL-88B crystal lattice is aligned with the hexagonal
symmetry of the SAM/liquid interface.

In addition, oriented crystal
growth on the carboxylate-termi-
nated SAMs can be explained by
coordination of carboxylate at the
metal atoms of the MOEF. Since all
terephthalic acid molecules are ori-
ented along [001], substitution of the
carboxylate groups of terephthalic
acid by carboxylate moieties of the
SAM will enable crystal growth only
in the [001] direction (Figure 3).

To investigate the properties of
the grown crystals, particularly with
regard to sorption behavior, samples
were exposed to saturated DMF
vapor for 24 h. Due to the framework
flexibility of MIL-88B as a function of
pore content, the DMF form of MIL-
88B shows different reflection posi-
tions compared to the as-synthesized

Figure 3. Oriented growth
of MIL-88B crystals on
MHDA SAMs on an
Au(111) surface. Crystals
grow in the [001] direc-
tion.
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form.™™ Our results show clearly that the structure changed
during uptake of DMF (Figure 4). The (002) reflection after
DMF uptake lies at 26 =10.02° (Figure 4b), a value fairly
similar to that of 20 =10.4° reported for bulk MIL-88B!"”
(small differences are attributed to different partial pressures
of DMF in these experiments and to surface attachment of the
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Figure 4. XRD patterns of MIL-88B films a) dried after synthesis,

b) after exposure to DMF vapor for 24 h; c)—i) XRD measurements on
sample (b) every 30 min during desorption in air, j) sample (b) after
drying for 24 h.

crystals). During desorption of DMF XRD measurements
were performed every 30 min (Figure 4 c—i). In the beginning
desorption causes a continuous structural change, which after
24 h ends with the state shown in Figure 4], which is similar to
the initial state. The surface-bound MIL-88B crystals were
synthesized in their expanded, DMF-loaded form, and
shrinkage on drying provided space for expansion on renewed
uptake of DMF. Obviously their elasticity can accommodate
the shrinkage and expansion cycles demonstrated in the
experiment.

In conclusion, we have shown striking structure-directed
and oriented growth of MIL-88B on MHDA SAMs. Whereas
MIL-53 is the product of homogeneous nucleation, oriented
MIL-88B grows from the same crystallization solution on the
functionalized gold surface. These remarkable results can be
explained through favorable symmetry relationships between
the hexagonally ordered SAMs and the hexagonal structure
of MIL-88B. The carboxylate functionality of the MHDA
SAMs can mimic the carboxylate groups of the bdc molecules
and thus direct oriented growth on the surface. We could also
show that the pores of MIL-88B crystals in the film are
accessible to DMF molecules and that characteristic associ-
ated structural changes during the adsorption and desorption
processes can be observed.

Future studies will show whether the concept of symmetry
transfer between functional monolayers and complex crystal-
line materials can be adapted to other MOFs, and thus
provide a powerful means to control structure and orientation
in biomimetic materials systems.
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Experimental Section

Prior to the growth of iron terephthalate crystals, gold substrates were
treated with an ethanolic solution of MHDA by known procedures!®!
to produce SAMs. The functionalized gold substrates were placed
face-down in a crystallization solution obtained by solvothermal
treatment of a synthesis mixture for MIL-53 at 150°C for 2 days,
filtration, and further treatment of the clear solution at 150°C for
5 days.
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