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Here we report the tunable, oriented growth of the porous
framework HKUST-1,1 (Cu3(C9H3O6)2(H2O)3‚xH2O, abbreviated
Cu3(BTC)2), on different functionalized self-assembled monolayers
(SAMs). The chemistry of metal organic frameworks (MOFs) has
been intensively studied, with particular attention to porous
compounds due to their many potential applications such as gas
sorption, molecular separation, storage, and catalysis.2 To date, the
research efforts have been mainly focused on bulk materials; the
preparation of thin films of those compounds is an important
challenge. The growth of one MOF structure, such as MOF-5, has
been reported on a SAM of COOH-terminated alkanethiols;
however, this film did not show preferred crystal orientation.3

The ability to control the orientation of the crystals and thus the
pore system in such films will open the way to more advanced
applications such as selective gas separation membranes or chemical
sensors. The successful oriented growth of inorganic compounds,
such as calcium carbonate,4 lead sulfide,5 anatase,6 zinc and iron
oxide,7,8 and zeolites,9,10 on functionalized surfaces has inspired us
to explore the effect of self-assembled monolayers11 with different
functionalities on the growth of Cu3(BTC)2. Its structural features
and stability as well as its intriguing sorption and catalytic
properties12-14 make this material an interesting candidate for the
growth of thin films.

In many metal organic frameworks, such as MOF-5, the
coordination sites of the metal ions are blocked by the ligands
serving as connectors in the network. In contrast, the Cu2+ ions in
Cu3(BTC)2 present available coordination sites on the axial direction
of the “paddle-wheel” Cu2 cluster (Figure S1), which are occupied
by weakly bound water molecules.12 In the present study, these
accessible coordination sites are viewed as potential binding sites
for the functional groups terminating different SAMs.

For the growth of the Cu3(BTC)2 crystals, gold substrates were
modified with monolayers of HS(CH2)10X (with X ) CO2H, CH2-
OH, CH3) following known procedures.15,16 The carboxylic acid
functionality imitates the organic linker (1,3,5-benzenetricarboxylate
(BTC)) in the open framework structure, the alcohol group mimics
the coordinating water, and the methyl group presents an inert
reference surface. On the basis of this reasoning, we anticipated
different orientations of the crystals on the-CO2H- and -OH-
functionalized SAMs, considering the fundamental differences in
the coordination geometry in the structure.

Thin films of Cu3(BTC)2 crystals were obtained on each modified
gold surface. No crystallization takes place on bare gold surfaces.
After SAM formation, the gold-coated slides (1× 1.3 cm2) were
placed face-down on Teflon supports in a clear Cu3(BTC)2
crystallization solution and left at room temperature for different
periods of time (8-210 h). The crystallization solution is obtained
by filtration of a typical HKUST-1 synthesis mixture left for 8 days
at 75°C (Scheme S1).

Highly ordered thin films of Cu3(BTC)2 were formed on the
SAMs as demonstrated by the diffraction patterns shown in Figure

1a. The film grown on the-COOH self-assembled monolayer is
highly oriented along the [100] direction, while the OH-modified
surface induces a completely different orientation along the [111]
direction. Homogeneous but less oriented thin films are also
obtained on the methyl SAM. Figure 1b,c shows a schematic
illustration of the surface-induced oriented growth of Cu3(BTC)2
crystals. To our knowledge, this is the first demonstration of
complete molecular control of the growth orientation of metal
organic frameworks.

We propose that the two different termini (-COOH and-OH)
of the SAMs force the oriented attachment of appropriate growth
species at the molecular interface, followed by oriented crystal
growth on the molecular layer on the substrate.

The temporal evolution of the growth process was followed in
order to learn more about the mechanism of formation of the thin
films on each modified surface (-OH-, -COOH-, and-CH3-
terminated SAMs). The samples were removed from the crystal-
lization solution after different immersion times, dried at room
temperature, and characterized. Figure 2a shows the evolution of

Figure 1. (a) X-ray diffraction patterns (background corrected) of thin films
of Cu3(BTC)2 on functionalized gold surfaces, compared with a randomly
oriented Cu3(BTC)2 powder sample measurement. Each pattern is normal-
ized to the most intensive reflection. Bottom: Schematic illustrations of
oriented growth of HKUST-1 nanocrystals controlled via surface function-
alization: (b) on an 11-mercaptoundecanoic acid SAM, and (c) on 11-
mercaptoundecanol-modified gold surfaces. The alkanethiol self-assembled
monolayers are represented with a tilt of ca. 30° from surface normal as
reported in the literature.16
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the diffraction patterns of [111]-oriented Cu3(BTC)2 crystals on an
OH SAM, collected after immersion times between 16 and 210 h.
The intensity of the reflections increases with the reaction time
because of both the number and the size of the crystals on the
surface increase. The scanning electron micrographs presented in
Figure 2b-d show, in detail, the morphological development of
the crystals from “rounded” octahedra of 150-200 nm in diameter
at the first stages (Figure 2b) up to 1µm well-shaped crystals after
45 h (Figure 2d).

An analogous investigation was performed on the COOH- and
CH3-functionalized samples. Figure S3a (see Supporting Informa-
tion) shows the diffraction patterns of the gold slides modified with
the carboxylic acid SAM. After about 62 h, the (200) and (400)
reflections of the Cu3(BTC)2 crystals appear, followed by further
growth until the end of the experiment (112 h). With the exception
of a minute (222) peak, the (200) and (400) reflections completely
dominate the pattern, thus demonstrating the growth of a highly
oriented crystalline film of Cu3(BTC)2. A close look at the
morphology of the film after 40 h (Figure S4) reveals that already
after 40 h in solution many small [100] oriented crystals can be
detected “growing out” of the SAM gold substrate, in addition to
a few [111]-oriented crystals which cause the minute additional
(222) reflection.

The Cu3BTC2 crystal layer on the methyl-terminated SAM shows
a faster growth process than on the other two polar layers, with no
unique orientation (as shown in the SEM pictures presented in
Figures S5). The X-ray diffraction patterns present all typical
reflections of Cu3(BTC)2, while the (222) reflection is predominant
(Figure S3b). Thus the [111] direction appears to be favored for
less selective crystal growth; we propose that, in this case, the
growth species have already assumed an octahedral shape with

{111} faces that can attach to the surface. This should constitute a
favorable attachment mechanism if dispersive forces between the
organically terminated crystal faces and the alkyl-terminated SAM
are dominant. After long immersion times (>100 h), ca. 600 nm
thin films composed of a monolayer of close-packed intergrown
crystals were found on all functionalized gold substrates (Figure
S6).

The above results clearly demonstrate that different molecular
functionalities of the self-assembled monolayers induce different,
well-defined orientations of the Cu3(BTC)2 crystals grown on gold.
Although the mechanism of this remarkable effect is still unknown,
a reasonable model could invoke selective interactions of crystal
building blocks in solution with the functionalized surfaces. The
thermal pretreatment of the synthesis solution (8 days at 75°C)
induces the crystallization process; after filtration of the solid
product, we anticipate the existence of colloidal or molecular
building blocks of Cu3(BTC)2 in the solution. Taking into account
the paddle-wheel motif in the open framework structure, different
coordination modes of the carboxylic or the alcoholic groups might
control the selective nucleation on the substrate, thus mimicking
either axial (as with water) coordination with the alcohol terminus
or chelating coordination (as with BTC) with the-COOH terminus
of the SAM, respectively.
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Figure 2. (a) Diffraction patterns of [111]-oriented Cu3(BTC)2 crystals
on OH SAMs collected after immersion times between 16 and 210 h. Related
scanning electron micrographs of face-down samples after immersion in
the crystallization solution for (b) 16, (c) 24, and (d) 45 h.
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