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Porous metal–organic frameworks (MOFs) have risen to their
fame in material science in the past decades owing to their
intrinsic porosities, diversified topologies, and tailored struc-
tures and properties, all of which are attractive for a wide
spectrum of promising applications for gas storage/separa-
tion, greenhouse gas capture, catalysis and sensors, as well as
newly established applications in membranes, thin film
devices, and biomedical imaging.[1] MOFs as adsorbents,
especially for H2, CO2, and volatile organic compounds
(VOCs, typical hydrocarbons and alcohols, etc.) separation
have attracted attention for energy and environmental
technologies. Sterics (size/shape exclusion), thermodynamic
equilibrium, as well as kinetic and quantum sieving effects are
dominant factors in a separation process involving porous
materials. Like other kinds of porous materials such as
carbon,[2] zeolites,[3] and silica films,[4] MOFs provide interest-
ing potential for selective adsorption and separation at the
molecular level because of their pore structures and sizes
which can be precisely controlled at the molecular level.[5]

In principle, MOFs crystallized as anisotropic crystallo-
graphic systems should exhibit distinct adsorption kinetics for
adsorbates approaching from different directions owing to
varied pore openings. Nevertheless, most property studies of
MOFs have dealt with nanoscale bulky powder or single-
crystal samples with randomly distributed crystallite orienta-
tions, which exhibits overall adsorption kinetics from all
orientations. In contrast, the anisotropic nature of MOF
crystals is averaged. One of the very few examples is the
anisotropic [{Cu2(bza)4(pyz)}n] (bza = benzoate; pyz = pyra-
zine) as a single-crystal membrane for gas separation, in
which the aligned channels gave rise to a much higher
permeance and permeation selectivity for H2 and CO2 than
observed for the nonporous direction.[6] Nevertheless, this
study on one single crystal may have limited importance for
direct applications since it is challenging to grow large single
crystals of MOFs. Advanced thin film/membrane technolo-
gies have been coupled with MOFs, and typical examples are
ZIF-based membranes.[7] Such membranes displayed superior

gas separation performance, and could provide an alternative
way of using MOF materials in separation technologies.
Although adsorption properties on some well-oriented MOF
thin films/membranes have been reported,[8] to the best of our
knowledge, no orientation-dependent adsorption on MOF
thin films or homogenous ensembles of oriented MOF
crystallites attached to surfaces (SURMOFs) has ever been
studied.

To investigate anisotropic properties, the first task was to
prepare a MOF thin-film material, or better said, a homoge-
neous sample of MOF crystallites attached to a suitable
surface with controlled, uniform orientation. Step-by-step
liquid-phase epitaxy (LPE) is suited for this purpose, and
involves the oriented growth of MOF nano- and microsized
crystallites regulated by the functionality of self-assembled
monolayers (SAMs) on substrates.[9] Typically, HKUST-
1 coatings with [100] and [111] orientations can be fabricated
on carboxylate- and hydroxy-terminated SAMs, respectively,
on substrates.[10] Thin films of the jungle-gym structured
[M2(L)2(P)] (M = Cu2+, Zn2+, Co2+, Ni2+; L = dicarboxylate,
P = dinitrogen pillar ligand)[11] were regulated into [100] and
[001] orientations by carboxylate- and pyridyl-terminated
SAMs, respectively, on substrates.[12a] In this work, we
demonstrated the first example of orientation-dependent
adsorption behaviors of VOCs using coatings of oriented
[Cu2(ndc)2(dabco)] (ndc = 1,4-naphthalenedicarboxylate,
dabco = 1,4-diazabicyclo[2.2.2]octane) crystallites on
a quartz crystal microbalance (QCM) substrate as a model
example (Figure 1). The anisotropic [Cu2(ndc)2(dabco)]
exhibits discriminating pore openings in the [100] and [001]
orientations.

Figure 1. A) Crystallographic structure of [Cu2(ndc)2(dabco)], showing
the [100] and [001] directions. Schematic illustration of a [Cu2(ndc)2-
(dabco)] thin film fabricated on a PPMT (B) and MHDA (C) SAM
having a [001] and [100] orientation, respectively. Their orientation-
dependent adsorption behaviors are also depicted.
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The layer-based MOF [Cu2(ndc)2(dabco)] crystallizes in
the tetragonal system containing two faces terminated by
copper/ndc (denoted as [001] faces) and four surfaces
terminated by copper/dabco (denoted as [100] faces)
(Figure 1). Based on the different possible orientations of
the ndc linkers in the framework, the pore openings in the
[001] and [100] directions were evaluated and range from 7 � 2
�2 to 7 � 5.7 �2 and 2 � 2 �2 to 5.7 � 5.7 �2, respectively. Note,
that the dynamic motion of organic linkers plays a role in the
control of the adsorption properties (see the Supporting
Information).[12b] The latter pore opening is too small to be
accessed by most volatile organic compounds (Figure 1).
[Cu2(ndc)2(dabco)] crystallites oriented in the [001] and [100]
directions (denoted as SURMOF001 and SURMOF100) were
fabricated on pyridyl- and carboxylate-terminated SAMs,
respectively, on gold-coated QCM substrates using slightly
modified procedures which reported by our group previously
(see the Experimental Section).[12] The crystallite orientations
were confirmed by out-of-plane X-ray diffraction (XRD) with
reference to the lattices parallel to the surface, as shown in
Figure 2, which also suggested good crystallinity of both

samples. Nevertheless, the thin-film morphologies were quite
different as observed by SEM (Figure 2). Both samples
exhibited similar sheetlike crystallite domains, where
SURMOF100 sheets stand upright on the substrate and
SURMOF001 sheets lay down parallel to the surface. SEM
images at lower magnification revealed both crystallite coat-
ings are highly homogeneous (see the Supporting Informa-
tion). For a tetragonal unit cell, the [001] and [100] orientation
can be interconverted by a 908 rotation (Figure 1), and is
consistent with the observed morphologies between
SURMOF100 and SURMOF001 samples. More surprisingly,
SURMOF100 crystallites grow separately out of the surface
rather than stacking together as do the SURMOF001 crystal-
lites, even though the deposition cycles are the same for both
samples (40 cycles). This morphology difference can be
mainly attributed to the different nucleation and templating
effects caused by different functionalities and structural
properties of the chosen SAMs on substrates, the effects of

which we have discussed previously and a complete under-
standing of which is still a matter of ongoing research.[12]

The coupling of QCM technology with MOF thin-film
research has shown its power in determining diffusion
efficiency,[13] surveying the effect of crystal size on sorption
kinetics,[14] and investigating the enantioselective adsorption
onto enantiopure MOF thin films.[8c] In this work, the
[Cu2(ndc)2(dabco)] thin film in the both [100] and [001]
orientations fabricated on QCM substrates allowed inves-
tigation of the orientation-dependent adsorption behaviors,
thus taking advantage of the extremely high sensitivity of
QCM against mass change. Table 1 summarizes the kinetic

data for the adsorption of volatile organic compounds using
both SURMOF100 and SURMOF001 samples. Benzene, tolu-
ene, and xylene were chosen as probe molecules, because they
have similar polarities but slightly varied molecular dimen-
sions. SURMOF100 exhibited higher adsorption rates for all
three compounds when compared to SURMOF001. As shown
in Figure 1, SURMOF001 exposes the crystallographic face
comprising two-dimensional Cu/ndc layers to the gas stream.
Thus the [001] face actually hinders guest molecules from
access because of its comparably small pore opening. How-
ever, the larger lateral pore opening derived from a Cu/dabco
pillar grid, the [100] face, allows access but is restricted for
guest molecules because of the dense lateral stacking of
crystallite platelets as evidenced by the SEM image
(Figure 2). In contrast, the large pore openings are freely
accessible in the SURMOF100 sample since they are exposed
to the gas stream, and there is no spatial limitation for guest
molecules entering because of the much looser lateral
stacking of the crystallites in SURMOF100 (Figure 2). Impres-
sively, SURMOF100 exhibited an initial adsorption rate for
benzene that was four times higher than that of SURMOF001.
With the molecular sizes of adsorbates only slightly increas-
ing, the differentiating effect (denoted as respective adsorp-
tion rate in [100]/adsorption rate in [001]) was decreased, with
a dramatically decreased absolute adsorption rate. For
toluene and p-xylene, the differentiating effect is down to
1.4 and 1.6, respectively. The adsorption equilibrium of
benzene in both samples was achieved within 6 minutes,
which is in contrast to the 40 and 200 min. times needed for
toluene and p-xylene, respectively (Figure 3). Moreover, in
the SURMOF100 sample, the initial (kinetic) adsorption
selectivity of benzene over toluene and p-xylene is 5.5 and
381, respectively, as calculated by the ratio of their apparent
initial adsorption rate. These selectivities are much higher

Figure 2. A) Out-of-plane XRD patterns of [Cu2(ndc)2(dabco)]: a) simu-
lated from powder samples, b) [Cu2(ndc)2(dabco)] thin film fabricated
on MHDA, and c) PPMT-SAM-functionalized gold (QCM) substrate.
SEM images of B) [100] and C) [001] oriented [Cu2(ndc)2(dabco)] thin
film (scale bar: 400 nm).

Table 1: VOCs adsorption rates for both SURMOF100 and SURMOF001

samples.

Molecular dimensions[15]

[�] at 298 K
Adsorption rate
[mgg�1 min�1]

SURMOF100 SURMOF001

Benzene (1) 5.1 � 5.8 6.1 1.5
Toluene (2) 5.8 � 6.6 1.1 0.8
p-Xylene (3) 6.7 � 7.4 0.016 0.01
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than the corresponding values of 1.8 and 150 determined for
the SURMOF001 sample. These data demonstrate that the
orientation and stacking of the crystallites, which may
comprise a MOF thin film, play a major role in their selective
adsorption, even though their components and structures are
identical.

Ideally, a perfect sample of the [001] oriented [Cu2(ndc)2-
(dabco)] thin film, which continuously spreads over the whole
of the substrate without crystallite boundaries and cracks, will
not allow the adsorption of VOCs owing to small pore
opening. Similarly, a perfect sample of the [100] oriented
[Cu2(ndc)2(dabco)] film will contain densely stacked crystal-
lites which expose their [100] face. Nevertheless, even the
orientation as verified by out-of-plane XRD is perfect, and
the thin films are comprised of oriented crystallites through
either dense or loose stacking (Figure 2). In the case of the
dense SURMOF001 the boundaries between the laterally
stacked plate crystallites obviously provides the passageway
for probe molecules entering the larger pore opening from the

[100] direction. That is why the adsorption of these VOCs can
be observed at all in our SURMOF001 samples. Under such
circumstances, the saturated adsorption for a certain adsor-
bate in both types of samples must be the same in theory.
Equilibrium adsorption isotherms of benzene, toluene, and p-
xylene for both SURMOF100 and SURMOF001 samples were
investigated by environment-controlled quartz crystal micro-
balance (BEL-QCM).[16] The normalized data (see Figure S5
in the Supporting Information) demonstrated that the satu-
rated adsorption amount in both oriented samples are close at
different relative humidities, and is consistent with the facts
we discussed above.

In summary, we demonstrated the orientation-dependent
adsorption behavior of volatile organic compounds for [Cu2-
(ndc)2(dabco)] thin films in the [100] and [001] orientations.
The templating effect of terminal functionality on the
substrates supports distinct morphologies for both samples.
The results imply that crystallite orientation and stacking of
MOF thin films play a significant role in the adsorption
properties by controlling guest access to the pores in MOFs.
Thin films with crystallites orientated in the [100] direction
with a larger pore opening perpendicular to the exposed
substrate favored a faster guest molecule uptake and thus
points to a higher (kinetic) adsorption selectivity. This work
could motivate future investigations with the goal to achieve
control of the adsorption/permeation rate in MOFs thin films
and membranes through carefully adjusting orientations and
morphologies.

Experimental Section
Preparation of SURMOF [Cu2(ndc)2(dabco)]: The PPMT (PPMT=
(4-(4-pyridyl)phenyl)methanethiol) and MHDA (MHDA = 16-mer-
captohexadecanoic acid) SAMs were fabricated following the proce-
dures described in literature using commercially available quartz
crystal microbalance (QCM) Au substrates.[12] The components were
applied as diluted ethanol solutions: CuII acetate hydrate (0.5 mm), an
equimolar ndc/dabco mixture (0.2 mm) (ndc = 1,4-naphtalenedicar-
boxylate; dabco = 1,4-diazabicyclo(2.2.2)octane) as well as ndc
(0.2 mm) and dabco (0.2 mm). Typical experiments were carried out
using the automated QCM instrument Q-Sense E4 Auto at 40 8C and
at flow rates of 100 mL min�1.

Preparation of SURMOF001: Each experiment started with
exposing the PPMT functionalized QCM substrates first to the CuII

acetate solution for 5 min and then equimolar mixture of linker ndc/
dabco for 10 min. Each subsequent step of dosing components was
separated by a washing step of 5 min with pure ethanol. Total 40
cycles were applied for SURMOF001 growth.

Preparation of SURMOF100: Each experiment started with
exposing the MHDA functionalized QCM substrates first to the
CuII acetate solution for 5 min and then ndc solution for 10 min,
followed by dabco solution for another 10 min. Each subsequent step
of dosing components was separated by a washing step of 5 min with
pure ethanol. Total 40 cycles were applied for SURMOF100 growth.

VOCs adsorption by QCM: Typically, SURMOF (40 cycles)
samples (in both [001] and [100] orientation) fabricated on QCM gold
substrate were applied. Prior to the VOCs adsorption, SURMOF
samples on QCM substrate were evacuated by flowing nitrogen gas
overnight at 40 8C to remove accommodated guest molecules. Before
switching to vessel containing VOCs, pure nitrogen gas (carrier gas)
was flowed over SURMOF sample to obtain stable baseline.
Evacuated samples were exposed to the atmosphere of VOC at its
naturally generated pressure at a flow rate of 20 mLmin�1 of carrier

Figure 3. QCM profiles of specific mass uptake of VOCs at the
saturated vapor pressure at room temperature for SURMOF001 and
SURMOF100: benzene (1), toluene (2), and p-xylene (3). Dotted line
represents the adsorption rates (mgg�1 min) fitted from the initial
linear part of adsorption curves (see also Table 1).
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gas (nitrogen gas) controlled by a flow meter and at room temper-
ature.

VOCs adsorption isotherms were measured by an environment
controlled quartz crystal microbalance set-up (BEL-Japan). More
details are described in Ref. [16].
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