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Heterogeneous functional materials, in which multiple molec-
ular architectures are combined at nano/meso/macro scales,
have attracted significant attention because of the collective
and nonlinear functionality of the entire systems, which are
controlled by the active interactions of single components.[1]

The overall performance strongly depends on spatial config-
uration of single components as it was shown for block
copolymers.[2] Regarding binary systems of heterogeneous
materials, two different symmetric arrangements are known:
centrosymmetric and non-centrosymmetric materials
(Figure 1). Besides the fact that a centrosymmetric core–
shell configuration gives promising collective properties, as
shown for different types of materials such as metal particles,

metal oxides, or block copolymers,[3] the absence of centro-
symmetry can induce higher diversity and complexity in the
system as seen in biological systems.[4] However, the synthesis
of non-centrosymmetric systems such as Janus materials is
still challenging because of the complexity to control the
assembly of building units in an anisotropic way.[5]

The introduction of permanent porosity into a heteroge-
neous material would result in additional properties owing to
its molecular interaction with guest species.[6] For instance, the
integration of compartments with different permeability
characteristics into one heterogeneous porous material
would enhance the overall performance in applications such
as separation and selective adsorption.[7] Porous coordination
polymers (PCPs), assembled from organic linkers and metal
ions, have shown high potential for a variety of applications in
gas storage and separation, catalysis, sensing, and delivery of
bioactive molecules.[8] Since by simple replacement of molec-
ular building units the porous property can be tuned without
alteration of the overall framework structure, PCPs are
suitable for the fabrication of heterogeneous porous materi-
als. Indeed, heterostructured PCP materials containing two
distinct framework structures were synthesized by using the
hetero-epitaxial growth method.[9] We recently demonstrated
that the formation of centrosymmetric zero-dimensional (0D)
heterostructured core–shell PCP materials (Figure 1a) led to
the synergistic performance between the core framework
(high storage capacity) and the shell framework (selectivity)
within the heterogeneous material.[6,7] However, this centro-
symmetric configuration always provides molecular trans-
portation from the outer sphere to the center core but does
not represent a permeable system through the material.[7]

Heterogeneous porous materials with directional permeabil-
ity are highly interesting for biological engineering and
industrial applications such as separation, sensors, artificial
cell membranes, or ion channels with tunable analyte
affinity.[10]

Herein we show the fabrication of a two-dimensional (2D)
binary Janus PCP system (Figure 1b; binary Janus material
consists of two separate systems, though in general Janus
material can consist of two or more materials) by taking
advantage of our knowledge about the immobilization of
PCPs on a substrate by using liquid phase epitaxy (LPE).[11]

We chose pillared-layer PCP systems: [Cu2(ndc)2(dabco)]n

(A) and [Cu2(NH2-bdc)2(dabco)]n (B) (ndc = 1,4-naphtha-
lenedicarboxylate; NH2-bdc = 2-amine-1,4-benzenedicarbox-
ylate; dabco = 1,4-diazabicyclo[2.2.2]octane).[12] Both frame-
work systems are tetragonal three-dimensional frameworks
with paddlewheel dicopper units linked by dicarboxylates to
form 2D square lattices, which are further interconnected by
nitrogen pillar ligands. The framework B allows postsynthetic

Figure 1. Schematic representation of centrosymmetric core-shell (a)
and non-centrosymmetric Janus (b) heterostructured materials.
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chemical modification (PSM) with succinic acid anhydride to
form [Cu2(HOOC(CH2)2OCNH-bdc)(NH2-bdc)(dabco)]n,
(C).[13] By using LPE and PSM we fabricated two Janus
PCP materials with different deposition sequences on quartz
crystal microbalance (QCM) sensors: Type I(C@A) and
Type II(A@C), along with one type of homogeneous PCP
material Type III(AC) (Figure 2). Mixture sorption experi-
ments (that is, sorption experiments with compound mix-
tures) using QCM sensors for volatile organic compounds

(VOCs) with different size and polarity have shown that the
analyte affinity of sensor devices is tunable and depends on
the sequence of heterogeneous Janus PCP coatings.

The key for framework design is the combination of one
polar PCP (C) with a nonpolar PCP (A) within a heteroge-
neous Janus PCP material. Consequently, the final Janus PCP
coatings can be regarded as amphiphilic materials. Janus PCP
coating of Type I(C@A) or Type II(A@C) were built from the
frameworks A and B, grown in an epitaxial way on top of each
other, followed by the selective PSM to convert B to C. Note
that both types exhibited the same chemical composition, but
have two different spatial configurations, either face-up or
face-down configuration. Type III(AC) PCP coatings con-
sisted of statistically distributed apolar and polar ligands
without spatial separation of distinct PCP systems.

All three different types of PCP coatings were deposited
on the gold surfaces of QCM sensors that were modified by
pyridyl-terminated self-assembled monolayers to achieve

oriented growth of the PCP coatings.[14] For the fabrication
of Type I(C@A) by the LPE method, the framework A was
immobilized in the first reaction step (25 cycles) followed by
the epitaxial growth of the framework B (25 cycles) on top of
A and finally the selective PSM to convert B to C (Figure 2).
Type II(A@C) exhibits the inverse sequential order of the
deposition (that is, A was epitaxially grown on top of C). For
the fabrication of homogeneous PCP coatings of Type
III(AC) with a statistical distribution of ndc and NH2-bdc
ligands throughout the entire system, the deposition was
performed in one reaction step, in which the ligands were
mixed in the solution, followed by the PSM. For the
fabrication of all coatings (Type I, Type II, and Type III),
a total number of 50 deposition cycles was performed, and
thus the thickness of all final materials was about 50 nm. Note
that for the fabrication of Type III coatings a seeding layer of
A was necessary to achieve a crystalline and oriented PCP
coating.

PCP coatings of all three types were characterized as
described in previous reports.[15] The following text is a general
description of material characterization applied for all three
types of PCP coatings. The in situ monitoring of the immobi-
lization process was achieved by liquid-phase QCM. The
typical step curve of the time-dependent frequency change
could be attributed to chemical deposition of material at the
QCM sensor surface (Figure S3 in the Supporting Informa-
tion). The crystallinity of binary Janus PCP coatings was
confirmed by powder X-ray diffraction (PXRD) measure-
ments. All obtained Janus PCP coatings were preferentially
oriented into the [001] direction (2q = 9.128) and with no clear
preferential ordering in the lateral direction (Figure 3). The
grazing incidence X-ray diffraction data supported this fact by
exhibiting the 100 and 001 diffractions at the same time. The
positions of the observed reflexes are consistent with the
calculated PXRD pattern from the bulk [Cu2(ndc)2(dabco)]n

phase.[16] Field-emission scanning electron microscopy
(FESEM) images provided evidence for the continuous
coatings without any crack (Figure S2 in the Supporting
Information). Infrared reflection absorbance spectroscopy
(IRRAS) confirms the presence of the characteristic vibra-
tional bands of the coordinated carboxylate groups in the
region between 1500 and 1700 cm�1 (Figure S1 in the
Supporting Information). Additional vibrational bands at

Figure 2. Different types of heterostructured Janus PCP coatings with
PCP frameworks A : [Cu2(ndc)2(dabco)]n ; B : [Cu2(NH2-bdc)2(dabco)]n ;
C : [Cu2(HOOC(CH2)2OCNH-bdc)2(dabco)]n and the principle of post-
synthetic modification of Janus PCP coatings exemplarily demon-
strated for Type I(B@A) material.

Figure 3. PXRD pattern of a) A (simulated one), b) Type I(A), c) Type I-
(B@A), and d) the grazing incidence PXRD pattern of Type II(C@A).
PXRD pattern of e) A (simulated one), f) Type II(B) and Type II(C),
g) Type II(A@C), and h) the grazing incidence PXRD pattern of Type II-
(A@C).
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1453 and 1591 cm�1 are attributed to the presence of the
amine functional groups of the NH2-bdc ligand, and the band
at 1320 cm�1 confirms the successful amide bond formation
(the yield of PSM was reported as around 50 %[13]).

The comparison of sorption properties between the non-
centrosymmetric Type I/Type II materials and the homoge-
neous Type III material emphasizes the influence of different
spatial configurations within the heterogeneous materials on
the overall porous properties. Two VOCs with different size
and polarity (methanol and hexane) were chosen for sorption
experiments. Prior to sorption experiments, it was highly
important to activate the PCP materials of all three types and
remove all incorporated unreacted starting reagents and
solvent molecules from the pores to be able to compare the
sorption data of different materials. The activation process
was examined in two steps. In the first step the coated QCM
sensor was soaked in pure CH2Cl2 for one hour at 40 8C and
subsequently dried in an Ar stream. Additionally, the QCM
sensors were placed inside the QCM chamber and heated at
70 8C in a He stream (100 sccm) for one additional hour. The
adsorption isotherms were recorded at 25 8C using an
environment-controlled QCM system[17] that controlled the
partial vapor pressure of VOCs within the range of P/P0 = 0–
95%.

Single-VOC sorption experiments (sorption experiments
with one VOC) using Type I(C@A) and Type II(A@C)
coatings revealed similar maximum methanol uptake of 1.2
molecules per copper dimer unit at P/P0 = 95 % (Figure 4).
Both isotherms exhibited the type I sorption profiles typical

for microporous materials. This fact indicated the preserved
porosity of the heterostructured materials, though the PSM
diminished the pore size by the introduction of additional
carboxylic acid functionalities pointing into the pores. The
adsorption characteristics for methanol as a small and polar
VOC did not depend on the sequential arrangement of the
frameworks A and C, since both PCP systems possessed the
suitable pore size and polar environment for methanol
accommodation. In contrast, the single-VOC sorption experi-
ment of Type I(C@A) exhibited no uptake for hexane as
a large and nonpolar VOC. When swapping the arrangement
between A and C, a maximum amount of 0.5 hexane
molecules per copper dimer unit could be adsorbed by
Type II(A@C) material. This fact indicated that the narrow
and polar pores of the upper part C of the binary Janus PCP

Type I(C@A) coatings with the framework C were inacces-
sible for hexane. The corresponding hexane adsorption
measurement for single framework C exhibited no uptake
for hexane, thereby further supporting this blocking effect.
These results also suggest that the coating with 2D Janus PCP
on the QCM sensor is perfectly achieved and there is no crack
or lateral inhomogeneity that would allow for molecule
permeation.

The results of single-analyte adsorption experiments
indicated the possible selective adsorption properties of
binary Janus PCP coatings. We performed multiple-VOCs
sorption experiments to confirm and strengthen this assump-
tion, since the performance of a porous material could
strongly vary during single- and multiple-analyte sorption
experiments. For mixture sorption experiments the relative
concentration of one of the analytes was kept constant at the
highest possible value (P/P0 = 47.5 % of relative concentra-
tion of the VOC), and the concentration of the second VOC
was varied in the range between P/P0 = 0–47.5%. The
limitation of the highest possible relative concentration at
47.5% for a single VOC is caused by the fact that He is
required as a carrier gas (minimum 5% for a single analyte)
and that the streams of methanol and hexane are combined
before reaching the QCM cell (Figure S10 in the Supporting
Information).

Interestingly, the sorption experiment of Type I(C@A), in
which the relative concentration of hexane was kept constant
at 47.5% during the sorption for methanol, presented the
typical type I sorption profile with a similar overall uptake of
0.32 gg�1, compared to the single-methanol sorption experi-
ment for the same material (P/P0 = 50%: overall uptake is
0.34 gg�1; Figure 5a). In contrast to this result, the adsorption
isotherm obtained by keeping the methanol concentration at
a constant value of 47.5% and varying the hexane concen-
tration from 0 to 47.5% presented an initial huge uptake of
0.24 gg�1 but did not change significantly during the increase
of the hexane concentration to 47.5% (Figure 5b). The initial
uptake was comparable to the uptake observed for methanol
in the single-analyte sorption experiment, 0.34 gg�1 at P/P0 =

47.5% (Figure 4).
Mixture sorption experiments with Type II(A@C) pro-

vided a similar uptake profile to the one of Type I(C@A) for
hexane with constant methanol concentration (Figure 5b);
the high initial uptake of molecules is caused by the constant
concentration of MeOH or hexane, because the Type II-
(A@C) could adsorb both analytes, and the overall uptake
values did not change significantly during the increase of the
concentration of the second VOC (Figure 5c and d). Similar
results were obtained for mixture sorption experiments with
Type III(AC) materials (Figure S6 in the Supporting Infor-
mation). Regarding all performed mixture sorption experi-
ments, the isotherm with type I sorption profile was observed
only for Type I(C@A) material, when the hexane concen-
tration was kept constant and the methanol concentration was
varied. This result clearly implies that the framework C
located at the upper side of Type I(C@A) blocks the
permeation for hexane into the material and selectively
adsorbs the methanol molecules even in the mixture con-
dition. For Type II(A@C) and Type III(AC) materials, owing

Figure 4. a) MeOH (black) and hexane (light brown) single-VOC
adsorption isotherms of Type I(C@A) and b) MeOH (black) and
hexane (light brown) adsorption isotherms of Type II(A@C).
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to the lack of the homogenous lateral coating of A with C, no
blocking effect was observed, thus indicating the permeability
of those materials for both analytes without any preference
for one of them.

In conclusion, sophisticated heterostructured non-centro-
symmetric binary Janus PCP coatings Type I(C@A) and
Type II(A@C) with permanent porosity were fabricated.
Both heterogeneous materials are based on structurally and
topologically identical PCP systems of pillared-layer type
[Cu2(dicarboxylate)2(dabco)]n with variation of the dicarbox-
ylate ligand. The precise investigations of adsorption proper-
ties of these heterostructured materials using QCM sensor
devices exhibited tunable analyte affinity strongly depending
on the upper surface functionality. The directional perme-
ability and selective adsorption behavior were examined by
changing the spatial arrangement of A and C. The Type I-
(C@A) coatings could selectively adsorb the small and polar
VOC methanol out of a mixture with hexane, however, the
inversed structure of Type II(A@C) showed no selectivity.
The comparison of heterogeneous, non-centrosymmetric
Janus PCP coatings with homogeneous PCP coatings of
Type III(AC) emphasized the impact of spatial separation of
distinct PCP systems. This result clearly demonstrated that
the heterogeneous hybridization concept (or the PCP-on-
PCP concept) could be applied to device coatings for the
precise tuning of sensing performance and will open the way

for the application of PCPs with higher chemical complexity
in the field of electronics.[18]
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