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ABSTRACT: Crystalline films of the Cu3(BTC)2 (BTC3− = 1,3,5-
benzenetricarboxylate) metal−organic framework (MOF) have been
grown by dip-coating an alumina/Si(111) substrate in solutions of
Cu(II) acetate and the organic linker H3BTC. Atomic force microscopy
(AFM) experiments demonstrate that the substrate is completely
covered by the MOF film, while grazing incidence wide-angle X-ray
scattering (GIWAXS) establishes the crystallinity of the films. Forty
cycles of dip-coating results in a film that is ∼70 nm thick with a root
mean squared roughness of 25 nm and crystallites ranging from 50−160
nm in height. Co2+ ions were exchanged into the MOF framework by
immersing the Cu3(BTC)2 films in solutions of CoCl2. By varying the
temperature and exchange times, different concentrations of Co were
incorporated into the films, as determined by X-ray photoelectron
spectroscopy experiments. AFM studies showed that morphologies of the bimetallic films were largely unchanged after
transmetalation, and GIWAXS indicated that the bimetallic films retained their crystallinity.

■ INTRODUCTION

Based on their tunable, porous structures and diversity of metal
nodes, metal−organic frameworks (MOFs) have attracted
interest for many applications, including catalysis,1−6 gas
storage and separations,7−11 energy transfer,12,13 and sensing
devices.14−16 Furthermore, tuning the electronic properties of
MOFs by modifying their modular framework has become a
promising area of research.14,15 The incorporation of a second
metal into the framework through metal node modification or
ligand extension has been studied as a means to promote
desirable chemical and electronic properties.17−21 For example,
our group has demonstrated that (CuxCo1−x)3(BTC)2
(abbreviated as CuCoBTC) exhibits unusual electronic
properties compared to pure Cu3(BTC)2 (HKUST-1,
abbreviated as CuBTC), as demonstrated by the shift of the
valence band edge toward the Fermi level.17 In addition, when
Rh ions are exchanged into the CuBTC framework, the
resulting CuRhBTC MOF shows activity for propylene
hydrogenation with the Rh2+ ions serving as active sites.22

Traditional synthesis techniques using solvothermal meth-
ods result in the fabrication of MOFs in the form of powders.
However, the growth of crystalline MOF films provides the
opportunity for fundamental studies involving systematic
control of chemical and electronic properties as a function of
the incorporation of a second metal into the MOF framework.
Specifically, catalytic reactions such as hydrogenation,
oxidation, and epoxidation are known to occur at the MOF

metal nodes;1,9,22−25 the kinetics of these reactions can be
more effectively studied on well-defined, MOF thin films rather
than on MOF powders, where diffusion of species within the
pores may play a role. Films also provide the structural
uniformity necessary for use in MOF-based devices such as in
photovoltaics, sensors, and thermoelectrics.16,26−30 Most
recently, the development of MOFs as thin films has garnered
significant attention for electrochemical applications.31−39

The method by which the MOF film is grown is key to the
integrity of its structure and the resulting perform-
ance.26,30,40−42 Growth procedures such as solvothermal film
synthesis, in which the substrate is heated in a solution of
precursors,30,42−44 deposition of a presynthesized MOF
powder onto the substrate material by drop-casting,30,39,42,45

or electrodeposition30,37,38,42 often lead to polycrystalline films
with poor adhesion between the MOF and the underlying
substrate. A number of studies have reported the use of self-
assembled monolayers (SAMs) for functionalizing the
substrate surface and serving as a foundation for MOF film
growth.42,46−49 Among the many strategies for MOF film
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synthesis, Wöll and co-workers developed a layer-by-layer
deposition procedure using SAMs to anchor the film to the
substrate,42,47,50−54 and this approach is notable for producing
highly ordered, crystalline films that allow for control over the
film thickness. Limited thermal and chemical stability are
disadvantages of using SAMs for binding the MOF precursors
to the support,42,55 but Stavila et al. reported that crystalline
CuBTC films could be grown directly on alumina and silica
surfaces using this layer-by-layer deposition approach.15

Although the incorporation of a second metal in the MOF
structure is known to improve catalytic, conductive, and gas
storage properties for MOF powders,17,19,56−59 the field of
bimetallic MOF thin films has been relatively unexplored,
particularly for two different metals incorporated at the same
type of metal node. A number of bimetallic MOF films have
been constructed from one type of metal at the node and a
different metal incorporated into the associated li-
gands.31,32,34,36,38,44,60 In other studies, metallic complexes
have been selectively deposited at MOF nodes,61,62 and these
techniques have been extended to selective deposition of
complexes at the Zr6 nodes of NU-1000 thin films.59,60,63

Bimetallic MOF films have also been prepared from
solvothermal synthesis,38,64 in which the preformed MOF
powders are coated onto the substrate in a thin layer,39,45 and
from electrochemical deposition.37 Kitagawa et al. grew
bimetallic MOF thin films consisting of cyanide-bridged 2D
layers containing Fe2+ and M(CN)4 (M = Ni,65 Pd,66 Pt67−69)
connected by pyrazine, pyridine, or bipyridine ligands to form
a 3D lattice; notably, the growth of these bimetallic films
involved thiol-based self-assembled monolayers (SAMs) for
film nucleation and orientation, and therefore, the thermal
stability of the films is limited by decomposition temperature
of the SAMs.
In this work, we present the first study of crystalline,

bimetallic MOF films prepared by growth of a monometallic
MOF film (CuBTC) followed by transmetalation for
incorporation of a second metal (Co2+) at the paddle-wheel
nodes. For MOF powders, different metal ions have been
successfully exchanged into the CuBTC framework by
exposure to a solution of the second metal ion (Co,17 Rh,22

Ru,70 Ni,22 Ir,22 and Zn17). The CuBTC MOF was chosen for
initial film growth based on its desirable qualities of high
surface area, good thermal stability, and stability in air.71

Furthermore, there are a number of different methods reported
in the literature that have been successful in growing crystalline
CuBTC films.30,41,72−74 Cobalt was selected as the second
metal based on the unusual electronic properties observed for
the CuCoBTC MOF in its powder form.17 From a catalytic
perspective, Co-containing MOFs also exhibit desirable activity
in electrochemical reactions.33,35,45,60,75

In the first step of our MOF thin film synthesis, crystalline
films of CuBTC are grown on an alumina/Si(100) substrate by
dip-coating in alternating solutions of copper acetate and
organic linker (1,3,5-benzenetricarboxylic acid). A thin (2.5
nm) alumina film was chosen as the substrate, given that oxide
surfaces like alumina and silica provide native surface hydroxyl
groups that initiate MOF film growth.15 In the second step,
Co2+ ions are exchanged into the MOF framework by
immersing the CuBTC films in solutions of CoCl2. By varying
the temperature and immersion time for exchange, different
concentrations of Co are incorporated into the films, as
determined by X-ray photoelectron spectroscopy (XPS)
experiments. Atomic force microscopy (AFM) measurements

show that the substrate is uniformly covered by the MOF film
after transmetalation, and grazing incidence wide-angle X-ray
scattering (GIWAXS) studies confirm that the bimetallic films
retain their crystallinity. Stability studies of the films stored
under N,N′-dimethylformamide (DMF) demonstrate that the
coverage remains uniform with crystallites completely covering
the surface although some rearrangement occurs as the
crystallite sizes increase over time.

■ EXPERIMENTAL SECTION
Materials. Cu(CH3COO)2·H2O (Cu(OAc)2, >95%, TCI Amer-

ica), 1,3,5-benzenetricarboxylic acid (H3BTC, 98%, Alfa Aesar),
CoCl2·6H2O (>98.0%, TCI America), ethanol (200 proof, Decon
Laboratories), N,N′-dimethylformamide (DMF, ACS grade, BDH),
trichloroethylene (99.9%, BDH), acetone (≥99.5%, Sigma-Aldrich),
and methanol (≥99.8%, Sigma-Aldrich) were used as received.

Film Synthesis. Thin films of CuBTC were grown on a sputter-
deposited 2.5 nm film of Al2O3 on a polished, p-type Si(100)
substrate (University Wafer). The wafer substrates were cut into 1.0
cm × 1.2 cm rectangles and thoroughly cleaned by sonication in
trichloroethylene, acetone, and methanol for 20 min in each solvent.
The precursors for growing the CuBTC films consisted of 1 mM
Cu(OAc)2 in ethanol and 1 mM H3BTC in ethanol. The substrate
was first immersed in the Cu(OAc)2 solution for 1 min followed by a
15 s rinse in ethanol and 15 s of drying under a flow of N2. The
substrate was then immersed in H3BTC solution for 1 min followed
by a 15 s rinse in ethanol and 15 s of drying under N2. This process of
exposure to Cu(OAc)2/ethanol−N2/H3BTC/ethanol−N2 constituted
one growth cycle. Forty cycles were used for the synthesis of each
CuBTC film unless otherwise specified.

Film Transmetalation. Bimetallic CuCoBTC films were prepared
by exposing the CuBTC film to a CoCl2 solution in DMF (10 mL,
1.05 g of CoCl2) or ethanol (10 mL, 0.33 g of CoCl2). The length of
time (0.25−24 h) and temperature of transmetalation (25−90 °C)
determined how much Co2+ was exchanged into the CuBTC film.
After the metal exchange, the bimetallic film was placed either in
DMF or ethanol to remove excess CoCl2. DMF was chosen as an
exchange solvent based on the known procedure for transmetallating
Co2+ into the CuBTC framework for MOF powders.17 Ethanol was
also investigated as an exchange solvent since the CuBTC films were
grown from ethanolic solutions, but the boiling point of ethanol
limited transmetalation temperatures to 70 °C or lower. In these
studies, DMF can be assumed to be the exchange solvent unless
otherwise stated. The details of the preparation of all films shown in
the figures are given in Table S1.

Characterization. X-ray photoelectron spectroscopy (XPS) data
were collected using a Kratos AXIS Ultra DLD system with a
monochromatic Al Kα source, hemispherical analyzer, and charge
neutralizer.17,76 The base pressure of the vacuum chamber was 1 ×
10−9 Torr before sample introduction and ≤3 × 10−9 Torr during
experiments. The dwell time for all regions was 1000 ms, and the
energy step size was 0.06 eV. Survey scans were collected for all films
to ensure that there were no contaminants introduced during sample
preparation. Absolute binding energies were determined by setting the
position of the lower energy adventitious carbon peak to 284.8 eV.
Metal compositions for the bimetallic films were determined from the
integrated areas of the Co(2p3/2) and Cu(2p3/2) peaks and the
relative sensitivity factors for Cu and Co. The relative sensitivity
factors from the Kratos Vision software were used for the Co(2p3/2),
Cu(2p3/2), and Cl(2p) regions (2.393, 3.547, and 0.48, respectively).
The baseline chlorine signal for all films, including CuBTC, ranged
from zero to no more than 6% of the Cu(2p) signal.

Grazing incidence wide-angle X-ray scattering (GIWAXS) data
were collected on a SAXSLab Ganesha instrument at the South
Carolina SAXS Collaborative. A Xenocs GeniX3D microfocus source
with a Cu target and a Hybrid Pixel Array Pilatus detector (Dectris)
were used for collecting scattering patterns. Measurements of films
were conducted for 30 min at an incident angle of 4° while at room
temperature.
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Tapping mode atomic force microscopy (AFM) experiments were
carried out in air using a Multimode Nanoscope IIIA system (Digital
Instruments Inc.) with commercial Si cantilevers (ACT, Applied
NanoStructures) at a scan rate of 1 Hz. Analysis of crystallite heights,
root mean squared surface roughness, and fraction of the surface
covered by crystallites was carried out using the shareware program
Image SXM. For the latter measurements on the 10 and 20 cycle
films, bare substrate regions could clearly be identified based on the
flatness of these regions and their consistent relative heights. In the
case of the 40 cycle films, it was less clear that the low points on the
surface were exposed substrate, and therefore, the fraction of the
surface covered by crystallites may be underestimated.
MOF film thicknesses were measured with a field emission

scanning electron microscope (Zeiss Gemini Ultraplus). The edge of
the MOF film was coated with gold (200 Å) to prevent charging
effects.

■ RESULTS AND DISCUSSION
GIWAXS: Crystallinity. GIWAXS data for the CuBTC

films grown by dip-coating are consistent with the known
crystal structure of CuBTC powders reported in the literature
(Figure 1).71 A simulated pattern for CuBTC is shown in the

top panel of Figure 1 along with the assignments for the
prominent peaks at the lower scattering angles. The CuCoBTC
films prepared by exchanging Cu2+ with Co2+ ions at different
temperatures and times (19−66%, Figure 1) also show
GIWAXS patterns that are anaologous to the CuBTC film,
indicating that the crystallinity of the film is retained after
incorporation of Co into the MOF structure. The diffraction

patterns after Co2+ addition are shifted slightly toward higher
diffraction angles; however, this change was within the ∼2
degrees of error associated with the grazing incidence sample
alignment and calibration drift. The film in which 100% of the
Cu2+ ions were exchanged for Co2+ did not exhibit the CuBTC
structure (Figure 1), indicating that some fraction of Cu2+ is
necessary to stabilize the framework. In general, the CuCoBTC
films were found to be crystalline for Co concentrations
ranging from 10% to 96%.

XPS: Surface Composition and Oxidation States. The
Co concentrations in the CuCoBTC films as a function of
exchange time, temperature, and solvent are shown in Figure 2.

The relative Co/Cu compositions were established from the
integrated Co(2p3/2) and Cu(2p3/2) peaks after correcting for
atomic sensitivities. Co concentrations across the films were
found to be consistent based on the sampling of the 72%
CuCoBTC film at three different areas, which had a standard
deviation of 4%. The general trend is that greater incorporation
of Co into the framework is achieved at longer exchange times
and higher temperatures. At the highest temperature studied
(90 °C in DMF), Co exchange is 66% after only 15 min, and
nearly 100% exchange is achieved after 6 h. At a lower
temperature of 50 °C, 27% exchange occurs after 1 h, and this
value drops to 10% for the same conditions at 25 °C.
Furthermore, only 45% Co is reached after 24 h at 25 °C in
DMF, and with ethanol as a solvent, the Co composition is
even lower at 19%. This is presumably a result of the lower
concentration of CoCl2 in the exchange solution due to the
lower solubility in ethanol. Higher concentrations of 50% Co
can still be achieved at elevated temperature (70 °C) after 0.5
h in ethanol solution, but the maximum exchange temperature
is limited by the lower boiling point of ethanol compared to
DMF.
XPS data for CuBTC and CuCoBTC films are presented in

Figure 3. The Al2O3/Si substrate itself had no features in the
Co(2p) and Cu(2p) regions, and the CuBTC film did not
exhibit features in the Co(2p) region (Figure 3a, b). Notably,
significant intensity in the Cl(2p) region (186−206 eV) was
not detected for the exchanged films, and this eliminates the
possibility that CoCl2 is retained in the pores of the MOF film
or adsorbed on the surface rather than having Co2+ exchanged
with Cu2+ ions in the framework. For the 45%, 66%, and 72%

Figure 1. GIWAXS data for the Al2O3/Si substrate (black); CuBTC
film (red); CuCoBTC film (66% Co, exchanged at 90 °C for 15 min,
blue); CuCoBTC film (27% Co, exchanged at 50 °C for 60 min,
purple); CuCoBTC film (19% Co, exchanged at 25 °C for 24 h in
ethanol, green); and CoBTC film (100% Co, exchanged at 90 °C for
8 h, pink). As a reference, the top panel shows the simulated pattern
for CuBTC.

Figure 2. Plot of percent Co incorporation into the framework as a
function of exchange time at various temperatures in DMF and
ethanol solvents.
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CuCoBTC films, the Co(2p3/2) peak appeared at 781.8 eV,
which is the same as the binding energy attributed to Co2+ for
CuCoBTC MOF powders.17 The pronounced shoulder at 4−5
eV higher binding energy is ascribed to final state effects and
core-hole screening associated with charge transfer from the
ligand to the 3d orbitals;77,78 this satellite feature is associated
with paramagnetic Co2+,79,80 which is also consistent with the
16 eV splitting between the Co(2p3/2) and Co(2p1/2) peaks, as
opposed to a splitting of 15 eV observed for diamagnetic
Co3+.81,82 In the Cu(2p) region (Figure 3b), the CuBTC film
has a peak at 935.2 eV assigned to Cu2+ and a shoulder at
933.5 eV assigned to Cu1+.76 A combination of removal of the
coordinating solvent/water in vacuum and irradiation by X-
rays is known to induce reduction of Cu2+ to Cu1+ in
CuBTC.76,83 Furthermore, the satellite features at 940.2 and
944.9 eV are also characteristic of Cu2+ and not observed for
Cu1+.76 Given that the Cu(2p3/2) binding energies are nearly
identical for Cu0 and Cu1+,84,85 the Cu(LMM) Auger region
was collected (Figure S1) to confirm that metallic Cu was not
present. Cu0 should appear as a sharp peak at ∼567 eV, which
is not observed in our samples; instead, the Cu(LMM) spectra
for the films show a broader feature at 572 eV associated with
Cu1+.86 For the CuCoBTC films containing 45−66% Co, the
main features in the Cu(2p) region are the same as for CuBTC
although the intensities decrease due to the lower Cu
concentration. For the CuCoBTC film with only 4% Cu, the
main peak appears to be Cu1+.
Valence band spectra (Figure 3c) demonstrate that

incorporation of Co into the MOF results in a shift in the
valence band edge to lower binding energies. While the
insulating Al2O3/Si substrate has almost no intensity above 4
eV, the CuBTC film has a peak in the valence band region at
5.25 eV as well as intensity that extends to ∼2 eV. The valence
band spectra for the CuCoBTC films (45−72% Co) are similar
to that of CuBTC except that the valence band edge extends
slightly more toward the Fermi level for the bimetallic films.
For example, the onset of the rise of the valence band edge
occurs at ∼0.7 eV lower in energy for the 72% Co film
compared to CuBTC. The 96% Co film has a peak shape that
resembles that of the substrate except at binding energies ≤4
eV, where a higher intensity tail exists, and this behavior is
attributed to the fact that the 96% Co film has some regions of
exposed substrate. Previous studies of CuCoBTC MOF

powders have shown that the valence band edge shifts
significantly toward the Fermi level compared to the position
for the CuBTC valence band edge, indicating that there is a
greater density of states near the Fermi level, as typically
observed for a semiconductor.17 However, for the CuCoBTC
films, differences in the valence band edge compared to
CuBTC are not as pronounced, and intensity does not appear
at the Fermi level.
The C(1s) and O(1s) XPS data for the MOF films are

consistent with what has been previously reported for the
MOF powders (Figure S1).17,76 The higher binding energy
C(1s) peak at 288.8 eV is attributed to CO while the 284.8
eV is assigned to a combination of adventitious carbon and
aliphatic carbons. For both MOF films and powders, the ratio
of the 288.8 to 284.8 eV peaks is 0.32 ± 0.04. In the cases
where the MOF films are partially delaminated, this ratio
decreases and is therefore used as an indicator of delamination,
which we define as separation of the film from the substrate.
The 96% Co film is believed to be partially delaminated given
that this ratio is 0.26. Furthermore, the Al(2s) and Si(2p)
signals from the substrate are visible, whereas these signals are
almost completely attenuated for the CuBTC films. The shape
of the O(1s) peak is also indicative of exposed Al2O3 regions
since oxygen species in the MOFs have a narrower O(1s) peak,
and oxygen in alumina is shifted to lower binding energy by 0.4
eV. In general, delamination of the films is characterized by
more prominent Si(2p) and Al(2s) peaks from the substrate, as
well as a decrease in MOF/adventitious carbon ratio and a
broadening and shift to lower binding energy for the O(1s)
peak. Notably, the GIWAXS data for the partially delaminated
films indicate that they are still crystalline. The extent of film
delamination tends to increase with increasing Co concen-
tration and is attributed to the following reasons. First, the
more aggressive exchange conditions (longer times at high
temperature) required for the higher Co concentrations
weaken the adhesion between the film and substrate. Second,
the crystalline CuCoBTC films are expected to be less stable
than CuBTC and, therefore, more prone to degradation and
dissolution; cluster structures consisting of dimetal paddle-
wheel nodes connected by carboxylate linkers are reported to
be more stable for Cu2+ in the paddle-wheel compared with
Co2+.87−89

Figure 3. XPS data for (a) Co(2p), (b) Cu(2p), and (c) valence band regions. Surfaces shown are the Al2O3/Si substrate (black), CuBTC film
(red), CuCoBTC film (45% Co, blue), CuCoBTC film (66% Co, green), CuCoBTC film (72% Co, purple), and CuCoBTC film (96% Co, pink).
The inset for (c) is an expanded region at the valence band edge.
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AFM and SEM: Film Morphologies and Thicknesses.
AFM experiments were conducted to characterize the
morphology of the MOF films. Films prepared by 10 dip-
coating cycles resulted in crystallites 20−60 nm high and 60−
180 nm wide, whereas a 20 cycle film resulted in features 35−
95 nm high and 80−245 nm wide (Figure 4a, b). The surfaces
of the CuBTC films grown by 40 dip-coating cycles appear to
be almost completely covered by crystallites with lateral
dimensions ranging from 200−400 nm and heights of 60−150
nm (Figure 4c); the root mean squared (RMS) roughness was
∼25 nm. For the 10 and 20 cycle films ∼30% of the substrate
was exposed compared to <5% for the 40 cycle film based on
an analysis of the AFM images (see Experimental Section).
Therefore, a smaller number of dip-coating cycles resulted in
thinner films, but complete coverage of the surface was not
achieved. For the standard CuBTC films grown by 40 dip-
coating cycles, film thicknesses were estimated as ∼70 nm from
cross-sectional SEM measurements that were taken from a set
of 13 images, in which films of uniform thickness could be
observed (Figure S2). Typical film thicknesses ranged from 40
to 105 nm with an average value of 70 nm, and these values are
in reasonable agreement with the crystallite heights measured
by AFM. After a CuBTC film was exchanged in CoCl2 solution
for 15 min at 90 °C to produce a 66% Co concentration, the
overall morphology of the film was unchanged, and the RMS
roughness remained 25 nm (Figure 4d). Furthermore, a longer
exchange time of 1 h at 90 °C, which produced a film with 72%
Co, had similar crystallite sizes and RMS roughness (∼35 nm,
Figure 4e). Thus, incorporation of Co into the MOF film did
not alter the overall film morphology.
Films were also exchanged using ethanol as a solvent instead

of DMF. The films exchanged in ethanol exhibited smaller
crystallites with widths and heights of roughly 75 and 20 nm,
respectively, although some larger crystallites ∼200 nm in
width and ∼70 nm in height also formed (Figure 5). The RMS
roughness of the ethanol-exchanged films was 13−17 nm,
which was lower than those exchanged in DMF. These results
therefore suggest that exposure of the MOF to DMF facilitates
larger crystallite sizes whereas exposure to ethanol results in
distinctly smaller crystallites. Although the imaged film

morphologies can be strongly influenced by the shape of the
AFM tip, the faceted shapes of the crystallites in Figures 4 are
believed to be real, given that imaging with different AFM tips
yielded the same results. Moreover, the same AFM tips that
imaged faceted crystallites exchanged in DMF showed less
regular features for the films exchanged in ethanol.
Surface morphologies of the films were preserved by storing

them in closed vials that were purged with N2 gas, but when
the films were stored under DMF, delamination occurred over
time. Figure 6a shows a CuBTC film that was stored under
DMF for 40 days; the dimensions of these crystallites, which
ranged from 150−425 nm in width and 32−150 nm height,
were much larger than the ones observed for the freshly grown
film (Figure 4a) and suggest that DMF promotes restructuring
of CuBTC into larger crystallites. Furthermore, AFM images
for a CuCoBTC film (10% Co, exchanged 1 h in DMF) that
was stored for 22 days in DMF (Figure 6b) exhibited the same
large crystallites observed in Figure 6a for CuBTC under
DMF. This is not an unexpected result, given that the structure
and morphology of MOF crystals are reported to be dependent
on the solvent used in synthesis.90−92 DMF is also a common
solvent for MOF synthesis,92,93 and octahedral CuBTC crystals
as large as 70 μm have been grown in DMF.94 It is believed
that the decomposition of DMF to dimethylamine95 allows this
solvent to act as a structure directing agent in the MOF crystal

Figure 4. AFM images of CuBTC films grown by (a) 10 dip-coating cycles, (b) 20 dip-coating cycles, and (c) 40 dip-coating cycles and of
CuCoBTC films for (d) 66% Co, exchanged at 90 °C for 15 min, and (e) 72% Co, exchanged at 90 °C for 60 min. Both CuCoBTC films were
grown from CuBTC films with 40 cycles of dip-coating. All images are 5 μm × 5 μm, and vertical scale bars are provided in Figure S3.

Figure 5. AFM images of CuCoBTC films (a) 13% Co, exchanged at
25 °C for 3 h in ethanol, and (b) 50% Co, exchanged at 70 °C for 30
min in ethanol. All images are 5 μm × 5 μm.
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growth process by controlling the basicity and extent of
deprotonation of the organic carboxylate ligands.91

■ SUMMARY AND CONCLUSIONS
A novel synthesis method for producing uniform, bimetallic
MOF films has been presented. CuBTC films are initially
grown directly on an Al2O3/Si(100) substrate by a dip-coating
procedure using alternating metal and ligand precursor
solutions. By subsequently exposing the film to a solution of
CoCl2, Co

2+ is transmetalated into the MOF structure, and the
concentration of Co2+ can be controlled by the exchange
temperature and time. The resulting CuCoBTC films retain
their crystallinity, and the morphology of the crystallites
covering the surface is also unchanged after Co2+ incorpo-
ration. To our knowledge, there have been no other reports of
crystalline, bimetallic films prepared by transmetalation. This
method has the advantage of allowing a wide range of metal
compositions to be achieved and does not require SAM linkers
to tether the MOF films to the surface, which allows for greater
versatility in applications requiring higher temperatures or
more reactive chemical environments. Given that the
bimetallic CuMBTC MOFs are known to exhibit desirable
electronic and catalytic properties as a function of metal
composition, well-characterized CuMBTC films will enable
detailed, fundamental studies of these properties.
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