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†Institute of Functional Interfaces (IFG), Karlsruhe Institute of Technology (KIT), 76344 Eggenstein-Leopoldshafen, Germany
‡Applied Physical Chemistry, University of Heidelberg, 69120 Heidelberg, Germany
§Department of Physics, University of Konstanz, 78457 Konstanz, Germany

*S Supporting Information

ABSTRACT: Understanding of the electric transport through
surface-anchored metal−organic frameworks (SURMOFs) is
important both from a fundamental perspective as well as with
regards to possible future applications in electronic devices. To
address this mostly unexplored subject, we integrated a series of
representative SURMOF thin films, formed by copper nodes
and trimesic acid and known as HKUST-1, in a mercury-drop-
based tunneling junction. Although the transport properties of
these SURMOFs are analogous to those of hybrid metal−
organic molecular wires, manifested by a very low value of the
tunneling decay constant (β ≈ 0.006 Å−1), they are at the same
time found to be consistent with a linear increase of resistance with film thickness. Upon loading of SURMOF pores with
ferrocene (Fc), a noticeable increase in transport current was observed. A transport model and ab initio electronic structure
calculations were used to reveal a hopping transport mechanism and to relate the changes upon Fc loading to those of the
electronic and vibrational structures of the SURMOF films.

KEYWORDS: surface-anchored metal−organic frameworks, electric transport properties, conduction mechanism,
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1. INTRODUCTION

Metal−organic frameworks (MOFs)1−5 are coordination
polymers formed by metal nodes or clusters connected by
organic ligands to give crystalline three-dimensional networks
with well-defined pores. Thanks to their porosity, MOFs have
been largely investigated as potentially suitable host architec-
tures for a variety of different applications, ranging from
storage6−8 to delivery,9 sensing,10 and catalysis,11 to name a
few. Additionally, recently, MOFs have been considered as
possible components of electronic devices12−16 with either an
active electronic role, i.e., being involved in the charge
transport, or a mere supplementary role, as porous scaffolds
in batteries,17,18 fuel cells,19 and capacitors.20 Even though the
foreseen potential of MOFs for electronic applications is very
promising, the investigation of their fundamental transport
properties is still in its incipiency. To address this issue, we
integrated a MOF formed by copper nodes and trimesic acid,
and known as HKUST-1,21 in a mercury-drop-based tunneling
junction. The HKUST-1 was prepared as highly oriented
crystalline film with adjustable thickness on a carboxylic
terminated self-assembled monolayer (SAM) on gold by
means of the stepwise liquid phase epitaxy method.22,23 The
obtained surface-anchored MOF (SURMOF) films of high
quality, compactness, and low defect density24 were used as

bottom electrode in a Hg-based tunneling junction,25−28 where
the liquid Hg drop is the top electrode (see Figure 1), and their
charge-transport properties were investigated.

2. EXPERIMENTAL SECTION
Materials. Copper acetate monohydrate (Cu2+), 1,3,5-benzene-

tricarboxylic acid (BTC), ferrocene (Fc), hexadecane (HD), and
hexadecanethiol (HDT, Figure 1, right) were obtained from Sigma-
Aldrich and used without any further purification. Ethanol was
purchased from VWR. The 9-carboxy-10-(mercaptomethyl)triptycene
thiol (CMMT, Figure 1, right) was prepared according to literature.29

The gold substrates were obtained from Georg Albert PVD (Silz,
Germany). They were prepared by thermal evaporation of 100 nm of
gold (99.99% purity) onto polished single-crystal silicon (100) wafers
(Silicon Sense) using a 5 nm titanium adhesion layer. The evaporated
films were polycrystalline, with grains having predominantly a [111]
orientation. The as-deposited Au substrates were kept in Ar filled
containers until use.

General Preparation Procedure. SAM Preparation. Gold
substrates were immersed into an ethanolic solution of 9-carboxy-
10-(mercaptomethyl) triptycene (CMMT; 20 μM) for 72 h at room
temperature in the dark. Thereafter, the substrates were rinsed with
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ethanol and dried with a N2 stream. This procedure was performed
shortly before SURMOF preparation; a schematic representation of
the CMMT SAM is shown in Figure 1 and Figure S1 in the
Supporting Information.
SURMOF Preparation. The liquid phase epitaxy (LPE) grown

HKUST-1 SURMOFs with different thickness were prepared on
CMMT modified Au substrates by the spray method according to the
procedure reported in the literature30 and schematized in Figure S2 in
the Supporting Information. Copper acetate (1 mM in ethanol) and
1,3,5-benzenetricarboxylic acid (0.1 mM in ethanol) were alternately
sprayed on the target CMMT SAM for 15 and 20 s, respectively. After
the spraying of each component, we waited for 25 s and then the target
was abundantly rinsed with ethanol to remove any unselectively bound
material. The spraying of the metal and linker solutions (i.e., a cycle)
was then repeated 5, 7, or 10 times. The crystal structure of the
HKUST-1 SURMOF is shown in Figure 1a.
SURMOF Loading. To get rid of residual solvent molecules trapped

inside the pores and to achieve an efficient loading, the pristine
HKUST-1 SURMOF samples were placed in a Petri dish and heated
to 60 °C in air for 20 min.24 Thereafter, the samples were exposed to a
vapor of ferrocene at room temperature for 72 h.
Methods. X-ray Diffraction (XRD). Out-of-plane XRD was carried

out on a Bruker D8 Advance in θ−θ geometry equipped with a Si-strip
detector (PSD Lynxeye©) using Cu Kα1,2 radiation. On the tube side a
variable divergence slit set to V12 (variable slit opening with 12 mm
sample spot size) and on the receiving side a 2.5° Soller slit were used.
Scans ran from 5 to 20° (2θ) with a step width of 0.024° and 16.4 s
per step. To compare the measured intensity for different spray cycles,
the same sample was used for each XRD measurement, providing the
same irradiated area.
Infrared Reflection Absorption (IRRA) Spectroscopy. The IRRA

spectra of the HKUST-1 SURMOFs before and after ferrocene loading
were acquired using the infrared spectrometer Bruker VERTEX 80v.
The absorption band positions are given in wave numbers ν in cm−1,
with a resolution of 2 cm−1. All the IRRA spectra were recorded in
grazing incidence reflection mode at an angle of incidence amounting
to 80° relative to the surface normal using liquid nitrogen cooled
mercury cadmium telluride (MCT) narrow band detectors. Perdeu-
terated hexadecanethiol SAMs on Au/Si were used for background
measurements.
Atomic Force Microscopy (AFM). AFM measurements were

performed on a Multimode (Bruker) with a “J” scanner at a scan
speed of 0.4 Hz under ambient laboratory conditions of 21−24 °C.
Film thicknesses of the SURMOFs were obtained in tapping mode,
and the cantilever type was a Mikromasch HQ: NSC18. Scan sizes
were of 60 μm2.
Assembly of Hg-Based Junctions. The home-built mercury-

drop setup described by Zharnikov et al. was used.31 A mercury drop
(around 600 μm in diameter) was extruded from a gastight Hamilton
syringe, whose plunger metallic core is connected to a Keithley 2635A
source meter through a tungsten wire. The HKUST-1 SURMOF

samples, used as bottom electrodes, were also put in contact with the
source meter by means of a metal clip and a suitable cable connector.
Right before the measurements, the mercury drop was prepared
according to the standard protocol by immersion in 10 mM
hexadecanethiol (HDT) solution in hexadecane for around 15 min.
The HDT passivated mercury drop was then gently positioned on top
of the SURMOF HKUST-1 samples. The deposited drop was
observed with a CMOS camera with a Macro lens (The Imaging
Source DMK22AUC03 1/3 in. Micron with MR 8/O). From the
sideway view of the junction, the diameter of drop was measured and
hence the contact area value calculated. One mM HDT solution in
hexadecane was used to increase the stability of the drop and avoid
amalgamation.32 The whole setup was placed on a vibration isolation
table and put inside a home-built Faraday cage to reduce vibrations
and electrical noise, respectively. For each system, 3 different samples
were used with 5 different positions for each sample. For each
position, 4−6 current−voltage curves were recorded. All the recorded
current−voltage curves were used, unless they showed conductance
values resembling a metal−metal contact and hence came from
rupture or amalgamation of the Hg-drop. In the plots, the average
extracted from all the recorded curves has been plotted. Data points
were collected using a voltage ramp with a step size of 49 mV
(between 0.01 and 0.5 V) and a time interval of at least 5 s between
individual steps.

Theoretical Analysis of Charge Transport Mechanism. To
understand the charge transport in SURMOFs, we have studied a one-
dimensional toy model that describes the transition from tunneling to
hopping conduction.33 It takes dephasing into account by connecting
each chain site to an external, phase-randomizing reservoir. In addition
to gain insight into the electronic structure of HKUST-1, we
performed DFT calculations with the program package TURBO-
MOLE.34 We used the def-TZVP basis set and the B3-LYP hybrid
functional with empirical dispersion corrections.35,36 It has been shown
that this exchange-correlation functional leads to a good description of
the fragments of the HKUST-1 MOF.37

3. RESULTS AND DISCUSSION

The SURMOF HKUST-1 thin films were prepared on the
SAM formed by 9-carboxy-10-(mercaptomethyl) triptycene,
CMMT,29 by means of the sequential step-by-step spray
method,30 as described in the Supporting Information. Films of
different thickness were obtained by varying the number of
spraying cycles (5, 7, and 10). All the films were characterized
in detail by IRRA spectroscopy and out-of-plane XRD. In all
cases, the films had the expected crystalline [111] orientation
(Figure 2a, black), as shown by the presence of the
characteristic (111), (222) and (333) Bragg peaks (with 2θ
of 5.84, 11.67, and 17.54°, respectively).

Figure 1. Scheme of the Hg-based tunneling junction. (a) Crystal structure of HKUST-1 with [111] orientation with respect to the gold surface.
Oxygen, carbon, and copper atoms are coded in red, blue, and black colors, respectively. (b) Contact area between the two electrodes: Hg as top
electrode is passivated with a SAM of hexadecanethiol (C16H33−SH, HDT), whereas the SURMOF grown on a 9-carboxy-10-(mercaptomethyl)
triptycene (CMMT) modified Au substrate serves as bottom electrode. The molecular formulas of HDT and CMMT are presented on the right side.
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The intensity of the recorded reflexes, which can be
correlated with the size of the coherent scattering domains,
increases with the SURMOF thickness, suggesting that the
vertical dimensions of the ordered domains are noticeably
larger.30 The film thickness has been measured by atomic force
microscopy (AFM) and was found to be 45.6 ± 6.4, 58.3 ± 6.3,
and 71.6 ± 9.9 nm for the 5, 7, and 10 spraying cycles,
respectively. IRRA spectra, evaluation of XRD data and AFM
images are reported in the Supporting Information, Figures
S3−S7.
The tunneling junction was assembled as reported in the

literature,31 viz. a drop of Hg was passivated with
hexadecanethiol (C16H33−SH, HDT) to avoid amalgamation
and short-cuts and then gently contacted to the bottom
electrode in a cell filled with HDT in hexadecane. The stability
of the HKUST-1 SURMOF over time under these
experimental conditions was proved by out-of-plane XRD
(Figure S8 in the Supporting Information). Before investigating
the SURMOF films, the reliability of the setup was checked by
using the CMMT SAM on Au as the bottom electrode. The
current flowing through the Hg/HDT//CMMT/Au junction
was measured while sweeping the bias voltage (V) in the
negative (−0.5 V to −0.01 V) and positive range (0.01−0.5 V).
Evaluation of the contact area by observation of the extruded
Hg drop with an optical microscope enabled us to calculate the
current density J under the applied voltage V. The semilog plot
of the current density vs voltage for the CMMT SAM is shown
in Figure 3a in green. The measured values are in good
agreement with those reported for SAMs of comparable

thickness,31marked for the sake of comparison in Figure 3a as
a blue star.

Thereafter, the HKUST-1 SURMOF films were assembled in
the junctions of the type Hg/HDT//HKUST-1/CMMT/Au.
The semilog plot of the current density J vs V for the thinnest
film (5 cycles) is shown in Figure 3a in black, whereas the
analogous plots for the 7 and 10 spraying cycles samples are
reported in Figure S9 in the Supporting Information. As can be
clearly seen, the values of J for all the HKUST-1 SURMOF
films are by far lower (by at least 2 orders of magnitude) than
those of the CMMT SAM. This result confirms that the
prepared SURMOF films, separating the Hg and Au electrodes
by a distance of up to about 70 nm, are compact, of high
quality, and with no major defects that would otherwise cause
short-cuts.24 The measured low conductance reflects also the
poor intrinsic conductivity of HKUST-1, in agreement with
what was already reported for non-oriented films of HKUST-1

Figure 2. (a) Out-of-plane XRD of the pristine (black) and ferrocene-
loaded (red) HKUST-1 SURMOF samples. From top to bottom: 10,
7, and 5 spraying cycles. (b) Zoom in on the (333) Bragg peak to
monitor the shift to lower 2θ values after the ferrocene loading. (c)
Dependence of the SURMOF thickness, as measured by AFM, on the
number of spraying cycles for both pristine HKUST-1 SURMOFs
(black empty squares) and after ferrocene loading (red empty circles).

Figure 3. (a) Log J vs V plot for HKUST-1 SURMOF, prepared by 5
spraying cycles, before (black empty squares) and after (red empty
circles) the loading with ferrocene. Green empty triangles correspond
to the CMMT SAM. The blue star represents the current density at a
bias voltage of 0.5 V for a nitrile-substituted phenylthiol (NC-OPE1)
SAM,31 which has a comparable thickness to the CMMT SAM and is
given for comparison. (b) Logarithm of current density at 0.5 V vs
thickness of HKUST-1 SURMOFs, pristine (black empty squares) and
after ferrocene loading (red empty circles). From the slope, the decay
factor β has been calculated. A green triangle marks the current density
for the CMMT SAM. The inset displays resistance times area vs
thickness of HKUST-1 SURMOFs, pristine (empty black squares) and
after ferrocene loading (empty red circles). The data is obtained as V/J
at V = 0.5 V. Straight lines show linear fits, corresponding to an ohmic,
linear increase in resistance with length.
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(around 1 × 10−6 S m−1).38 Additionally, the prepared films
appear robust, as tested by varying the pressure applied through
the drop on the SURMOF (Figure S10 in the Supporting
Information). Very favorable mechanical properties of mono-
lithic SURMOF thin films have also been reported in previous
work based on the results of indentation experiments.39

The used setup, with a Hg drop as top electrode gently
pressed against the SURMOF, combined with the possibility to
prepare films of known and adjustable thickness, allow us to
gain insight into the charge transport mechanism in MOFs by
correlating the measured conductance G per area A (or the
measured current density J = GV/A at a fixed voltage) to the
thickness of the investigated film. Indeed, analogously to what
is generally done for metal-molecule-metal junctions, we can
extract from our experimental data the slope β of a linear fit of
the semilog plot of J at a specific voltage value vs film
thickness.25−28,31,40 This slope is also called “tunneling decay
constant” or “attenuation factor”. We will use these terms here
for reasons of compatibility with the literature, even if we
conclude that charge transport in the SURMOF layers is due to
hopping as discussed further below.
After having checked the dependence of β on the applied

voltage (Figure S11 in the Supporting Information) and having
seen that it shows no significant variation, we use 0.5 V as
specific value for V. This is in analogy to what is reported in the
literature for SAMs in Hg-based tunneling junctions.31 As
shown in Figure 3b, the obtained attenuation factor β
corresponds to ca. 0.006 Å−1. This value is extremely low
with respect to those of SAMs25−28,31,41,42 consisting of short,
purely organic molecular wires, but it is in line with what is
found for “longer” organic molecular wires42 or Hg-based
tunneling junctions in which metal−organic molecular wires of
a length up to 40 nm40 were integrated. In these latter systems,
low-lying energy states were provided by incorporating in the
organic backbone easily oxidizable metal centers that appeared
involved in a multistep charge hopping mechanism, yielding a
linear increase of resistance with length (or conductance vs
inverse length).40

As shown in the inset of Figure 3b, our data are also
compatible with such a linear, ohmic increase as expected for a
charge hopping mechanism. From a linear fit RA = RcA + ρL,
we obtain a high resistivity ρ of 6.8 × 1012 Ω m. In the
expression, R is the resistance of the whole Hg/HDT//
HKUST-1/CMMT/Au system. It consists of the resistance of
the SURMOF film ρL/A of thickness L and any other series
resistances in the system that are summarized in the contact
resistance Rc. This contact resistance will for instance contain
contributions from transport through the HDT and CMMT
layers. Since we vary only the thickness of the SURMOF, our
statements on conduction mechanisms concern this layer,
whereas Rc in other parts of the system may arise from hopping,
tunneling, or mixtures.
The linear, algebraic increase in resistance with film thickness

(Figure 3b) is generally not compatible with the exponential
increase in resistance with thickness as expected for coherent
tunneling. Attempts to fit the data with the exponential decay
law G = Gc exp(−βL) yield β values as low as 0.006 Å−1. This
corresponds to an effective tunneling barrier φ of 0.034 meV, if
we use β = 2(2meφ)

1/2/ℏ with the electron mass me.
43 Such a

vanishingly small tunneling barrier would imply good
conduction due to molecular states being in resonance with
the Fermi level of the Hg/HDT//HKUST-1/CMMT/Au
system, an assumption which is not valid here. We thus feel

that coherent tunneling does not adequately describe our data,
and we conclude that the reported insulating behavior24,38

together with our measured high resistivity suggests an off-
resonant hopping transport in the HKUST-1 films.
To understand the charge-transport mechanism in the

SURMOF and to explain the shallow dependence of
conductance on length, we have studied a toy model that
describes the transition from tunneling to hopping con-
duction.33 As detailed in the Supporting Information, the
SURMOF is modeled by a one-dimensional chain. The chain
sites correspond to the Cu2 centers, and the coupling of
adjacent sites (only nearest neighbor couplings are considered)
is via the benzene moiety of the trimesic acid linker. The model
takes dephasing into account by connecting each chain site to
an external, phase-randomizing reservoir. Assuming off-
resonant transport, we observe a transition from a fast,
exponentially decaying conductance to an inverse ohmic length
dependence, consistent with the inset of Figure 3b. Over a
certain interval of wire lengths, this latter ohmic regime can be
well-approximated by an exponential law with a low β. On the
basis of the results of these theoretical considerations, we
explain the low β observed for our insulating, several tens of
nanometers thick SURMOF films as being due to ohmic,
incoherent hopping of charge carriers.
Porous MOFs and SURMOFs can host small molecules that

can modulate and increase the conductivity of the frame-
work.24,38,44 In particular, the electrical transport properties of
HKUST-1 films have been enhanced by inserting in the
framework’s pores electroactive species and small molecules,
such as iodine44 or TCNQ.38 Such doping has led to thin films
with a conductivity by far higher than those of the undoped
films (about 2 orders of magnitude in the case of iodine
loading44 and 6 orders of magnitude when using TCNQ as
guest molecule38). In both cases, the increase in electrical
conductivity has been explained on the basis of the interaction
between the MOF (either organic linkers44 or inorganic
dimeric nodes38) and the guest molecules. Additionally,
ferrocene molecules have been used as guests in HKUST-1
oriented thin films24 where, as determined on the basis of cyclic
voltammetry experiments, they act as redox mediators,
triggering a charge hopping transport mechanism that involves
the same ferrocene molecules immobilized in the pores of the
framework.
To gain further insight into the charge-transport mechanism

when using ferrocene molecules as guests, we incorporated
them in the HKUST-1 SURMOF pores. The loading was done
according to the literature24 and proved by IRRA spectroscopy
(Figure S3 in the Supporting Information) and out-of-plane
XRD. As shown in Figure 2a (red), after loading with ferrocene,
a decrease in the intensity of the (222) reflex and an increase in
the intensity of the (333) feature occur. The changes in the
relative intensities of the (222) and (333) peaks can be
attributed to changes in the structure form factor (with a partial
change from a F- to an I-type lattice) associated with
incorporation of ferrocene molecules in the pores of
HKUST-1 (Figure 2a,b).45 The observed shift indicates a
lattice expansion and an increase in the ordering of the (111)
planes, occurring as a consequence of the presence of ferrocene
molecules inside the pores, with no significant change of the
lattice constants (Figure S6 in the Supporting Information).
The current flowing through the Hg/HDT//HKUST-1/

CMMT/Au junction, assembled as described above but with
the Fc-loaded SURMOFs, was measured for the same
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thicknesses (5, 7, and 10 spraying cycles) as in the case of the
pristine HKUST-1 SURMOFs. As can be seen in Figure 3a for
the 5 cycles samples (and in Figure S9 in the Supporting
Information for 7 and 10 spraying cycles), the J values are
always larger for the Fc-loaded HKUST-1 SURMOFs than for
the corresponding pristine samples. The increase for the
thinnest sample is slightly larger (5.4 times) than for the
thickest one (2.8 times), in line with the presented theoretical
model (see the Supporting Information). Indeed, the slightly
larger beta value for the Fc-loaded samples, related to a faster
decay of the conductance in these samples than in the pristine
SURMOFs, leads to a decrease in the conductance ratio with an
increase in MOF film thickness. The measured better
conductivity after the ferrocene loading suggests that the
ferrocene has an effect on the electronic properties of HKUST-
1. However, when plotting logJ vs film thickness (Figure 3b),
we find a similar dependence of the current density values on
the thickness as for the pristine SURMOF samples. The β value
appears, within the error bars, barely modified. Nevertheless, its
slight increase (0.008 Å−1) is in agreement with the theoretical
model, where an increase toward the ferrocene loaded case is
proposed. As shown in the inset of Figure 3b, the data for the
ferrocene-loaded SURMOFs is again compatible with a linear
increase of resistance with the film thickness, but the resistivity
ρ of 2.8 × 1012 Ω m is lowered by a factor of around 2.5. The
results support the charge hopping regime as leading
conduction mechanism also for the ferrocene-loaded
HKUST-1 SURMOFs.
To further explore the changes upon Fc loading, we have

performed density functional theory calculations of the pristine
and Fc-loaded MOFs. We find that the ferrocene likes to bind
to the benzene-based linkers through π−π stacking interactions
and, in terms of the electronic structure, leads to occupied
states within the band gap of the MOF. We find no strongly
delocalized electronic states around the band gap, as shown in
the Supporting Information. The MOF states are only slightly
modified due to hybridization, and molecular orbitals are either
located on the ferrocene or on the MOF skeleton. For this
reason no change of the charge transport mechanism is
expected, as compared to the pristine framework. Although our
DFT calculations cannot completely exclude that Fc molecules
serve as additional hopping sites in charge transport, we rather
attribute the reduction of resistance R and resistivity ρ for the
ferrocene-loaded case to a better electronic coupling of the Cu2
metal sites, possibly combined with an enhanced dephasing at
these nodes. The major factors leading to the low intrinsic
conductivity of HKUST-1 are the insulating behavior of the
organic linkers and the bad electronic coupling of Cu2 metallic
nodes, related to the meta configuration of the benzene-derived
bridges. Upon loading with ferrocene, the electronic and
vibrational structures as well as the electron-vibrational
couplings will be modified, as evident from the observed
changes in the crystal structure (Figure 2). The enhanced
effective electronic coupling and dephasing strength between
and at the Cu2 centers, leading to the improved transport
properties, may stem from a partial lifting of the destructive
electron interference that suppresses conduction for meta
couplings.46−48 An enhanced electron-vibration scattering due
to the fluctuating interactions of the Fc molecules on top of the
trimesic acid bridges at finite temperature can induce
decoherence that reduces destructive interference, in addition
to a purely electronic mechanism that changes left- and right-
going electron paths on the benzene linker. In addition, a

changed charge rearrangement at the interfaces due to the
ferrocene-related states may modify the charge injection barrier.

4. CONCLUSIONS

In summary, to explore the transport properties of SURMOFs
and reveal their charge transport mechanism, we have
reproducibly incorporated HKUST-1 SURMOF films of
different thickness in Hg-based tunneling junctions. The
extremely shallow dependence of current density on film
thickness, as indicated by a low value of the attenuation factor
(β ≈ 0.006 Å−1), has been understood in terms of a linear,
ohmic increase in resistance with length in the incoherent
charge-hopping regime. The decrease in overall resistance and
its weaker increase with film thickness, measured after
incorporation of ferrocene inside the pores of HKUST-1
SURMOFs, indicates a reduction in the charge injection barrier
and an improved electronic coupling between metal nodes.
The possibility to assemble SURMOF films in tunneling

junctions paves the way toward the investigation of their
transport properties and offers the possibility to gain insights
into the effect of small electroactive molecules, loaded into such
systems, on their electronic and transport properties. Further
studies using SURMOFs of different chemical compositions or
crystallographic orientation as well as different guest molecules
are in progress.
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