




The most stable geometry with binding energies of −1.97 and
−1.82 eV for TCNQ and F4 TCNQ, respectively, differs from
the previously proposed structure and is displayed in Figure 2.
The binding energies of the remaining configurations, as
depicted in Figure S9b,c, are −0.99 and −1.25 eV for TCNQ as
well as −0.91 and −1.18 eV for F4 TCNQ, respectively.

For the lowest energy configuration, we computed the
coupling matrix elements of the relevant combinations of
LUMO orbitals using the Löwdin orthogonalization method28

(see the Supporting Information for details). For TCNQ direct
guest−guest hopping, we find coupling matrix elements of 1.7
× 10−8 and 4.1 × 10−9 eV for parallel/orthogonal orientations,
respectively, with comparable numbers for F4 TCNQ (all data
are given in Table 1). For both configurations, coupling matrix
elements are much smaller than the guest−MOF and MOF−
MOF couplings, as expected on the basis of the qualitative
arguments. The guest−host coupling for F4 TCNQ (2.4 ×
10−3 eV) is somewhat larger than the coupling for TCNQ (1.4
× 10−3 eV) but on the same order of magnitude.
Next, we computed the reorganization energies (λ) using

Nelsen’s four point method29 for all relevant hopping sites. We
find that reorganization energies for the guest molecules are
comparable (∼0.27 eV), whereas reorganization energies of the
MOF is considerably larger (∼0.58 eV). If only guest−guest
hopping is considered, this results in an activation energy of 67
meV, which is commensurate with the experimentally observed
activation energy, while activation energy of hopping processes
involving MOF states is much larger. All microscopic data are
summarized in Table 1.

The final quantity required to compute the direct and
superexchange coupling rates is the site energy differences. It is
difficult to quantitatively compute HOMO−LUMO gaps for
large systems, such as MOFs, with present state of the art
computational methods using (hybrid) (TD)DFT approaches.
Computational results on electronic properties of MOFs
obtained with DFT methods have been shown to strongly
depend on the XC functional used.30 Hence, calculations of the
energy difference, ΔEgh, with any of these methods result in
rather large method dependent uncertainties. In agreement
with prior work, we estimate ΔEgh > 0.4eV for both guest
molecules, but given this uncertainty, we will treat ΔEgh as a
parameter in the following discussion and discuss the
consequences for the transport in various regimes of ΔEgh.
However, we note that for ΔEgh > 0.4 eV the direct process
activation energy, Ea, is much larger than 0.42 eV. This cannot
be reconciled with the experimental observations16 and
suggests that superexchange may be relevant (for details, see
the Supporting Information and Figure S11 therein).
In Figure 3a,b, we show the Marcus transfer rates for all

relevant processes calculated with the microscopic parameters
as a function of ΔEgh. We find for both guest molecules that the
rate for the direct transfer between guest molecules (which is
independent of ΔEgh) is orders of magnitude smaller than that
for the superexchange processes. This is a direct result of the
very small electronic couplings of J < 10−7 eV between guest
molecules. For ΔEgh < 0.4 eV, the electron transfer is
dominated by the direct guest−MOF−guest process, while
for ΔEgh < 0.4 eV, the superexchange rate exceeds the rates of
the direct processes by several orders of magnitude.
We note that there are 12 different possibilities for a guest

molecule to bind in a pore in the configuration shown in Figure
2, with the mobility depending on packing as well as on the
microscopic electronic properties. In order to compute the
mobility of the materials, we have therefore constructed a
model system (for details, see the Supporting Information),
where the guest molecules were placed in each cavity according
to the optimized geometry with a random orientation within
the cavity. We then performed KMC transport calculations
using the microscopic hopping rates computed above for all
processes and averaged the current over a total of 50
simulations (see the Supporting Information). We find that
the charge carrier mobility based on direct hopping is
comparable or higher than the superexchange for small
guest−host energy mismatch (ΔEgh < 0.4 eV). However, that
changes quite dramatically with increasing ΔEgh and beyond the
crossing point; superexchange related charge mobility domi
nates over the competing processes. Qualitatively similar
behavior can be observed for F4 TCNQ. Figure 3c shows the
results of KMC simulations: For (ΔEgh > 0.4 eV) super

Figure 2. Binding mechanism of F4 TCNQ in HKUST 1: each
nitrogen atom of the guest molecules is attached to a copper atom
of HKUST 1. The total binding energy is −1.97 eV for TCNQ and
−1.82 eV for F4 TCNQ. This configuration is energetically
favorable by 0.72 eV for TCNQ and 0.66 eV for F4 TCNQ in
comparison to other configurations. In the preferred configuration,
each cavity can host up to two guest molecules, resulting in a large
number of additional hopping sites in the MOF.

Table 1. Coupling Matrix Elements between Guest Molecules, Guest Molecule and MOF−Orbital, and MOF−MOF Orbitals
and Reorganization Energies (λ) for Guest Molecules and MOF Orbitalsa

J (eV) λ (eV)

TCNQ MOF F4-TCNQ MOF
MOF MOF (first/second

nn)
TCNQ TCNQ

(o/p)
F4-TCNQ F4-TCNQ

(o/p) TCNQ F4-TCNQ MOF

HOMO 1.7 × 10−3 1.4 × 10−3 6.0 × 10−4/7.3 × 10−6 2.0 × 10−6/
4.3 × 10−6

2.0 × 10−8/4.8 × 10−9 0.129 0.166 0.664

LUMO 1.4 × 10−3 2.4 × 10−3 5.7 × 10−2/3.0 × 10−5 1.7 × 10−8/
4.1 × 10−9

2.0 × 10−8/5.0 × 10−9 0.266 0.271 0.580

aFor the coupling between the MOF hopping sites, first and second nearest neighbors are considered. Two different alignments of guest molecules
in neighboring cavities (orthogonal, o, and parallel, p) can be observed in the model.



exchange, hopping is dominant for F4 TCNQ as well as for
TCNQ. In order to compare the results for TCNQ and F4
TCNQ, we accounted for the fact that Egh of F4 TCNQ is
approximately 0.6 eV larger than the ΔEgh of TCNQ; that is,
we shifted the F4 TCNQ data to the effective energy difference
in the figure. It is a natural consequence of the superexchange
mechanism that the mobility for equal loading of the two guest
molecules should be similar. Only in a guest−host hopping
scenario, one would expect a strong difference between TCNQ
and F4 TCNQ loading, as the LUMO energies of these
molecules differ by 0.6 eV. As the coupling matrix elements and
the reorganization energies for TCNQ and F4 TCNQ differ by
less than a factor two, the conductivity of HKUST 1 loaded
with either guest molecule should be comparable, which is not
in agreement with prior experimental data.16

Because we have shown that a superexchange electron
hopping mechanism can, in principle, explain the experimental
data, we now investigate a hole transport mechanism
analogously. Marcus hopping rates for both TCNQ and F4
TCNQ in HKUST 1 that depend on the guest−host energy
difference ΔEgh are displayed in Figure 3e. As the HOMO of
HKUST 1 is located well above the HOMO of the guest
molecules, charge transfer between MOF states dominates

transport in all cases. The direct MOF−MOF rate is much
larger than the rates of first order MOF−guest−MOF transfer
for both systems for ΔEgh > 0.25 eV. For ΔEgh < 0.25 eV, the
direct MOF−guest−MOF rates are larger than the direct
MOF−MOF rates but only by up to 2 orders of magnitude. We
find that superexchange hole transport does not improve the
mobility across the full ΔEgh range. As a result, only for ΔEgh
close to zero, an increase in the mobility of up to 1 order of
magnitude can be expected upon loading. We, therefore,
conclude that the proposed superexchange mechanism can
explain the large increase of the conductivity only in the context
of electron, not hole, transport.
In order to resolve the remaining inconsistency between the

predicted similarity of conductivity when loading with TCNQ
or with F4 TCNQ, we performed measurements of the electric
conductivity of pristine and loaded high quality HKUST 1
samples using the most reliable method for the determination
of conductivities of thin films, the Hg drop method.31−34

Surface anchored MOFs (SURMOFs) were grown on a
conductive substrate functionalized with a self assembled
monolayer (SAM) of 9 carboxy 10 (mercaptomethyl)
triptycene thiol (CMMT). These samples were prepared by
liquid phase epitaxy35,36 using the spray method37 and

Figure 3. Marcus transfer rates and electron mobility calculated with kinetic Monte Carlo simulations. Marcus transfer rates are calculated for
three different transfer processes between guest molecules TCNQ (a) and F4 TCNQ (b) in the MOF: (i) the direct first order charge transfer
(blue/cyan); (ii) the first order charge transfer from guest molecule to HKUST 1 and from HKUST 1 onto the subsequent guest molecule
(green/black); and (iii) the second order process (superexchange) between guest molecules, where the HKUST 1 intermediate state is only
virtually occupied (red/orange). The first order guest−MOF−guest process is predominant for ΔE > 0.4, whereas the superexchange process
is orders of magnitude faster for ΔE > 0.4 for both TCNQ and F4 TCNQ. (c) Mobility from KMC simulations with superexchange (sx, red
(TCNQ)/orange (F4 TCNQ)) is up to 5 orders of magnitude larger than the mobility calculated on the basis of the first order processes (blue
(TCNQ), cyan (F4 TCNQ)) for both guest molecules. In order to compare mobilities of both guest molecules, the mobility of F4 TCNQ is
shifted by 0.6 eV along the x axis, as the LUMO level of F4 TCNQ is estimated to differ by at least 0.6 eV from the LUMO level of TCNQ. (d)
Hole hopping transport in HKUST 1 loaded with TCNQ and F4 TCNQ. First order MOF−guest−MOF hopping rates for both TCNQ
(green) and F4 TCNQ (black) exceed the direct MOF−MOF rate (blue) for energy differences of ΔE < 0.25 eV by less than 2 orders of
magnitude. Second order (superexchange) rates (red, TCNQ; orange, F4 TCNQ) are orders of magnitude below the first order MOF−MOF
rates. (e) Hole mobility extracted from KMC simulations show that for ΔE > 0.5 eV the mobility of the guest−host systems is the same as the
mobility in the pristine HKUST 1 (blue). For ΔE < 0.5 eV, the guest molecules induce a maximal increase of 1 order of magnitude for both
TCNQ (solid green, no superexchange; dashed red, including superexchange) and F4 TCNQ (solid black, no superexchange; dashed yellow,
including superexchange).



extensively characterized by X ray diffraction (XRD), infrared
and Raman spectroscopy, secondary ion mass spectroscopy,
and atomic force microscopy height profiling. The SURMOF
samples exhibited high quality as well as low defect densities. In
addition, the crystallographic orientation along the direction
perpendicular to the substrate was well defined. Thus,
uncertainties and experimental artifacts, such as defects at
MOF−electrode interfaces or different MOF orientations
between the electrode and substrate areas expected when
using bottom electrodes prefabricated by metal evaporation,16

could be avoided. The loading of the SURMOFs by TCNQ
and F4 TCNQ was performed at room temperature by their
immersion in the ethanolic solutions of the guest molecules.
X ray diffraction (XRD) and infrared reflection absorption

(IRRA) data for pristine and loaded SURMOFs are presented
in Figure 4 for both TCNQ and F4 TCNQ. Figure 4a,b shows
the out of plane XRD pattern of HKUST 1 SURMOFs
prepared on the CMMT SAM modified Au substrates. The
SURMOF film has the expected crystalline [111] orientation
perpendicular to the substrate, as evidenced by the presence of
the characteristic (111), (222), and (333) Bragg peaks with 2θ
values of 5.83, 11.68, 17.58, and 23.56°, respectively. The
loading with TCNQ (Figure 4a) caused no change in the
SURMOF orientation or crystallinity, as evidenced by the
similarity of the respective diffraction patterns (Figure 4a). The
observed change in the relative intensities of the diffraction
peaks can be tentatively attributed to the change of the form
factor, as can be expected for homogeneous loading of the
SURMOF framework with the guest molecules. The same
holds true for the loading with F4 TCNQ, as depicted in Figure
4b.

Figure 4c shows the IRRA spectra of the HKUST 1
SURMOFs before and after the loading with TCNQ, along
with the spectrum of TCNQ drop casted on a Au surface given
for comparison. It can be seen that the characteristic absorption
bands of HKUST 1, viz. COOasym (1656 cm−1), COOsym (1455
and 1386 cm−1), and signals from the benzene ring of the linker
molecule (1619, 1595, and 1564 cm−1) are not affected by the
TCNQ loading, which suggests, in agreement with the XRD
data, that the HKUST 1 framework remains intact. At the same
time, upon TCNQ loading, a band around 2200 cm−1 appears,
corresponding to the CN stretching mode of TCNQ and
manifesting the efficiency of the loading procedure. This band,
positioned at 2227 cm−1 for drop casted TCNQ, shifts and
splits into two bands, at 2200 and 2165 cm−1. These bands
correspond presumably to the nonequivalent CN bonds
involved in the bridging of the Cu2+ ions. Additionally, after the
TCNQ loading, a new absorption band at 1354 cm−1 is
observed, originating presumably from the CC ring stretch of
TCNQ (1353 cm−1), while the CC ring stretch of TCNQ at
1545 cm−1 is shifted to 1506 cm−1.38,39

In a similar fashion, Figure 4d shows the IRRA spectra of the
pristine and F4 TCNQ loaded HKUST 1 SURMOFs as well as
a reference spectrum of F4 TCNQ drop casted on a Au surface.
For the case of F4 TCNQ loading, we find that the intensities
and positions of the characteristic absorption bands of HKUST
1 are not affected by the loading. Again, efficient loading is,
however, evidenced by the appearance of the characteristic
modes of F4 TCNQ in the spectra: the CN stretch of F4
TCNQ at 2227 cm−1 becomes split into two bands at 2222 and
2185 cm−1, corresponding to the nonequivalent CN bonds
that are involved in bridging the Cu2+ ions, as already observed
for the TCNQ loading. All of these findings are supported by

Figure 4. XRD and IRRAS data for pristine and loaded HKUST 1 SURMOFs. (a) Out of plane XRD of representative pristine (blue) and
TCNQ loaded (red) SURMOF samples (5 spraying cycles). (b) Out of plane XRD of the pristine (blue curve) and F4 TCNQ loaded (green
curve) SURMOFs (5 spraying cycles). (c) IRRA spectra of representative pristine (blue curve) and TCNQ loaded (red curve) HKUST 1
SURMOF samples (10 spraying cycles). A spectrum of F4 TCNQ drop casted on a Au surface is shown for comparison (black curve). Inset:
Selected range of the spectra (2275 and 2100 cm−1) containing the CN band. (d) IRRA spectra of the pristine (blue curve) and F4 TCNQ
loaded (green curve) SURMOFs (5 spraying cycles). A spectrum of TCNQ drop casted on a Au surface is shown for comparison (black
curve). Inset: Selected range of the spectra (2275 and 2100 cm−1) containing the CN band.



additional Raman characterization presented in Figures S4 and
S8 in the Supporting Information.
The electric conductivity of the pristine and loaded

SURMOFs was measured by the Hg drop method,31−34

where the SURMOFs were integrated into the respective
junction,15,40 with the current flowing along the direction
normal to the substrate (in this direction, the SURMOFs
exhibit a well defined crystallographic orientation). A detailed
description of the experimental procedures as well as the results
of the basic characterization and additional electric conductivity
data is provided in the Supporting Information.
The major results of the electric conductivity experiments are

compiled in Figure 5. In panel a, we display a semilog plot of
the current density versus voltage for a pristine (empty)
HKUST 1 prepared by five spraying cycles. AFM results for
SURMOFs with different thickness are shown in the
Supporting Information (Figure S3). Whereas the currents
are very low for the pristine HKUST 1, as expected from the
large HOMO−LUMO gap and consistent with the previous
measurements,15 upon loading with TCNQ and F4 TCNQ, the
current density increases by 4−5 orders of magnitude for the
both guest molecules. For TCNQ, earlier findings by Allendorf
and co workers16 are reproduced. In contrast, for F4 TCNQ,
the result is distinctly different from these findings:16 the
current density is found to increase strongly and comparably to
the TCNQ case upon loading, in agreement with the
superexchange model.16

A semilog plot of the current density J at a bias voltage V =
0.5 V as a function of SURMOF thickness is presented in
Figure 5b. As described in earlier work, for the pristine
HKUST 1 SURMOFs, the decrease of current with thickness
(or the increase of resistivity) is consistent with quasi ohmic
behavior typical of metallo organic systems.15,41,42 The

obtained resistivity for the pristine HKUST 1 is about 7.1 ×
1012 Ωm (Figure 5c), while the resistivity of the TCNQ loaded
one is 5.2 × 107 Ωm (Figure 5d). Thus, the resistivity of
HKUST 1 loaded with TCNQ is at least 5 orders lower than
that for the pristine MOF. The same result was observed for
F4 TCNQ, with the data point fitting almost exactly to those
for the TCNQ loading. As mentioned above, this result agrees
with the superexchange model but is in dissonance with the
earlier findings by Allendorf and co workers.16 The reasons for
this discrepancy are presently unknown and probably related to
specific parameters of both experiments. Note, however, that
we have carefully excluded any possible artifacts in our work by
a thorough characterization of the empty and loaded films and
by the selection of a specific experimental setup for the
electrical transport measurements (see above).
The reason for the poor conductivity of the pristine

SURMOF is the energy of the SURMOF LUMO, which
exceeds considerably the corresponding work functions of
commonly used electrodes, such as Pt or Al, which are all well
over 4.0 eV.16,43 The SURMOF LUMO is mainly localized on
the copper atoms of the paddle wheel unit (as shown in Figure
S10 and Figure S6 of ref 16). The LUMO levels of TCNQ and
F4 TCNQ are substantially closer to the Fermi energy of the
electrode, thereby diminishing the injection barrier, which leads
to increased conductivity upon loading.
In order to compare experimental and simulated results, we

used an injection model.44 The resulting theoretical curves
(solid lines in Figure 5a) are in good agreement between the
injection model and the experimental data. In order to estimate
the differences between the transport level and the Fermi
energy, which cannot be obtained from calculations as
discussed below, we have plotted in Figure 6 the mobility
resulting from this model (see the Supporting Information for

Figure 5. Experimental electric transport data for pristine and loaded HKUST 1 SURMOFs grown on the CMMT SAM. (a) Log J vs V plots
for the pristine SURMOFs (blue open circles) as well as SURMOFs after loading with TCNQ (red solid triangles) and F4 TCNQ (green solid
squares). A model for injection current was fitted to the experimental data (color coded lines). (b) Logarithm of current density at 0.5 V vs
thickness for the pristine (blue open circles), TCNQ loaded (red solid triangles), and F4 TCNQ loaded (green solid square) SURMOFs;
straight lines show linear fits. (c,d) Plot of resistance times area (R·A) vs thickness (L) of pristine (c) and TCNQ loaded (d) SURMOFs at V =
0.5 V. Straight lines show linear fits according to R·A = Rc·A + ρ·L, from which the resistivity ρ can be extracted.
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