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Conductive Hybrid Cu-HHTP-TCNQ Metal-Organic
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Antonia Neels, Peter N. Nirmalraj, René M. Rossi, Claudio Toncelli, and Michel Calame*

Electrically conductive metal-organic frameworks (MOFs) and MOF-like
coordination polymers are an emerging class of materials that combine good
electrical charge transport with unique properties such as nanoporosity. The
combination of different metal nodes and organic linkers allows tailoring
MOFs to specific properties and applications in electronics, like selective
chemiresistive sensing. The intrinsic crystallinity of MOFs, which usually
promotes efficient charge transport, makes them also difficult to integrate into
flexible systems, as crystalline MOFs are often brittle. The present study reports
on a fast and reliable interfacial synthesis of conductive MOF films composed
of two different organic ligands, 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP)
and 7,7,8,8-tetracyanoquinodimethane (TCNQ), lacking long-range periodic
order while preserving good electrical conductivity of 0.033 S cm™ at room
temperature and chemiresistive response toward ambient changes. The hybrid
nature of the discontinuous film is investigated multiparametrically by electron
and atomic force microscopy as well as by Raman spectroscopy. This study
demonstrates that including different types of MOFs is a good compromise
between structural order and conductivity, thus making hybrid framework
architectures to a promising active material for chemiresistive sensors without

coordination network.l!! By assembling dif-
ferent building blocks, the physical and
chemical characteristics can be tuned such
as, for example, their inner surface area,
which has already been demonstrated to
reach up to 7310 m? g~1,% that is up to two
orders of magnitude larger than that of
other porous materials such as zeolithes
and ceramic materials.’l The selectivity
of MOFs, means the ability to differen-
tiate different target analytes, can also be
adjusted by scaling the pore sizel¥ and a
chemical functionalization,’! offering a
large versatility in structure and func-
tionality.®! These unique properties make
MOFs a well-suited material for a wide
range of applications such as gas storage
and filtering,”! catalysis,® sensing,®! and
water harvesting.!'’]

Through careful choice of the organic
and inorganic components, electri-
cally conductive MOFs with good spatial

the need for high crystallinity.

1. Introduction

Metal-organic frameworks (MOFs) are a unique class of nano-
porous materials composed of metal nodes, that are connected
by organic linkers via coordination bonds to form a crystalline

and energetic overlap between orbitals
of appropriate symmetry can be syn-
thesized such that the charge carriers
are delocalized over the framework structure.'!l To date, the
most conductive MOFs have a planar structure with extended
2D m-conjugation due to their enhanced orbital coupling
and charge delocalization,” reaching conductivity values of
2500 S cm™LM3! For instance, triphenylene-based MOFs show
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a planar graphene-like honeycomb lattice with open pores and
exhibit high conductivity. Owing to their efficient 2D conjuga-
tion pathways, they reach room-temperature mobility of up to
220 cm? V! 5714 The possibility to combine tunable mate-
rial properties of MOFs with electrical charge transport has
direct implications for energy storage," electrocatalysis,'®! and
chemiresistive sensing."’]

Highly crystalline, defect-free MOFs are usually preferred to
randomly arranged architectures for electrical charge transport,
as their periodic structure leads to high mobility."“!®l Single
crystals and well-grown MOF films of high structural order
usually exhibit better conductivities than compressed powder,
as has been demonstrated for nickel (II) hexaiminotriph-
enylene (Ni-HITP)!! and copper (II) hexahydroxytriphenylene
(Cu-HHTP).?% Besides their enhanced conductivity, MOF films
further provide an open structure and hence a high surface-to-
volume ratio, which is beneficial or even essential for certain
applications like gas sensing.l?!

However, MOF-like coordination polymers lacking long-
range periodic order (also called amorphous MOFs) usually
show higher mechanical robustness and isotropy compared to
their crystalline equivalent?”! and could therefore be used in a

broader range of applications, for example, for the incorpora-
tion into flexible devices.?}l One way of not sacrificing conduc-
tivity when synthesizing amorphous MOF architectures are

hybrid MOF structures, that allow the formation of a heteroge-
4]

neous structure with improved characteristics.?

HHTP TCNQ
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In this paper, we present a fast and simple synthesis of
a hybrid MOF film, composed of copper ions and two dif-
ferent organic ligands HHTP and TCNQ (hereon referred to
as Cu-HHTP-TCNQ), that shows an average conductivity of
0.033 S cm™ and a chemiresistive response toward ambient
changes, despite its discontinuous architecture and its
highly amorphous phase. Controlled growth of freestanding
Cu-HHTP-TCNQ films is achieved by a biphasic, interfacial
synthesis between two immiscible liquid phases.?> The het-
erogeneous structure of the film and its morphology are exam-
ined by scanning electron microscopy (SEM) and atomic force
microscopy (AFM), while its chemical composition and organic
ligand distribution are analyzed by energy dispersive X-ray
(EDX) and Raman spectroscopy. Electrical conductivity is meas-
ured in a four-wire configuration on a set of films deposited on
glass substrates with prepatterned gold electrodes.

2. Results and Discussion

2.1. Synthesis

Cu-HHTP-TCNQ hybrid films were synthesized by a biphasic
system of aqueous Cu(II) nitrate solution and ethyl acetate con-
taining dissolved HHTP and TCNQ organic ligands (Figure 1,
and Experimental Section for details). The coordination
reaction between Cu?*-ions and organic molecules started

Figure 1. Synthesis of Cu-HHTP-TCNQ films. a) Schematic illustration of the formation process of thin coordination polymer films at the interface
between bottom aqueous and top organic phase. Diffusion lets the separately dissolved metal ions and organic ligands meet at the interface, forming
a coordinative bond. b) Molecular structure of organic ligands HHTP and TCNQ as well as copper nitrate as metal source. c) Photograph of interfacial
film growth of Cu-HHTP-TCNQ at starting time (left) and after 15 min (right). The picture shows the fast growth of the dark film. Inset: Photograph of
the film directly after deposition on a glass chip with gold electrodes.
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immediately at the interface after merging the phases. The for-
mation of a film was visible within 1 min at 0 °C, although still
being nearly transparent owing to its small thickness. With a
longer reaction time, the film became more opaque resulting
in a clearly visible black film after 15 min, at the latest
(Figure 1c). The growth of a continuous film was only initiated
when both organic molecules were combined. The sole addi-
tion of HHTP led to the slow formation of nonconnected MOF
powder after 1 h, known to consist of multiple nanosheets, 2%l
whereas TCNQ alone did not show any macroscopic reaction
with copper ions. The lateral dimension of continuously grown
Cu-HHTP-TCNQ film was defined by the reaction vial, encom-
passing an area of about 5 cm?. When floating, the film is deli-
cate and can break on light mechanical shocks. With increasing
reaction time, mechanical stability seems to improve due to
ongoing film growth because the floating film no longer broke
so easily. For structural and electrical investigations of the film,
it was transferred onto a substrate. Once the film is deposited,
it remains stable and robust for analysis. Film deposition was
realized by initially placing a substrate of choice on the bottom
of the reaction vessel and carefully removing the liquid phases
with a syringe after film growth, allowing the film to sink
(Video S1, Supporting Information). For film characterization,
glass substrates with prepatterned gold electrodes were used
(Figure 1c, inset).

2.2. Surface Morphology

SEM images show the top view and the side view of the film,
consisting of elongated filamentous features which are ver-
tically aligned with respect to the film extent (Figure 2a,b).
The arrangement of the filaments forms a continuous layer
with gaps in between. Some parts of the film were folded,
thus allowing a view of the bottom side. Crystalline entities
of cubic appearance were found on the film’s backside, which
was facing the water phase during synthesis. The crystalline
cubes were randomly oriented and distributed underneath the
whole film and were already present after 10 min reaction time
(Figure Sla, Supporting Information). At random locations,
long crystalline rods were evident. Their origin lies within the
cubic crystals at the bottom side, sticking out perpendicularly
from the film by anisotropic growth in length (Figure Slc,d,
Supporting Information).

Figure 2c-h shows AFM topographs recorded on films with
varying reaction time ranging from 10 min where the thin film
is just manageable, up to 80 min where no major change of
the film can be observed anymore. Figure 2c displays a scanned
area of a film with 10 min reaction time and shows a holey film,
which was not completely closed yet. Increasing the reaction
time to about 20 min results in a continuous film, which ends
up in a rough topography due to ongoing growth in the liquid
phase, as visible in Figure 2h. Formed elevations can probably
be attributed to the cubic crystals in addition to the continuous
film. Figure 2g (60 min reaction time) is displayed at a dif-
ferent scale because of limitations in large area scans with the
AFM (explicitly shown in Figure S2, Supporting Information,
showing high resolution images). Mean film thickness for each
reaction time has been evaluated by line profile scans at the
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film border and correlated with the reaction time (Figure 2i and
Figure S3, Supporting Information). It shows thicker films for
longer reaction time, although the increase is not steady due
to fluctuations in synthesis and variations of the heterogeneous
material. Film growth is faster in the beginning due to easy
diffusion of the reagents but slows down as the film thickens.
Root mean square roughness of the films increases as well for
longer reaction times as can be seen in Figure 2j. Small eleva-
tions that can be observed after 20 min at the latest develop
over time into larger structures making the film rougher.

2.3. Elemental Distribution

In order to map the elemental distribution within the film,
EDX spectroscopy was performed. The analysis of oxygen and
nitrogen, in particular, allowed a differentiation between the
organic ligands HHTP and TCNQ, since these elements occur
separately in the respective molecular structures. In Figure 3a,
a region of the film involving both, crystalline cubes and the
continuous film, is imaged and analyzed by EDX. The measure-
ment revealed the presence of oxygen and thus HHTP within
the continuous part, but an absence of oxygen in the crystalline
cubes. Cu-HHTP is known to form hexagonal-shaped filamen-
tous rods?»? similar to the features we found as main com-
ponent of the continuous layer (Figure 2a), hence supporting
the existence of HHTP. In contrast, nitrogen is distributed
inversely and concentrated within the cubes, whereas the signal
detected throughout the continuous part of the film is about
half as strong. The nitrogen in the cubes can thus be attributed
to TCNQ molecules as opposed to residual nitrate salts because
of the lack of oxygen. However, the mapping of the elements
and the identification of the ligand arrangement did not allow
concluding whether the organic molecules were coordinated to
copper or not, particularly since copper and carbon were dis-
tributed homogeneously over the area (Figure S4, Supporting
Information).

2.4. Raman Spectroscopy

To identify the coordination between the organic linker and
the copper ions, Raman spectroscopy was employed on the
Cu-HHTP-TCNQ film. At different positions of the film, the
acquired spectra show different intensities and Raman peaks,
as can be seen in Figure 3b. The Raman spectrum of pure
Cu-HHTP is known to have no distinct peaks,?®! possibly
due to the fact that the molecule HHTP can exist in seven
different oxidation states resulting in a blending of several
vibrational modes.*’! Cu-TCNQ instead shows a clear Raman
spectrum with mainly four pronounced vibrational modes. A
clear agreement could be found between the blue spectrum in
Figure 3b and the literature data for noncoordinated TCNQ.13%
When TCNQ molecules coordinate to copper ions, the C—CN
stretching mode at the wavenumber 1450 cm™ (Figure 3D,
blue box) is shifted to 1380 cm™ (Figure 3D, red box) as result
of a charge transfer?% Also, the C—N stretching mode at
2225 cm™ shifts to lower frequencies and a new mode appears
at 735 cm™™. The red spectrum of Figure 3b is thus assigned

© 2021 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 2. Characterization of Cu-HHTP-TCNQ film morphology. a,b) Scanning electron microscopy (SEM) images of Cu-HHTP-TCNQ thin films with
60 min reaction time from the top (a) and from the bottom (angled) (b) showing filamentous features substantially aligned in parallel and cubic crystals
on the film downside. c—h) Atomic force microscopy (AFM) measured the topography of Cu-HHTP-TCNQ films from 10 min (c) to 80 min (h) reaction
time. Profile line scans were performed on all scanned areas to evaluate film thickness. Selected profiles are shown as inset. i) Mean film thickness over
reaction time, evaluated from profile scans at five different edge positions. Film thickness increases for longer reaction times. Inset: 3D topography of
selected film border for better overview. j) Root mean square roughness over reaction time, evaluated at five film sections. Film roughness increases
for longer reaction times. Inset: 3D topography of selected film section for better overview.

to TCNQ coordinated to copper ions. The green curve does
not display any peak corresponding to TCNQ but some weak
signal at the positions where Cu-HHTP is known to be Raman
active.l?8l

A 2D Raman scan was performed on a region with cubic
crystals in the continuous film as identified with optical micro-
scopy in Figure 3c. For better resolution, SEM images were
taken at the locations of the Raman scan and overlaid in order

Adv. Electron. Mater. 2022, 8, 2100871 2100871 (4 Of'lO)

to map the peak signal and hence the ligand distribution. In
Figure 3d, the 2D intensity plot at 1380 + 30 cm™ is shown
representing the presence of TCNQ molecules coordinated to
copper ions. The signal is strong at locations with cubic crys-
tals, which is a clear indication of a high concentration of coor-
dinated TCNQ. This finding is consistent with the enrichment
of nitrogen within the cubes as known from EDX spectro-
scopy (Figure 3a and Figure S4, Supporting Information). The

© 2021 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 3. Elemental analysis of synthesized Cu-HHTP-TCNQ films. a) Energy dispersive X-ray (EDX) spectroscopy map of Cu-HHTP-TCNQ. The
elemental distribution of oxygen and nitrogen reveals the ligand arrangement within the film structure and confirms an accumulation of nitrogen in
the cubic crystals, whereas oxygen is entirely present in the filamentary features. b) Raman spectra at three different positions on the Cu-HHTP-TCNQ
film. Noncoordinated TCNQ molecules have a prominent peak at 1450 cm™ (blue box) based on the C—CN stretching mode, which shifts to 1380 cm™
(red box) when coordinating to copper ions. The spectra are plotted with an offset for clarity and the green spectrum is also displayed with a multi-
plication factor of 20. c) Optical microscopy image of Cu-HHTP-TCNQ film after 30 min reaction time. The bright signal on the top is a gold marker
that allows alignment of SEM and Raman images. The red square indicates the area of the Raman scan. d,e) Overlay of SEM images and 2D Raman
intensity plots at the wavenumbers 1380 £+ 30 cm™' (d) and 1450 = 30 cm™' (e). The Raman signal distribution at 1380 cm™ affirms the accumulation
of coordinated TCNQ molecules in the cubic crystals, whereas the distribution at 1450 cm™' shows that noncoordinated TCNQ is present only in a
few isolated spots. The colored crosses indicate the position of the single Raman spectra shown in (b). f) XRD pattern of Cu-HHTP-TCNQ, which is
measured as powder in reflection mode for 60 h. A background measurement (sample holder without sample) was carried out with same parameters
and background subtraction from the Cu-HHTP-TCNQ signal was performed. g) Zoom-in for the background subtracted pattern. Peaks representing
the crystalline part can be seen on a background, which indicates the amorphous quantity. The lines show the position of known reflections from Cu-
HHTP (red) and Cu-TCNQ (I) (blue).

2D intensity plot at the wavenumber 1450 + 30 cm™ does not
show increased signal at locations with cubic crystals and thus
excludes the accumulation of noncoordinated TCNQ molecules
in the cubes (Figure 3e). With the exception of a few random
locations, the displayed part did not show a high Raman inten-
sity at 1450 cm™, suggesting that there is no or very little non-
coordinated TCNQ in this area.

On a larger scale, optical microscopy showed distinct regions
of the Cu-HHTP-TCNQ film with different optical appearance.
The investigation of their border with SEM revealed an unequal
density of the crystalline cubes in the two regions (Figure S5,
Supporting Information). On the parts where the crystalline
cubes were concentrated, the continuous film was more dis-
rupted and less connected. Raman scans showed a stronger
signal at 1380 cm™ on one side of the border, indicating coordi-
nated TCNQ in form of cubes, whereas the signal at 1450 cm™

Adv. Electron. Mater. 2022, 8, 2100871 2100871 (5 of 10)

is predominant in the other region, indicating noncoordinated
TCNQ molecules (Figure S5e,f, Supporting Information). A
similar investigation for mapping of HHTP via Raman spec-
troscopy was not possible because of the weak signal-to-noise
ratio and the overlapping strong signal from TCNQ.

2.5. X-Ray Diffraction

To get more insight into the structure of Cu-HHTP-TCNQ, X-ray
diffraction (XRD) was performed, which revealed diffraction
peaks at known positions from crystalline Cu-HHTP?2%2%] 35 for
example the reflections (100) and (200) (corresponding to the 2D
polymer in-plane long-range ordering) and (001) (corresponding
to the 7—stacking) (Figure 3f,g). Also, Cu-TCNQ (phase I) can
be clearly confirmed by indexing the reflections (011), (002),

© 2021 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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(012), and (022) among others.B%3 TCNQ is known to form two
different phases with copper ions with distinct crystal structures
(phases I and 11).%31 Even though the unit cell parameters are
known from the CCDC database for phase I, a quantification of
the phase would require atomic coordinates, which are not avail-
able to the best of our knowledge. In contrast, no features of
phase II were detected in the XRD pattern.

Although the results indicate the presence of coordinated
HHTP and TCNQ ligands forming two crystalline phases
within the film, the XRD signal is accompanied by a strong
background signal representing a high amorphous quantity of
the sample. The X-ray characterization of amorphous MOFs is
more challenging due to the absence of Bragg peaks in diffrac-
tion patterns.[??l A background measurement has been carried
out to exclude weak peaks from the sample environment. The
combination of two different ligands may disrupt the order of
the film resulting in a lower crystalline structure and less long-
range order. The high amorphous quantity could be also par-
tially reasoned by the occurrence of some noncovalent architec-
tures, based on the 7—7-interactions between the aromatic rings
of the ligands, forming stable organic frameworks as docu-
mented in literature.l?? A crystallite size estimation for selected
crystal orientations using the Scherrer formula gave a crystallite
size of 12 nm for Cu-HHTP ((200)-reflection) and 24 nm for
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Cu-TCNQ (I) ((002)-reflection). The XRD pattern of the Cu-
HHTP-TCNQ didn’t change when measured after washing and
drying compared to the signal measured directly after synthesis,
which is an indication for a stable and reproducible structure.
The examination of the film with transmission electron micro-
scopy (TEM) and corresponding selected area electron diffrac-
tion (SAED) also shows the picture of largely amorphous films,
since for the most part no diffraction peaks could be observed.
SAED signals are seen in some regions, but these occur ran-
domly and cannot be assigned to the crystalline cubes or the
continuous film (Figure S6, Supporting Information).

Presence of porosity in Cu-HHTP-TCNQ films was assessed by
the grazing-incidence-small-angle X-ray scattering (GI-SAXS). The
strong scattering intensities recorded in the range of 0.1-1 nm™
(roughly five times stronger than the one of the silicon substrate as
the reference) indicated the presence of pores within the sample in
nanoscale (Figure S7, Supporting Information).

2.6. Electrical Properties
To investigate the electrical properties of the synthesized

Cu-HHTP-TCNQ films, we transferred the MOFs on glass
chips with prepatterned gold electrodes (Figure 4a, and
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Figure 4. Electrical charge transport measurements. a) Dark-field microscopy image of chip coated with Cu-HHTP-TCNQ film. The red dashed area
indicates the insulating Al,O5 layer between chip and film preventing short circuits. Inset top: lllustrative zoom-in into inner contacts with different
dimensions. Inset bottom: Schematic of inner contact geometries. The ratio between contact width, b, and distance, s, is changing. b) Geometry of the
prepatterned glass chip with gold electrodes contacted by needle probe actuators in a four-point probe. Deposited Cu-HHTP-TCNQ film is colored in
cyan. c) Simplified electrical circuit of configuration. d) Typical I-V-curve of Cu-HHTP-TCNQ film (in vacuum), synthesized at 0 °C for 45 min. Linear
slope indicates Ohmic behavior (sweeping rate = 12 V s7). e) Histogram of film conductivities for one contact geometry (s = 10 um, b = 20 um).
f) Conductivity values from transport measurements of Cu-HHTP-TCNQ films with varying reaction times at different contact geometries (sweeping
rate = 12 V s7'). Contact width b =10 um for all data depicted as triangles and b = 20 um for data depicted as diamonds, also marked with *. Black
circles display the mean values and error bars indicate standard deviations. One single outlier at =0.306 S cm™' (time = 60 min, s = 20 um) is not
shown for better visibility. The dashed line represents the average conductivity. g) Relative response (change in film resistance) versus pressure during
venting the vacuum chamber with nitrogen, dry air, and ambient air with a relative humidity of 41% (average of N = 3, colored area displays standard
deviation; measured Cu-HHTP-TCNQ film was the same as shown in [d]; contact spacing s = 20 um). Arrows indicate the cycling direction, starting at
vacuum level. Triangles point to the saturation value. h) Normalized average film conductivities when exposed to different atmospheres. oy, represents
film conductivity in a nitrogen atmosphere.
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Experimental Section for details on the fabrication). Each chip
included N contacts, fabricated in the center and connected to
large pads on the outer edges by gold leads. To prevent short
circuits between adjacent devices, the leads were covered by
an insulating Al,O; layer. Different geometries of the contacts
(varying contact distances, s, from 10 to 100 pm) were realized
for evaluating possible variations in contact performance. The
electrical conductance was measured in a collinear four-point
probe geometry as displayed in Figure 4b. A voltage was applied
to the two outer contacts and swept linearly over time driving
a current flowing through the sample, whereas the inner con-
tacts tapped the voltage drop. Figure 4d shows the IV traces of
a representative sample. The film displays an Ohmic behavior,
with a resistance of 100.8 kQ in vacuum at room temperature.
In a four-point probe geometry, the film resistivity p can be

derived from the general formula p = % I where U and I are

the voltage in volt and current in ampere, respectively, and I"is
a geometrical correction factor of length dimension, taking into

account the sample thickness. For thin films (é <0.5) of infinite

size (d = 40 s) with thickness t, contact spacing s and limiting

. e n U
contour diameter d, the film resistivity is p = —— —¢.33]

In(2) I
206 contacts were analyzed for films with reaction times

1
ranging from 10 min up to 80 min. Conductivity values o = >

were evaluated by using the average film thicknesses obtained
by AFM measurements. Since the synthesis method leads to
a variation in film thickness on the length scale of the meas-
ured inter-electrode area and since the film consists of different
phases with individual conducting properties (Cu-HHTP,
Cu-TCNQ (I)), the value does not provide an intrinsic mate-
rial property but an average quantity. In Figure 4f, the con-
ductivity values are plotted against reaction time for contact
geometries which differ in their contact spacing s from 10 to
100 um. At least five measurements were performed on each
contact geometry for different reaction times in order to vali-
date the reproducibility. The mean conductivity amounts to
Omean = 0.033 £ 0.006 S cm™ and is comparable with known
Cu-HHTP values from literature (Cu-HHTP pressed pellets:
0.045 S cm™).203 Temperature-dependent measurements dem-
onstrate that the electrical conductivity of Cu-HHTP-TCNQ
around room temperature can be described by a thermally
activated process with an activation energy of about 0.142 eV
(Figure S8, Supporting Information). We attribute the scat-
tering of the data points in Figure 4f to different regions as
revealed by our optical analysis as well as film-to-film varia-
tions, probably caused by physical deposition issues or fluctua-
tions in the synthesis of the different batches. Similar findings
are known from the literature.>l

2.7. Chemiresistive Response

We demonstrated the basic chemiresistive response of the
synthesized MOF films as proof of principle by flushing the
vacuum measurement chamber with nitrogen, dry air, and
ambient air with a relative humidity of 41% during monitoring
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the film resistance and pressure over time. Figure 4g displays
the relative changes in resistance with respect to the vacuum
level when the different gases are applied to a Cu-HHTP-TCNQ
film, synthesized at 0 °C for 45 min. Starting from low pres-
sure, resistances start to rise from about 10! mbar and go into
saturation when atmospheric pressure is reached, indicated
by small triangles. Delayed resistance changes at the same
atmospheric pressure result in small discrepancies (Figure S9,
Supporting Information). All curves displayed a hysteresis
after pumping down, which could be explained by the higher
energy needed to remove the adsorbed gas molecules from the
pores and surfaces. The kink between 1072 and 10~3 mbar is a
measurement artifact originated from an ignition lag between
the Pirani and cold-cathode element of the pressure gauge.
Ambient air shows the strongest increase in film resistance,
followed by pure nitrogen and dry air. One suggestion for the
strong response toward ambient air is the interaction with
water molecules owing to their polar character.”?l The differ-
ence in response between nitrogen and dry air points toward a
chemiresistive effect beyond that of water that should be inves-
tigated in future studies.

Normalized average film conductivities (normalized to oy,
which represents the film conductivity in a nitrogen atmos-
phere) under the different atmospheres were evaluated in order
to put the chemiresistive response of the Cu-HHTP-TCNQ film
in relation to known results (Figure 4h). Previous work showed
comparable chemiresistive responses of Cu-HHTP films
toward ambient changes,® thus demonstrating the poten-
tial applicability of Cu-HHTP-TCNQ films as a chemiresistive
material, and paving the way for future work toward the devel-
opment of HHTP-TCNQ-based chemiresistive sensors.

3. Conclusions

In summary, we demonstrated the fast synthesis and physical
deposition of free-standing hybrid Cu-HHTP-TCNQ films by an
interfacial assembly approach. Our process has the advantage
of yielding a uniform film thickness controlled by the reaction
time and is sufficiently robust to allow film deposition onto a
variety of substrates. The hybrid film is shown to be composed
of filaments and cubic crystals by coordination of Cu’*-ions to
the individual organic molecules. The influence of reaction time
on the thickness and surface roughness is clarified using high-
resolution AFM measurements. The multiparametric analysis
further illustrates the hybrid architecture and the separation of
the phases Cu-HHTP and Cu-TCNQ (I) embedded in a film
structure coming along with low structural order. Electrical char-
acterization of the Cu-HHTP-TCNQ films reveals an average
conductivity of 0.033 S cm™ and chemiresistive response toward
ambient environmental shifts. The outcomes of this work dem-
onstrate a potentially good applicability of less ordered MOF
structures as chemiresistive materials and provide an insight
into the potential of emerging hybrid MOF architectures.

4. Experimental Section

Materials: Cu(NO3),-xH,0 (CAS: 13778-31-9), TCNQ
(7,7,8,8-Tetracyanoquinodimethane, CAS: 1518-16-7) and ethyl acetate
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(CAS: 141-78-6) were purchased from Merck (Sigma Aldrich). HTTP
(Triphenylene-2,3,6,7,10,11-hexaol; 98%, CAS: 865836-87-9) was purchased
from abcr swiss AG. All solvents were degassed with argon before use.

Synthesis of Cu-HHTP-TCNQ Films: The MOF thin films were
synthesized in small glass vials (V = 15 mL, ND = 22) sealed and
filled with argon and placed in an ice bath in order to keep reaction
temperature at T = 0 °C. 2 mL of aqueous Cu(ll) nitrate solution
(10 mm) were added to the vial, followed by 1 mL of HHTP dissolved in
ethyl acetate (0.4 mm) forming a water—-organic solvent interface. The
MOF film formation directly started at the interface when adding 1 mL of
TCNQ dissolved in ethyl acetate (4 mm) and was visible by eye.

For transfer of the MOF film, a substrate of choice was placed at
the bottom of the vial before the reaction started. The used substrates
were treated with air plasma for 5 min to remove any resist residues
and to improve wetting properties. The synthesis reaction was stopped
after the desired time by carefully removing all the liquid with a syringe
and thus sinking the thin film down onto the substrate. After drying the
film in the air, the deposited film was washed in acetone and isopropyl
alcohol, followed by second drying in the air.

Fabrication of Chips with Prepatterned Electrodes: For patterning the
electrodes of the chip, a mask for UV lithography was fabricated by
direct laser writing. A fused silica wafer (4 inches, 500 um thickness,
MicroChemicals GmbH) was spin-coated with AZ2020nlof resist
(4000 rpm, 40 s) and soft-baked for 1 min at 110 °C. The pattern was
exposed at a dose of 60 m) cm™2, followed by a postexposure bake for
1 min at 110 °C and development in AZ726mif for 30 s. Titanium (5 nm)
and gold (50 nm) were then evaporated and the resist was removed by
lift-off process in dimethylsulfoxide for 1 h at 110 °C. Al,O3 (50 nm) was
deposited using plasma-enhanced atomic layer deposition in order to
form an insulating passivation layer. To form the MOF contact and probe
pad openings the wafer was again spin-coated with AZ1505 at 4000 rpm
for 40 s and soft-baked at 110 °C for 1 min. The patterns for contact and
probe pads were then exposed at a dose of 20 m) cm=2 and developed
for 20 s in AZ400k:H20O 1:4. The pattern transfer into the oxide was
carried out by means of wet chemical etching in phosphoric acid (85%)
at 55 °C for 105 s. For dicing, the wafer was again spin-coated with the
same positive resist (AZ1505) at 1500 rpm for 40 s and soft-baked at
10 °C for 1 min.

Atomic Force Microscopy Characterization: For the AFM measurements,
a Bruker Dimension Icon AFM equipped with a hybrid scanner was
used. The AFM probe was a SCANASYST-AIR cantilever (BRUKER) with
a tip apex radius of 2 nm and the AFM scan was performed in tapping
mode under standard laboratory conditions without temperature or
environmental control (resonant frequency: 70 kHz; force constant:
0.4 N m™). The cantilever was cleaned with acetone and isopropanol
and dried with nitrogen before usage. The recorded AFM scan data was
evaluated and leveled by Gwyddion software (version 2.55).

Raman Spectroscopy: Raman spectra and corresponding optical
images were acquired in ambient conditions using a WITec Alpha 300R
confocal Raman microscope with a 100x objective (Zeiss EC Epiplan-
Neofluar Dic, NA=0.9) and a 300 mm lens-based spectrometer (grating:
600 ¢ mm™") equipped with a TE-cooled charge-coupled device (Andor
Newton). The linearly polarized laser excitation had the wavelength
Aexc =488 nm and a power of P=0.3 mW measured before the objective.
2D Raman maps of size 15 um x 15 um were acquired in backscattering
geometry with an integration time of 1.6 s and a resolution of 3 pixels per
um. Single spectra were extracted from the area scans at representative
positions and were displayed after polynomial background subtraction.

Electrical Transport Measurements: For the electrical conductance
measurements, a custom setup was used to monitor the current-voltage
characteristics of the sample. The voltage was applied using a data
acquisition card from National Instruments (model: NI 6289) and swept
linearly over time (amplitude = 3 V, sweeping rate =12 V s™). The current
was monitored using a current amplifier (SP895/SP895a, University of
Basel) and the measurement was controlled via a LabView program.
|-V-measurements of electrically nonconducting devices (below the
threshold of 1 nS) originated by, for example, lack of physical contact or
film imperfections were not considered for the further data evaluation.

Adv. Electron. Mater. 2022, 8, 2100871 2100871 (8 of'IO)

MATERIALS

www.advelectronicmat.de

The authors performed the pressure-dependent measurements (PXR
36X vacuum gauge from Pfeiffer Vacuum) using nitrogen (N, 5.0) and
compressed air (pressurized air, Sauerstoffwerk Lenzburg AG), taking
care to flush the lines with the respective gas.

Temperature-Dependent  Electrical Measurements: The temperature-
dependent electrical conductivity was measured in a variable
temperature cryostat (Lakeshore ST-500) using a Keithley 236 SMU
controlled via Python pyvisa. The electrical conductivity was measured
in a four-point collinear configuration. I-V-lines were taken by forcing
a maximum current of 9 nA, with a sweeping rate of 0.1 nA s™\. The
temperature was controlled by a Lakeshore 336 temperature controller
with resolution in the mK-range.

X-Ray Diffraction: Repeated synthesis of Cu-HHTP-TCNQ films
(standard interfacial procedure at T = 0 °C for 45 min) and subsequent
merging led to a larger amount of powder for investigations by XRD. The
sample was measured on a PANALYTICAL X'pert Powder instrument
equipped with an imaging plate using a CuKa X-ray source with
A=1.5406 A for 60 h. Data acquisition was conducted in reflection mode.

Crystallite sizes could be derived from the full width at half
maximum of single indexed (nonoverlapping) reflections for selected
crystal directions using the Scherrer equation ((200) for Cu-HHTP;
(002) for Cu-TCNQ). The crystal elongation in the (100) and the (001)
crystallographic direction for Cu-HHTP and Cu-TCNQ was calculated.
For all other crystallographic directions, no single indexed lines were
found. The instrumental peak broadening resolution was taken from the
(117) reflection of the reference polycrystalline silicon.

For the analysis of the stability of Cu-HHTP-TCNQ toward washing
and drying, thin films were synthesized (standard interfacial procedure
at T =0 °C for 45 min) and then collected by a loop sample holder.
Diffraction measurements were performed directly after synthesis
by STOE IPDS Il instrument equipped with an imaging plate using
MoKa X-ray source (A = 0.7107 A) and compared with the data
obtained from washed and dried samples. Data acquisition was
conducted in transmission mode while the sample was rotating (beam
diameter = 0.5 mm).

Transmission Electron Microscopy: MOF films were synthesized for
TEM imaging by the standard interfacial procedure at T = 0 °C for
40 min and then fished onto a copper grid (G2400C, square 400 mesh,
Cu 3.05 mm diameter). TEM images were taken using JEOL 2200FS
equipment with energy of 200 keV and 0.3 s exposure time. SAED
signals were recorded at corresponding positions with camera lengths of
100 and 60 cm, respectively, with a SAED aperture introduced in order to
define the sample region.

Grazing-Incidence Small-Angle X-Ray Scattering: MOF films were
synthesized for GI-SAXS measurements by the standard interfacial
procedure at T=0 °C for 40 min and then deposited onto a silicon wafer
substrate (orientation (100), thickness of 500 um with a 285 nm native
SiO, layer on top). Silicon substrates were rinsed with deionized water
and treated with air plasma for 5 min before being placed at the bottom
of the vial. The GISAXS experiments were performed using a Nanostar
X-ray Scattering equipment (Bruker AXS GmbH, Germany) equipped
with 2D Xe-based gaseous avalanche detector (VANTEC-2000 detector)
of x2048 pixels and the pixel size of 68 x 68 um. A microfocused X-ray
CuKa (wavelength 4 = 0.154 nm) source with Montel optics and two
pinhole collimation systems provided a point-focused beam diameter
of around 500 um. The setup was calibrated for the sample to detector
distance using a standard silver behenate powder sample. This setup
benefits from a GISAXS stage which allows sample movements in all
directions with a resolution of 0.01 mm as well as rotations around
all sample axes with an angular resolution of 0.0001°. The incident
grazing angles were tuned between 0.15° and 0.3°. All experiments were
performed in vacuum (=0.01 mbar).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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