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ABSTRACT: We study temperature-dependent charge transport in two-dimen-
sional assemblies of copper sulfide nanodiscs in the covellite crystal phase (Cuy ;S).
To enhance interparticle coupling, we cross-link the nanocrystals with the organic 7-
system Cu-4,4',4",4"-tetraaminophthalocyanine and observe an increase in the
conductivity by 6 orders of magnitude. The electrical properties of monolayers of
this hybrid ensemble are consistent with a two-dimensional semiconductor and
exhibit two abrupt changes at discrete temperatures (120 and 210 K), which may be
interpreted as phase changes. X-ray scattering experiments serve to study the
importance of electronic conjugation in the organic z-system vs interparticle spacing
for efficient charge transport. Applying the hybrid ensemble as a chemiresistor in
organic vapor sensing experiments reveals a strong selectivity between polar and
nonpolar analytes, which we discuss in light of the role of the organic z-system and
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B INTRODUCTION

Two dimensional (2D) semiconductor materials (such as
WS,) have great potential for application in photodiodes, solar
cells, photocatalysis, batteries, and thermoelectric and light-
emitting diodes.’ > While the charge carrier mobility in single-
crystalline grains may exceed that of crystalline silicon, it is
challenging to synthesize these materials with macroscopic
lateral domain sizes.’ In contrast, granular ensembles of 2D
conductors can be obtained in large quantities and assembled
into macroscopic thin films, however with significantly lower
mobilities. Charge carrier transport in such granular 2D
materials occurs typically via hopping, which was first
described by Mott with the concept of variable-range hopping
(VRH), assuming that carriers hop between localized states
over a characteristic, temperature-dependent hopping dis-
tance.”® While the density of states (DOS) is considered to be
constant in this model, the electrical conductivity varies with
temperature as o(T) = o, exp[—(Tyou/T)*]. Here, T is the
absolute temperature, o, the attempt frequency for a hopping
event, Ty the characteristic Mott temperature, and n = 1/(D
+ 1), where D is the dimensionality of the conductor. Thus, for
a 2D material, In o is proportional to T~'3. Efros and
Shklovskii later pointed out that for sufficiently low temper-
atures, the DOS near the Fermi level (Ej) is not constant and
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Coulomb interactions give rise to a soft gap in the density of
states. In this regard, it has been demonstrated that the DOS
near Ej vanishes linearly with energy for a 2D system.””"" This
has been explained with the electron—hole Coulomb
interaction to be overcome when an electron hops from one
site to another.'” For this ES VRH mechanism, the
conductivity varies with temperature as o(T) = o0, exp-
[—(Tys/T)"?]. Here, In ¢ is always proportional to T~/
regardless of the dimensionality of the system, which merely
affects the characteristic temperature Tpg'® Therefore, for a
granular 2D semiconductor, one can expect In ¢ ~ T2 for
sufficiently low temperatures and In ¢ ~ T* for higher
temperatures.

In this work, we use this characteristic behavior to examine
under which conditions ensembles of covellite nanocrystals
(Cuy,,S NCs) behave collectively like a 2D semiconductor. We
chose Cu; ;S due to its low toxicity and rich redox chemistry,
which renders it attractive for environmentally benign
applications in optoelectronics and sensing."*™'® Previous
attempts to tune the transport properties of copper sulfide NC
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Figure 1. (a) SEM image and (b) height profile of a typical Cu,;S/Cu4APc film determined by atomic force microscopy (see Figure S3b for the
original image). (c) UV—vis-NIR absorption spectra of as-prepared Cu, ;S superlattice before and after ligand exchange (orange and dark red
curves, respectively). (d) Raman spectra of as-prepared Cu, ;S nanocrystal thin films before and after ligand exchange (same color code as in part
c). The inset highlights the spectral regime around the S—S stretching bands.

ensembles employed thermal doping, electrophoretic deposi-
tion and/or ligand exchange with small molecules, such as 1,2-
ethanedithiol (EDT), hydrazine, mercaptopropionic acid, or
ethylenediamine.’~*' Depending on the surface modification,
Copper sulfide NC ensembles have displayed 3D VRH
transport, Arrhenius-type, nearest nei%hbor hopping or non-
monotonic temperature dependencies.'” Typical conductiv-
ities ranged between 107, 1072 and 75 S cm™ for EDT-
functionalization, treatment with hydrazine, and electro-
phoretic deposition, respectively. Here, we take a different
approach toward increasing electronic coupling in Cu;;S NC
films by functionalizing their surface with the relatively large
(1.2 nm), but fully conjugated molecule Cu-4,4',4"4"-
tetraaminophthalocyanine (Cu4APc) similar to other types
of coupled organic—inorganic nanostructures.”> We discuss the
transport behavior of this hybrid material in the context of
potential 2D Mott VRH and demonstrate its perspectives for
solvent vapor sensing.

2. METHODS

2.1. Synthesis of Cu, ;S Nanocrystals. Cu, ;S NCs were
pre};azged by adapting the heat-up synthesis procedure from Xie
et al.

2.2. Synthesis of Ligands. Copper 4,4',4”,4" -tetraami-
nophthalocyanine (Cu4APc) was synthesized following a
previously reported procedure.”* For the structural formula,
see Figure SI.

2.3. Thin-Film Preparation and Ligand Exchange. In
this work, electronically coupled, ordered NC sugerlattice films
were assembled at the liquid/air interface.”””° Initially, the
native oleylamine passivated, disc-shaped Cu,;S NCs (diam-
eter of 12.7 + 1.7 nm, and a thickness of 5.8 + 0.7 nm) film
was prepared by controlling the evaporation of toluene solvent
in DMSO solution in a home-built Teflon chamber. A
reference sample was prepared by transferring this film on to
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a Si-substrate. For Cu4APc cross-linked NCs, a solution of
Cu4APc in DMSO was slowly injected into the subphase by a
syringe in order to ligand-exchange the assembled NC film
floating above the DMSO phase. Finally, the free-floating
ligand-exchanged NC superlattice was transferred to substrates
by retracting the solution from the bottom of the chamber
(Figure S2).

2.4. Instrumentation. Scanning transmission electron
microscopy (STEM, Hitachi SU 8030 microscope operating
at 30 kV) was employed to determine the particle size and
shape. Optical measurements were performed on solid state
films on glass substrates using an UV—vis—NIR spectrometer
(Agilent Technologies, Cary S000). Grazing-incidence small-
angle X-ray scattering (GISAXS)”” was carried out with a
laboratory instrument (Xeuss 2.0, Xenocs, France) using Cu
Ka radiation (4 = 1.5418 A). The samples were probed with a
focused X-ray beam of size 0.5 X 0.5 mm?” at incidence angle of
0.22°. The GISAXS images were collected with a 2D Pilatus
300 K, having 487 X 619 pixels. The detector was placed at a
distance of 2496 mm, determined using Ag-behenate as
reference sample. X-ray reflectivity (XRR) data from the
sample was collected in specular geometry with a laboratory
source (Cu Ka; GE Inspection Technologies, Germany). The
surface morphology was measured by AFM using a JPK
Nanowizard II instrument in tapping mode under ambient
conditions. Image analysis was performed with Gwyddion.
Raman spectra were acquired using a Horiba Jobin Yvon
Labram HR 800 spectrometer with a CCD-1024 X 256-
OPEN-389 detector. Excitation for Raman was performed
using a He:Ne laser (wavelength 633 nm). Electrical
measurements were performed in a glovebox at room
temperature with a homemade probe station using a Keithley
2634B dual source-meter unit, controlled by the included test
script builder program. The NC films after ligand exchange
were deposited on commercially available bottom-gate,
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Figure 2. (a) GISAXS patterns of self-assembled Cu, ;S NCs coated with OA. (b) GISAXS pattern of Cu4APc ligand induced assembly Cu, ;S
NCs. Both patterns show long-range highly ordered 2D hexagonal superlattices. (c) Extracted line profiles from the corresponding GISAXS images
along in-plane wave vector g,. To improve the statistics of the line profiles the signals were integrated along the g, direction. (d) X-ray reflectivity

profile of Cu,;S/Cu4APc film.

bottom-contact transistor substrates (Fraunhofer Institute for
Photonic Microsystems, Dresden, Germany) with interdigi-
tated Au electrodes of 10 mm width and 2.5 ym channel length
followed by annealing at 250 °C for 2 h under nitrogen
atmosphere. The temperature-dependent charge transport
properties of the NC thin-films were measured by a Lake-
Shore CRX-6.5K probe station, equipped with a Keithley
2636B dual source-meter unit and a Lake Shore temperature
controller (model 336). For investigating the vapor sensing
properties, the NC films were deposited on commercially
available glass substrates with interdigitated gold electrode
structure (90 finger pairs, 10 ym microelectrode gap and a
circular area with a diameter of 3.5 mm; “ED-IDE1-Au” by
micrux Technologies). The sensitivity of the films was
characterized by dosing them with vapors of 4-methyl-2-
pentanone (4M2P), toluene, 2-propanol, and water while
monitoring their resistances at 0.1 V. All vapor sensing
experiments were carried out at room temperature (ca. 25°C)
at a flow rate of 400 mL min™". As all vapors have comparable
vapor pressures (21, 29, 20, and 23 mbar at 20 °C,
respectively),”® differences in the response of the samples are
expected to arise mainly from their chemical nature (polarity
and structural features) and not from the differences in vapor
pressure.

3. RESULTS

Figure la depicts a typical SEM image of Cu4APc cross-linked
Cu, ;S NCs assembled into a hexagonal superlattice. The disk-
shaped NCs have an average diameter of 12.7 + 1.7 nm and a
thickness of 5.8 + 0.7 nm as determined from high resolution
scanning electron micrographs (Figure S3a). Height profiles
obtained by atomic force microscopy (AFM, Figure 1b and
Figure S3b) show that the average superlattice thickness is one
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monolayer (6 nm). Figure 1c displays the UV—vis-NIR spectra
of the as-prepared Cu, ;S NCs before (orange) and after ligand
exchange with Cu4APc (dark red) on quartz substrates. The
strong NIR absorption with a maximum around 1250 nm is
characteristic for a localized surface plasmon resonance
(LSPR) due to copper vacancies.””>" In addition, the ligand
exchanged film displays a new peak at 736 nm correspondin%
to the appearance of the singlet absorption of Cu4APc."
Raman spectroscopy provides further evidence for a successful
ligand exchange (Figure 1d). While the vibrational spectrum of
the as-prepared Cu,;S NCs before ligand exchange (orange
curve) features mainly a weak band at 265 cm™ (see inset)
and a sharp band at 471 cm™" due to S—S stretching vibrations,
additional bands at 747, 1115, 1345, 1447, 1535, and 1605
cm™! appear after ligand exchange with Cu4APc.””*® (Note:
The bands observed near 521 and 966 cm™" correspond to the
optical phonon modes of the Si substrate.) Furthermore, the
S—S stretching bands shift to 267 and 474 cm™" (see inset),
which is often attributed to a binding interaction with the
surface of the particles. These Raman spectra for both films are
in good agreement with the existing literature on crystalline
Cu, ;S NCs.**

The structural changes of the Cu, ;S NC superlattice before
and after ligand exchange are determined by GISAXS on Si-
substrates in Figure 2, parts a and b. The appearance of several
intense scattering truncation rods, extended along the ¢,-
direction at different g,-positions corresponds to a long-range
ordered monolayer superlattice formation for both cases. The

ratio of the relative peak positions is 1: \/ 3:2—which is a
characteristic of two-dimensional hexagonal superlattices for
both cases and can be indexed with 10, 11, and 20 superlattice
planes.”> The significant changes of the correlation peak
positions along the qj-direction for both samples are
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additionally displayed with line profiles (Figure 2c). The lattice
constants, which equal the nearest-neighbor distance in
hexagonal lattices, are 16.8 + 0.1 and 15.7 + 0.1 nm before
and after ligand exchange, respectively. We attribute the
decrease of 1.1 nm to the effect of replacing the larger oleic
acid ligand (~2 nm) by the more compact Cu4APc (~1.2 nm)
molecule. The XRR profile in Figure 2d features multiple
Kiessig oscillations, from which we determine the thickness of
the NC film on the substrate to 5.8 nm, in good agreement
with our AFM data.*®

For charge transport studies, the Cu;;S NC films were
deposited on Si-substrates with prepatterned gold contacts.
Since the I/V characteristics were slightly field-dependent, all
conductivities were measured in the low-field regime by fitting
the linear current response to a voltage sweep from —200 to
+200 mV (see Figures S4 and SS). We find an enhancement by
6 orders of magnitude after ligand exchange with Cu4APc in
the electrical conductivity of the NC superlattice, providing
clear evidence for the improved coupling. To determine the
transport mechanism in the 2D superlattices of NCs before
and after ligand exchange, we perform temperature-dependent
conductivity measurement from 30 to 300 K in Figure 3a. In
both cases, ¢ of the film increases with increasing temperature,
which is the typical behavior of a semiconductor. However, as
evident for the unexchanged sample and—to a lesser degree—
for the Cu4APc-functionalized NCs as well (inset in Figure
3a), 6(T) deviated from a simple monotonic increase, implying
that the charge transport cannot be described by a single
hopping model. While the origin of this anomaly is not clear, it
has been observed before for arrays of Cu; ;S and tends to be
more pronounced for less coupled NCs.'”*” The deviation
from a single hopping model is further evidenced for the
Cu4APc-capped Cuy S films in Figure 3b, where we plot the

1/x
o(T) data according toIn 6 = In 6, — (%) withx=1,2, 3,

or 4. Evidently, none of the common temperature coeflicients
results in a satisfactory fit over the entire temperature range.
To exemplify this, we display linear fits to the data as dashed
lines. For x = 2, 3, and 4, this satisfactorily describes the data at
low temperatures (30—120 K), but increasingly deviates from a
simple linear relationship (in this mode of plotting the data)
above this range. For x = 1, no linear relationship over a
reasonably large temperature window could be established.
Another way of testing a certain transport mechanism is to
plot the derivative d(log ¢)/d(logT) against log T as illustrated
in Figure 3¢ and determining x from the slope, m, of a linear
fit to the data as x = —,,. The unusual, nonmonotonic ¢(T)
behavior is readily visible in this plot with three distinct
temperature regimes, namely 30—120 K, 120—210 K and 210—
300 K, which are separated by abrupt changes in the derivative
d(log 6)/d(logT). We note several previous reports about
presumed phase transitions in copper sulfide at low temper-
atures, which we tentatively hold responsible for our
observation.'”?”*” Between 30 and 120 K, we find x = 2.1
and a reasonable R-squared confidence of 90%, suggesting a
VRH ES transport mechanism in this temperature window. For
120—-210 K, the slope notably flattens and we derive x = 3.0 in
excellent agreement with Mott 2D VRH. However, an R?
confidence of only 53% cannot entirely rule out the possibility
of Mott 3D VRH due to the small differences between the two
mechanisms in the expected slope. Above 210 K, the R*
confidence decreases to 18%, and a meaningful fit becomes

1E-3
0009% 3]
A <_HE3 *
: : /
o »
n o o
Z1ET7 Tk
o} 0 100200 300
oooooooooooooon°°° 900009
29°° o Cuy ¢S/CudAPc
1E-11 o Cuy4S/OLm

100 200 300

9.0 . : . : .
00 01 02 03 04 05 06

T-1/X
50 100 150 250
0.9 T/K o
o®e
;\ 0.8 % ®
5 0.71
©06
8
3 05

04 w " : k :
16 18 20 22 24
logT

Figure 3. (a) Temperature-dependent electrical conductivity
measurement of Cu;;S nanocrystal films from 30 to 320 K. Red
circles: OLm-capped Cu,,S NC films and blue circles: Cu;;S NC
films cross-linked with Cu4APc. Inset: linear plot of the Cu4APc-
capped Cu, ;S film for better visualization. (b) In ¢ vs T™* for x = 1—
4 as assigned by the color legend for Cu,;S NC films cross-linked
with Cu4APc. Dashed lines are linear fits for a fixed temperature
window of 30—120 K. (c) Derivative d(log ¢)/d(log T) vs log T for
the same data set as in part b. Solid lines are linear fits for fixed
temperature windows of 30—120 and 120—210 K, respectively.

impossible. We suspect that this may be due to the already
mentioned anomaly in this temperature range (see Figure 3a).

In addition to studying the transport characteristics of
Cu,;S/Cu4APc monolayers, we seek to take advantage of the
high active surface area of the material for vapor sensing. The
basic idea is that adsorption of vaporized molecules on and
into the Cu,;S/Cu4APc monolayer may induce a change in
resistance, which serves as feedback for sensing. Figure 4a
presents the typical resistance change (AR/R;) at room
temperature upon exposure to 4M2P vapor with concen-
trations in the range of 100—5000 ppm (three exposure cycles
of 120 s each). We observe a fast (few seconds) and fully
reversible, approximately rectangular response, which increases
with increasing analyte concentration at the same operating
temperature and 0% relative humidity. Four types of vapor
analytes are used in this study, i.e. 4M2P, toluene, 1-propanol,
and water to check the chemical selectivity. Figure 4b
compares the response of the NC film to these four analytes
after exposure to 5000 ppm. While toluene vapor exhibits a
significant but slightly weaker response compared to 4M2P
vapor, the two polar analytes 1-propanol and water invoke
almost no response.
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Figure 4. (a) Transient vapor response traces of Cu, ;S/Cu4APc film toward 100 to S000 ppm of 4M2P at 0% relative humidity. (b) Responses of
the Cu,,S/Cu4APc films to exposure with S000 ppm 4M2P vapor, toluene vapor, water vapor, and 1-propanol vapor. (c) Response amplitudes
plotted versus the gas-phase concentration of 4M2P and toluene. (d) Response amplitudes plotted versus the gas-phase concentration of 1-
propanol and water. The solid lines are the Langmuir fits according to a 1st order adsorption model (i.e,, eq 1) and the dashed lines are the

Langmuir fits according to a 2nd order adsorption model (i.e., eq 2).

We gain further insight into the sensor response and
analyte/film interactions by fitting the concentration-depend-
ent change in resistance for all four analytes with a Langmuir
adsorption using the equation
K,C

vapor

Sl + Kmepor (1)

AR
RO

AR _
RO

where [AR/Ry], and K, are the relative change of resistance at
saturation and the binding constant, respectively, and C,,, is
the concentration of the analyte in the gas phase.”

We find that the first order Langmuir adsorption model in
eq 1 reflects well the behavior for 4M2P and toluene as
displayed in Figure 4c. In contrast, no satisfactory fits could be
obtained in this way for the analytes 1-propanol and water,
which is why we applied a second order Langmuir adsorption
model according to eq 2, which described the experimental
data more adequately (Figure 4d).

A_R _ ﬁ Kb\/ Cvapor
RO RO B I+ Kb\/ Cuapor (2)

The fitting parameters, such as the relative differential
resistance responses at saturation [AR/R]; and the binding
constants K, obtained from the first and second order
Langmuir adsorption model for all four analytes at room
temperature are given in Table 1.

4. DISCUSSION

In addition to providing evidence for the chemical
modifications, the spectroscopic data in Figure 1 also

Table 1. Experimental Sensor Responses, i.e., Relative
Changes of Resistance at Saturation [R/R,], and Binding
Constants K, Obtained from the Langmuir Fits for Cu, S/
Cu4APc Thin Films at Room Temperature

NC film analyte [AR/R,], (%) K,
Cu,;,S/Cud4APc  4M2P 7.13 643602 X 1075 (M)
toluene 3.51 7.03732 X 1075 (M)
1-propanol 0.067 1.11619 (M)
water 0.039 0.29583 (M%)

highlights the structural changes occurring in the NC ensemble
during surface functionalization with Cu4APc. We attribute the
34 nm red-shift of the LSPR transition to a reduced
interparticle distance due to the shorter length of Cu4APc
(12 A) compared to oleylamine (20 A). As the interparticle
spacing narrows, dipole—dipole interactions between the NCs
strengthen, which is known to cause a red-shift in the LSPR
band.*® In addition, alterations in the dielectric environment of
the NCs by the new surface chemistry can also affect the
position of the LSPR. The anticipated contraction of the
interparticle spacing is quantified by the GISAXS data in
Figure 2 to a net decrease of 11 A. It is noteworthy that even
after this contraction, the average interparticle spacing is 30 +
17 A and, thus, the NCs remain spatially well separated. In this
light, the room-temperature conductivity of 1 mS cm™ is quite
remarkable (Figure 3a) and even higher than that of EDT
treated Cu;;S NCs, despite the much shorter length of the
molecular linker (4 A).”” In addition, the conductivity increase
by 6 orders of magnitude following the interparticle
contraction during ligand exchange highlights the sensitivity

23724 DOI: 10.1021/acs.jpcc.8b05276

J. Phys. Chem. C 2018, 122, 23720-23727


http://dx.doi.org/10.1021/acs.jpcc.8b05276

The Journal of Physical Chemistry C

of the material toward further structural changes, such as those
induced by swelling upon exposure to a solvent vapor. To test
this idea, we chose the four vapor analytes investigated in
Figure 4, which differ significantly in their chemical aflinity and
permittivity (toluene, 2.4 (hydrophobic); 4M2P, 13.11
(hydrophilic); 1-propanol, 20.8 (H-bonding); and water,
80.1 (polar H-bonding))."' As detailed in Table 1, the
Cu4APc-capped Cu; ;S NC monolayers are significantly more
sensitive toward analytes of low permittivity (4M2P and
toluene), while the two polar analytes 1-propanol and water
bind more strongly to the film as indicated by the larger
binding constants Kj, (Table 1) as well as the strong curvature
of the response (Figure 4d).**

We consider several possible reasons for the different
behavior of 4M2P/toluene vs l-propanol/water: (1) Water
and 1-propanol are quite small and compact molecules, such
that swelling effects exerted by these species are expected to be
relatively small. (2) As shown in previous findings by Olichwer
et al. on hydrophobic superlattices of dodecanethiol (DDT)-
stabilized Au NCs, 1-propanol adsorbs predominantly on the
surface of the film with little contribution to film swelling.*’
However, Cu4APc is significantly less hydrophobic than DDT,
such that this reasoning may not fully apply here. (3) The
metal center of tetraaminophthalocyanines possess a high
affinity toward 1-propanol and water.** With just one metal per
molecule, we expect this particular binding site to saturate
quickly, even at low dosing concentrations. As a very crude
estimate, one may expect 3 molecules per nm* on the surface
of each nanocrystal,"> corresponding to 300 metal center
binding sites as an upper limit. Considering the active area of
the interdigitated electrodes of the transducer (38.5 mm?®) and
assuming a monolayer coverage with Cu;,S particles
(diameter: 12.7 nm) with hexagonal packing (74% fill fraction)
yields 5.6 X 10" particles, corresponding to 1.7 X 10" metal
center binding sites in the entire active area. At room
temperature, there are roughly 2.5 X 10** gas molecules/L,
and, thus, 2.5 X 10" 1-propanol/water molecules per liter at a
dosing concentration of 100 ppm. At a flux of 400 mL/min,
saturation is expected instantaneously for this scenario after
roughly 1 ms of exposure time in agreement with our
observations (see Figure 4, parts b and d). Such a small
density of binding sites could possibly enable very low limits of
detection as indicated by Figure 4d, provided a sufficient
signal-to-noise ratio exists.

In contrast, for the nonpolar analytes toluene and 4M2P, a
strong affinity to the phthalocyanine metal center does not
exist such that they are weakly adsorbed within the nonpolar
ligand matrix and invoke swelling of the NC film. This induced
expansion of the interparticle spacing is expected to
significantly increase the resistance (as demonstrated in Figure
3a), which appears to be the major sensing mechanism for this
material, exg)laining the selectivity for the two analytes toluene
and 4M2P.*** The magnitude of the relative response should
be viewed in the context of the very thin layer thickness of <10
nm, a fast recovery of the sensors within a second time regime
and a nearly rectangular sensor response. Thicker films may
exhibit a stronger, but slower sensing response. In comparison
with other previously reported chemiresistors based on NC
ensembles for room temperature vapor sensing, these
preliminary sensing measurements are encouraging. For
instance, networks of Au NCs cross-linked with a variety of
alkanethiols have shown AR/R,-values between 0.1 and 10%
but suffer from gradual degradation in air due to oxidation of

the thiol cross-linkers.2®*>*#=*8 Utilizing more durable tin-

doped indium oxide NCs yielded AR/Ry-values of 2—39%.*°
Higher values of 80—500% are typically only obtained for very
large analyte concentrations or at elevated temperatures (300
°C).>"** For example, ZnO nanoflowers decorated with Au
NCs have been reported to exhibit a AR/R, of 7500% toward
100 ppm acetone, however only at a working temperature of
270 °C.>* The material investigated in the present paper is
operative under ambient conditions, unoptimized and holds
the potential for selective vapor sensing at low detection limits
due to its heterostructure as outlined above.

The temperature-dependent transport data of Cu4APc-
capped Cu, ;S NC monolayers in Figure 3 are consistent with
the picture of a two-dimensional conductor. At low temper-
atures (30 < T < 120 K), the transport mechanism is
satisfactorily described with ES VRH, supposedly because of
the dominant effect of Coulomb interactions and the opening
of a soft gap in the density of states. At higher temperatures,
this Coulomb gap closes and the transport data is more
adequately described with Mott VRH as indicated by the slope
of 0.33 for d(log )/d(log T) vs log T (Figure 3c). As detailed
in the Introduction, this is the expected behavior for a granular
2D conductor.

We note that the transport properties of Cu4APc-capped
Cu; ;S NC films are different from those detailed by
Bekenstein et al. for the same type of NCs but different
surface ligands, such as thiols of different chain lengths or
mercaptopropionic acid, who exclusively found Arrhenius-type
NNH over the whole temperature range.'” In view of the
quasi-two-dimensional structure of the films and the relatively
large conductivity provided by the conjugated Cu4APc cross-
linkers, we suspect that this altered transport behavior may be
due to a combination of the unique geometry of the material as
well as enhanced coupling between the NCs. This and the
large interparticle spacing (30 + 17 A) are ideal for resistance-
mediated sensing applications of vapors, operating with
adsorption and swelling effects, which we have demonstrated
with the vapor sensing measurements in Figure 4. Comparative
electric transport measurements using thicker films (5—10
monolayers) yield 2—3 orders of magnitude smaller electric
conductivities, which we attribute predominantly to large
structural inhomogeneities as well as a potentially incomplete
ligand exchange (Figure S6).

5. CONCLUSION

We assemble Cu,; ;S NCs capped with the organic z-system
Cu4APc at the air—liquid interface into a quasi-2D thin film
with significant long-range order and electronic coupling. The
coupling is evidenced by a 6 orders of magnitude enhancement
in the conductivity as a result of the ligand exchange.
Temperature-dependent electrical transport measurements
are discussed in the context of two-dimensional variable
range hopping, the effect of the quasi-2D structure, and the
presence of the conjugated linker. Resistivity-based vapor
sensing measurements reveal a selective sensitivity for nonpolar
analytes, which is facilitated by a large interparticle spacing of
30 + 17 A. The results of this study show how combining
organic z-systems and copper-deficient covellite NCs rewards
electrically conductive, quasi-2D films, which are solution-
processable and attractive for vapor sensing applications.
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