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ABSTRACT: Ethene is a highly diffusive and relatively unreactive gas that induces aging responses in plants in concentrations as
low as parts per billion. Monitoring concentrations of ethene is critically important for transport and storage of food crops,
necessitating the development of a new generation of ultrasensitive detectors. Here we show that by functionalizing graphene
with copper complexes biologically relevant concentrations of ethene and of the spoilage marker ethanol can be detected.
Importantly, in addition these sensors provide us with important insights into the interactions between molecules, a key concept
in chemistry. Chemically induced dipole fluctuations in molecules as they undergo a chemical reaction are harvested in an elegant
way through subtle field effects in graphene. By exploiting changes in the dipole moments of molecules that occur upon a
chemical reaction we are able to track the reaction and provide mechanistic insight that was, until now, out of reach.
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he plant-hormone ethene has long been known to be

essential for the ripening of many fruits."” Ethene is also
known for its deleterious effects on plant physiology when its
concentration builds up, leading to over-ripeness and spoilage
in sensitive food crops.” Control of ethene concentrations
during transport and storage of crops is therefore crucial, which
demands the development of sensitive detectors, particularly
sensory systems that show good selectivity for ethene and
enable following the ripening and senescing processes in
various crops over time. In the past few years, the use of
copper(I) compounds (or other similar organometallic
complexes) for selective ethene detection has been reported
with the detection method based on either optical sensing in
combination with fluorescent polymers* or electrical sensing in
combination with carbon nanotubes.” However, for potential
large-scale applications of such sensors in greenhouses and
transportation the sensitivity and/or reproducibility of such
sensing devices need further attention. In order to meet the
challenges of developing reliable detectors with high sensitivity
and selectivity, it is necessary to acquire a fundamental
understanding of the chemistry leading to a response, a need
that coincides with a core aspect of chemistry as a science,
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which is the desire to fundamentally understand the
interactions between molecules.

A sensor produces a signal when a chemical or physical
interaction between a sensitizer and an analyte molecule occurs.
The intensity of the response will depend on the reaction of the
analyte with the sensitizer and must be correlated to the
reaction rate and binding constant of this reaction. Unfortu-
nately, the determination of equilibrium binding constants
using currently available bulk techniques is difficult to apply for
thin films, hence the need for in situ sensors.

Dipole moments are a measure of the distribution of electron
density in a molecule and represent a simplified view of the
electrical field surrounding a molecule. The quantification of
changes in dipole moments upon a chemical reaction has hardly
been exploited in analytical chemistry, including the latest
sensing devices and techniques. So far, the use of dipole
moments for sensing has been hampered by the subtlety of the
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effects combined with the lack of sufficiently good signal-to-
noise ratios in conventional electronic devices.’

Compared to the electrical fields surrounding ions, the fields
that surround neutral molecules are typically much weaker and
therefore more difficult to detect.” To sense subtle changes in
molecular dipole moments over the course of a chemical
reaction, a macromolecular sensor with high innate electrical
sensitivity is required. A material well-known for its sensitivity
to external electrical fields is graphene, the single layer
hexagonal carbon allotrope.”” A striking example of the
extreme sen51t1v1ty of graphene is the capablhty' of detecting
single molecules,"”"" even in a highly dilute gas.'

Now, we report a novel copper(I)—graphene hybrid material
that we employed to study the thermodynamics and kinetics of
a chemical reaction using the intrinsic changes in the dipole
moments of molecules during the reaction. This allowed us to
determine binding constants and reaction rate constants that
would otherwise be impossible to obtain.

We previously reported a series of copper(I) complexes with
electronic properties that can be varied deliberately."’ In this
work we report a systematic study of the reactions between
ethene or ethanol and these copper(I) complexes of the
fluorinated hydridotrispyrazolylborate ligand series
[TpCF3*+RPh]= (Figure 1a). The use of such electronically
tunable ligands provides systematic influence over the direction
and magnitude of the dipole moments of the copper
compounds. We measure the changes in these molecular
probes upon reaction with ethene or ethanol using graphene
field-effect transistors (GFETs). On the basis of the observed
rate constants and binding affinities, we formulate a reaction
mechanism for the interaction between the copper probes in
the hybrid material and the molecules ethene and ethanol. We
show that the GFET's can be used to detect ethene and ethanol
at biologically relevant concentrations, down to low part-per-
billion (ppb) levels.

Copper(I) complexes are known to have strong affinity for
ethene in particular. Swager et al. exploited the ability of
copper(I) complexes to bind ethene by drop casting single-
walled carbon nanotubes (SWCNTs) onto electrodes together
with the fluorinated copper(I) hydridotrispyrazolylborate
complex also used in a chemoluminescent sensor.” When the
resulting devices were exposed to dilute ethene gas in dry
dinitrogen atmosphere reversible changes in their resistivity
were observed for ethene concentrations down to 500 ppb, a
significant improvement over the chemoluminescent sensor
(1000 ppm) reported earlier by Swager et al.* The
chemiresistive sensor shows reasonable sensitivity, good
selectivity and good response times. However, the desirable
properties of the sensor are offset by the poor reproducibility
due to the use of the SWCNTs as well as the inhomogeneous
crystallites of the complex interspersed in between the
SWCNTs, which form networks with unpredictable and
unstable electrical junctions between the nanotubes. In
addition, in order to respond to varying ethene concentrations
and prevent spoilage or to induce ripening, detection of ethene
at the low range of biologically relevant concentrations (<100
ppb) is required, which poses a technological challenge. In
contrast, the use of graphene instead of SWCNTs allows for the
exploitation of the all-surface-atom makeup oftered by carbon
allotropes like graphene and SWCNTSs without the afore-
mentioned practical problems.

We designed copper(I) complexes based on a common
molecular structure with modifications that allow us to control
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Figure 1. Device layout and concept. (a) Chemical structure of the
sensitizer molecules with the substituents “R” in red and the analyte
binding site in blue. The substituents R are arranged versus their
Hammett o, parameters. (b) Schematic representation of the GFET
device layout. On top of the electrically insulating silicon dioxide layer
of a highly p*-doped silicon wafer the substrate graphene is covered in
a thin layer of a copper complex. Gold source and drain electrodes
complete the electrical circuit through which a potential (Vyp) is
applied. Zoom: exploded view of two space-filling projections of the
acetonitrile adduct of the complex with R = OMe shown along the
boron—copper axis (left) and side-on (right) as it stacks on graphene.
(c) Baseline-corrected trace of the response of a GFET (R = F)
exposed to various concentrations of ethene gas. A short initial
“scrubbing” exposure of 20 ppm (orange) is followed by 1 ppm (red),
0.5 ppm (blue), 0.2 ppm (purple), and 0.1 ppm (green) exposures,
each in triplicate. Switching on the mass-flow controllers causes the
initial sharp spikes, which last several seconds. While retaining the
applied ethene partial pressure the signal drops within several minutes
before it becomes stabilized at a new “baseline” (at AV; ~ 80 mV,
retained for ~1 h) as the system reaches equilibrium. Upon switching
the gas flow to “air” the signal relaxes to the initial baseline; this
desorption process is used in the determination of the dissociation
constants. We used the difference between the two baselines (upon
ethene exposure) as the measure of the sensing response (instead of
the magnitude of the initial spike signal, which is less reliable). Inset:
the back gate voltage (V;) dependent conductance () of graphene on
OTS modified SiO,/Si substrate before (black) and after (red) the
complex (R = F) was applied. The back gate potential V; is kept at 0 V
during sensing experiments.

the polarity of the complex while leaving the binding pocket for
the molecules unaffected (see the Methods and Supporting
Information). The ligands are functionalized with trifluor-
omethyl groups, which help to stabilize copper in its
monocationic state. By surrounding the binding pocket with
trifluoromethyl groups a size limit is imposed on the molecules
that can bind to the copper ion: small molecules such as ethene
and ethanol fit while larger molecules such as toluene do not.
Phenyl rings were included in the ligands to induce 7-stacking
interactions that enhance the electronic coupling between the
sensitizer molecules and graphene.

The polarity of the complexes is determined by the interplay
between the electron-withdrawing trifluoromethyl groups that
surround the binding pocket and the substituted phenyl rings
on the other side of the hydridotrispyrazolylborate ligands. A
strongly electron-donating substituent leads to a large dipole
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moment due to the “push-pull” effect: electrons pushed into the
ligand by the donating group are pulled further by the
trifluoromethyl groups. Conversely, an electron-withdrawing
substituent counteracts the pull of the trifluoromethyl group
resulting in a small dipole moment. The different polarities
based on the substituents R are quantified with the Hammett
parameter o,; a positive value of the Hammett parameter
indicates an electron-withdrawing substituent while a negative
value denotes an electron-donating substituent. By judicious
choice of the R groups copper(I) compounds with tunable
dipole moments were obtained.

The complexes have a coordination site that can be used for
reversibly binding a single ligand; we used the synthetically
convenient acetonitrile adducts as starting points. In a previous
study, the ligand series was shown to form complexes with
nearly identical binding pockets."” The X-ray crystal structure
of the acetonitrile adduct of the complex with R = OMe indeed
showed the anticipated conformation (see Figure S1). The
spectroscopic data of the other acetonitrile adducts conformed
to expectations.

GFET devices were prepared by transfer of chemical vapor
deposition (CVD) graphene onto highly p*-doped silicon
substrates with 285 nm silicon dioxide insulator layers.
Electrodes (5 nm Cr/50 nm Au) were applied directly on
top of the graphene to ensure good mechanical stability and
negligible contact resistance (Figure 1b). Prior to surface
functionalization, we tested the gate voltage V-dependent
sheet resistance of the graphene and plotted the conductance/
voltage curve (Figure lc, inset). Owing to the trap states at the
graphene/SiO, surface,'* graphene devices fabricated on a
SiO,/Si substrate are often haunted by intensive p*-doping and
large hysteresis. The resulting Dirac points were typically too
high to sweep without risking damage to the devices. Therefore,
graphene was transferred onto surfaces treated with octadecyl-
trichlorosilane (OTS) to shield the graphene from trapped
charges on the SiO, surface, resulting in Dirac points closer to 0
V and hysteresis-free operation (Figure S8). Notably, the Dirac
point is still away from Vg = 0 V. Therefore, the GFET exhibits
high transconductance and high sensitivity at this set point. The
6(Vg) curves of these GFETs show rather symmetric shapes
and high field-effect mobilities of ~1500 cm* V™' s™* for hole
carriers, which are reduced to approximately 80% of their initial
values upon the functionalization with the copper(I) complexes
irrespective of the substituent R in the complex. The drop in
charge mobility is ascribed to increased scattering of the charge
carriers.”” This trend is demonstrated in the inset of Figure 1c:
the black and red points are from a GFET on OTS treated
SiO,/Si substrate before and after the complex (R = F) was
applied, respectively. Notably, we observed no trend in the
change of the Dirac points before and after the functionaliza-
tion with different complexes, which indicates that differences
in scattering rates caused by differences in surface organization
of the complexes obscure the more subtle effect of the different
polarities of the complexes.

On the basis of our previous experiences on graphene sensor
design8 and other reports,16 it is known that the reliable
operation of a GFET sensor is highly dependent on the
formation of homogeneous and ideally a thin layers of a
sensitizer on the graphene surface. We speculate that a thin
sensitive layer facilitates gas diffusion and allows close-to-
surface sensing to deliver fast response times and improved
sensitivity. The desired full-surface coverage of the graphene
with the copper complexes was obtained by dip-coating pristine
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GFET devices in concentrated solutions of the complexes
forming thin, uniform layers. Longer incubation periods did not
result in a larger shift of the o/V-curve, indicating saturation of
the Cu complex adsorbed on the graphene. Our ellipsometry
study on dip-coated graphene samples indicated an adsorption
density in the order of 5—8 copper complexes per square
nanometer corresponding to 3—5 layers coverage (Figure S2).
In order to check the stability of the complexes upon drop-
casting and exposure to ethene, Raman spectra of the
complexes were recorded (R = OMe with MeCN and CO
ligands) in bulk crystalline material and on the surface of
graphene after drop-casting and self-assembly and after 4 days
of storage in ethene (20 ppm). In Figure S7, the Raman spectra
are shown, which confirm the presence and stability of the self-
assembled layers of complexes on graphene.'” As a further
check on the stability of the sensors, we have monitored the
sensing responses (to ethene at 1 ppm) of the devices with
complexes “R = OMe” and “R = CF;” over a testing period of
12 days (Figure S9). The sensing behavior of the devices is
stable over these 12 days (within a maximum deviation of
AVs/AVgy < 40%), indicating the stability of the copper(I)
complexes in air. Particularly, we found that the sensitivity of
the devices reached a stable level after 4 days of testing (and up
to 12 days; Figure S9). Extrapolation of the stability curves in
Figure S9 indicates that the designed sensors should be stable
in air for a month or longer.

As the GFET surface comprises a discrete number of Cu
complexes as potential binding sites for analyte molecules in a
quasi-two-dimensional arrangement it can be described with a
Langmuir adsorption isotherm. An important prerequisite for
the application of Langmuir isotherms is the reversibility of the
underlying chemical reaction, which in this work is confirmed
by the return to the baseline of the observed signals. In Figure
1c the baseline-corrected trace is depicted of the AV response
(in black) of a GFET (R = F) when exposed to ethene pulses
(see Methods). The reaction is assumed to involve the
conversion of a complex without associated ethene or ethanol
(the “off” state) to a complex coordinated with ethene or
ethanol (eq 1; the “on” state with association rate constant k,
and the dissociation rate constant k_, respectively, “gas” is
ethene or ethanol).

k
[CuI(TpCF3’4R7Ph)(free site)] + gas k(——l’ [CuI(TpCF3’4R7Ph)(gas)]

(1)

The results of the gas-sensing experiments were interpreted

quantitatively by fitting Langmuir adsorption isotherms to the

AV/pgs plots (where pg, is the partial pressure of the analyte
gas in ppm) and can be described using eq 2.

D_ 1 pas
AV = ——[on],,, X —5
£ Pyas + Kp

off—state on—state

)

Eq 2 describes the change of the signal AV upon coordination
of the copper(I) center with ethene or ethanol as a function of

the surface coverage of graphene. The prefactor Dyt

represents
€

the change in the effective charge on graphene that is caused by
the conversion of complexes in the “off” state to complexes in
the “on” state using a parallel-plate capacitor model; D, *
represents the out-of-plane polarization density of the
aggregated dipole moments of the Cu complexes and ¢ is the
dielectric constant of the thin Cu complex layer. This prefactor
multiplied by the maximum surface coverage with complexes in
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Figure 2. GFET sensor responses. (a) AVy/, Peas Plots of the GFET sensors comprising the sensitizing complexes [Cu(TpCF*+RM)(MeCN)] (R =
NMe,, OMe, H, F, and Cl), [Cu(Tp(CF3)2) (MeCN)] (“Ref.”, pink), or NaTpF™ (“Na*, gray) upon exposure to different concentrations of ethene
gas. R = CF; is omitted as all devices functionalized with this compound showed insufficient signal-to-noise ratios and only the highest analyte
concentrations (1.0 ppm for ethene and 10.0 ppm for ethanol) could be detected reliably. Error bars indicate standard errors. (b) The same plot as
(a) but for the ethanol exposures. Note the different scales on the horizontal axis.

the “on” state [on],,,, gives the maximum amplitude of the
signal and is effectively a scalar for the Langmuir adsorption
isotherm. The second term is the Langmuir adsorption
isotherm that describes the degree to which the graphene
surface is covered by complexes in the “on” state as a function
of the partial pressure of the analyte gas (“pg,,’) and the
equilibrium dissociation constant Kp. Fitting plots of
concentration versus response intensities with eq 2 offers the
possibility to extract the equilibrium dissociation constant Ky

and the prefactor (E) [on] . When working with gases, K, is

most conveniently expressed using a molar fraction (i.e., ppm
or ppb).

Aside from the equilibrium dissociation constant K, the
(first-order) dissociation rate constant k_; of desorption of the
analyte gases can be extracted from the traces of the gas sensing
experiments. When fitting the dissociation phase of sensing
experiments, care must be taken to consider both the
dissociation and any possible reassociation of the analyte, as
molecules require time to be flushed away from the surface: the
removal of the gas is best described using a half-life based on
the rate at which the complete internal volume of the flow cell
is displaced. The flow rate was therefore set high enough to
completely displace the internal volume of our flow cell in
approximately three seconds, a rate at which the analyte
concentration dropped below detectable levels long before the
output signals returned to the baseline.'® Therefore, the
kinetics of the dissociation can be modeled without considering
the association rate constant kj, leading to a simple exponential
equation in which the signal decays from V, the potential
during exposure, to Vg the baseline signal, as expressed by eq
3.

&
Vo = Ve ' + Vg (3)

Upon exposure to ethene all sensors showed saturation
below 1.0 ppm, except for a device prepared with a complex
that has been studied previously on carbon nanotubes (i.e.,
[Cu(TI)(CF3)2)(Me(:N)]),5 which in our device showed a linear
response in the entire concentration range (Figure 2ab).
Surprisingly, the sensor functionalized with [Cu(Tp(¢¥>?)-
(MeCN)] shows signals with opposite signs for ethene and
ethanol and shows no signs of saturation even at the highest
concentrations. Evidently the [Cu(Tp(CF3)2)] fragment binds
much more weakly to the analyte molecules than our copper
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compounds. In the case of R = OMe or F, saturation of the
sensors was even observed at 0.1 ppm. For ethanol, the devices
showed signs of saturation at 10 ppm. During testing the gas
temperature was constantly monitored, so any spurious signals
due to temperature fluctuations were ruled out. We also tested
the sensing response of a GFET with an inert sodium salt of the
ligand (R = H) upon exposure to ethene (0.1—1 ppm) and
ethanol (1—10 ppm) gas: it appeared to respond to neither
ethene (Figure 2a) nor ethanol (Figure 2b). Finally, another
control experiment with bare graphene showed negligible
responses to ethene or ethanol. We thus conclude that the gas
sensing responses of our sensors must originate from the
presence of the copper(I) complexes.

As the sensitivity of our sensors is very high and thus the
required concentrations of the analyte gas are low, drift in the
baseline and poor signal-to-noise ratios occasionally obscured
the signal as reflected in the error bars. Nonetheless clear trends
emerge when the responses of the sensors are reproduced and
collated. The complexes with electron-donating ligands (R =
NMe,, OMe, and H) produce signals with a negative AV
whereas the ligands with electron-withdrawing substituents (R
= F and Cl) produce signals with a positive AV, a trend that is
clearly visible both for the ethene and ethanol exposures
(Figure 2ab). Remarkably, the amplitude of the signals
correlates approximately linearly with the Hammett o,
parameters of the substituents R (Figure 3a). The responses
correlate more linearly for the ethanol exposures than in the
ethene exposures, particularly for the more polar complexes,
indicating subtle differences in binding modes of ethene and
ethanol. Contrary to expectations, the sensor comprising the
complex with R = CF; produced a negative signal when
exposed to 1.0 ppm ethene gas, whereas ethanol exposures
produced the expected positive signals. Ellipsometry data and
atomic force microscopy (AFM) images showed no unusual
surfaces for the devices with the acetonitrile adduct of the
complex R = CF; compared to those of the other devices
(Figure S3—6).

The equilibrium dissociation constants K, were obtained for
a number of the complexes and are clearly distinct for the
ethene and ethanol complexes (Figure 3c). The Kp values of
the ethene complexes are 0.11(3) (R = NMe,), 0.23(3) (R =
H) and 0.21(7) ppm (R = Cl), whereas the values obtained for
the ethanol complexes are considerably higher at 3(1) (R =
NMe,, F), and 4(1) ppm (R = Cl). Physically, K, can be
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Figure 3. Sensor response and calculated affinity constants. (a)
Response intensities (as AV in mV) at 1.0 ppm (C,H,) and 10 ppm
(ethanol) versus the Hammett 0, parameters of the substituents on
the ligands of the copper(I) complexes. The ethene response of the
device functionalized with the complex R = CF; marked with * is the
actual signal with its sign reversed. (b) First-order dissociation rate
constants (k_;) of the ethanol (black squares) and ethene (red circles)
complexes versus the Hammett o, parameters of the substituents on
the ligands. (c) Equilibrium dissociation constants of ethene (red) and
ethanol (black) on the GFETs as a function of the Hammett
parameter of the substituent on the ligand of the sensitizer.

interpreted as the fraction of the analyte gas at which half of the
active copper complexes on the graphene surface is coordinated
by analyte molecules. Clearly the GFETs can be exposed to
higher concentrations of ethanol than of ethene before
becoming saturated. The affinity is much higher for ethene
binding than for ethanol, so that the sensor will react to
ripening but not much to decay. In order to make this device
ready for commercial applications, further development is
necessary, for example, the exclusion of the remaining cross
sensitivities is a logical point of interest. A potential cross-
sensitivity could arise for CO, which at this moment we cannot
exclude; future work will be directed to study this potential
cross-sensitivity. In principle, CO sensitivity can be overcome
using a protective layer on the sensor device.'"” The equilibrium
dissociation constant of [Cu(Tp(CF3)2)(C2H4)] was not
determined as saturation was never reached but must be
considerably higher as the response curve shows no signs of
saturation at 1.0 ppm. Notably, a clear correlation between the
electron density on the copper(I) center and the K, of the
ethene and ethanol complexes is not observed. A possible
explanation is that the electron-donating and withdrawing
interactions upon binding are more or less balanced for a given
analyte gas binding at the free site, so that there is no trend with
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the substituent on the ligand and thus the electron density at
Cu.

The dissociation rate constants (k_;) were obtained from the
traces of the dissociation phases of the gas exposure
experiments. For the ethanol complexes, k_; continues to
decrease with decreasing o, (Figure 3b), while for the ethene
complexes the dissociation rate constants reveal an apparent
minimum at 6, = —0.27 (R = OMe). With decreasing o,, the 7-
backbonding interactions to ethene become larger. As the rate
of the dissociation reaction is dependent, among other factors,
on the bond dissociation energy of the complexes, one would
expect lower dissociation rate constants at lower o, values. The
nonlinearity of the observed dissociation rates with respect to
o, indicates that bond dissociation energies are only part of the
total contributions to the dissociation rate constants. Indeed,
there appears to be additional, less well understood complexity
in the behavior of the different compounds.

It is possible to estimate the detection limit of the new
sensors using the best (i.e., smallest) peak-to-peak noise we
observed (1 mV) and to extrapolate the performance of sensors
comprising the NMe,-substituted complex. Assuming a signal-
to-noise ratio of at least two is required to identify a signal, the
extrapolated lower limits of detection are approximately 2 ppb
for ethene and 35 ppb for ethanol. Using standard conditions 1
ppb corresponds to approximately 41 pM which translates to
limits of detection of approximately 82 pM for ethene and 1.4
nM for ethanol. Using eq 2 we can estimate the surface
coverage of the on state complexes at the detection limits which
shows that both for ethene and ethanol the detection limit
occurs at approximately 1% surface coverage. This is a relatively
high percentage compared to similar protein-functionalized
GFETs, which underscores the subtlety of the effects being
observed.”"*!

The electrical responses generated by the GFETs upon
analyte exposure are the result of fluctuations in the doping
levels of graphene caused by changes in the chemical and
physical properties of the copper complexes. Typically in
GFETs the strongest signals are generated by direct charge
transfer into the graphene by analyte molecules, such as the
generation of holes (oxidation) by NO,."” Charge—charge
transfer is also suggested to be the sensing mechanism of
[Cu(Tp(“*)2)] on carbon nanotubes to ethene gas,” based on a
trigonal copper(I) complex in which one of the pyrazole groups
dissociated from the copper(I) center in favor of coordination
to the carbon nanotubes. However, we believe such a 16-
electron structure likely to be the result of a local-minimum
during calculations (as indicated by the high energy of this
intermediate compared to the ethene-bound complex) and thus
do not assume the involvement of such a structural rearrange-
ment to play a role in our sensing devices.” In addition, charge
transfer from the complexes to graphene would result in a Dirac
point shift before and after the functionalization of graphene
that is dependent on the Hammett constants o, of the
substituents R. The fact that we observed no such trend in the
change of the Dirac points before and after the functionaliza-
tion with the complexes suggests that in our sensors the charge
transfer mechanism does not dominate. Instead a more subtle
effect such as modulation of the field effect by the dipole
moments of the molecules must be responsible for the
generated signals. As the dipole moment of a molecule has a
direction depending on the geometry of the molecule, any
anisotropic arrangement of the molecules on the graphene
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surface will effectively result in the attraction or repulsion of
charges in the graphene toward or away from the molecules.
To rationalize the obtained results, we considered the
structures of the complex molecules in their on and off states.
The structures of the on states, after exposure of the GFET' to
ethene, must resemble those of the structures determined with
X-ray crystallography.'> The structures of the ethanol
complexes are not known but can reasonably be assumed to
be similar to those of the carbon monoxide or acetonitrile
complexes with the oxygen atom of the ethanol molecule
coordinated to the copper center. We propose that the off state
consists of an energetically favorable symmetric dinuclear
complex with a near-zero dipole moment formed from the
remaining mononuclear 16-electron complex upon dissociation
of the analyte ligand (Figure 4a). Crystal structures of such
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Figure 4. Calculated dipole moments. (a) The reaction mechanism of
the surface chemistry on the GFET devices shown using the calculated
structures (R = H) of the ethene (orange), ethanol (red), intermediate
mononuclear 16-electron (green) and dimeric (blue) complexes after
geometry optimization using DFT (ZORA-OPBE/QZ4P, vacuum).
(b) Calculated dipole moments versus the Hammett 6, parameters of
the substituents R on the ligands.

dimers have been reported for complexes such as [Cu-
(TPCF3'ME)]21 [CU(TPPM)]ZI [Cu(TptBu)]Z; and [Cu‘
(Tp'®Me)],.>*~** Furthermore, it has been reported that in
solution the complex [Cu(Tp®*M¢)(MeCN)] exists in
equilibrium with the dimer [Cu(Tp®*™¢)],; in '"H NMR only
the acetonitrile complex and the dinuclear complex were
observed but not the mononuclear 16-electron species
[Cu(Tp®M)].** It was therefore concluded that in solution
the interconversion between the mononuclear 16-electron
species [Cu(Tp™™¢)] and the dimeric compound [Cu-
(Tp™®*Me)], proceeds rapidly and nearly quantitatively.
Attempts have been undertaken to image Cu(I) scorpionate
complexes on HOPG using AFM and STM (scanning
tunneling microscopy); for these studies, complexes were
designed with large naphthalene rings optimized for adsorption
onto a graphene surface. Unfortunately the resolution was
insufficient to make definitive statements regarding the
formation of the proposed dimers.”

To gain insight into the influence of the substituents on the
ligands on the dipole moments of the copper complexes, the
most polar complexes (R = NMe,), the least polar complexes
(R = CF;) and intermediate complexes (R = H) were modeled
using density functional theory. The expected trends are clearly
visible; as the substituent R becomes more electron-donating,
the dipole moments of the complexes increase (Figure 4b). The
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deviation from the trend in the ethanol complexes for R = CF;
is due to a distortion in the calculated model caused by a
hydrogen bond between the ethanol ligand and one of the
fluorine atoms of a CF; group. Additionally it is important to
keep in mind that the exact structures and thus their dipole
moments are affected by external forces such as packing effects
on graphene and 7-stacking interactions between the complex
molecules, which are neglected here. The calculated values do
show, however, that the dipole moments of the molecules can
be related to the Hammett o, parameters of the substituents on
the ligands, which reinforces the impression that deviations
from the trend in the gas-sensing results are most likely due to
differences in the exact orientations of the complex molecules
on the graphene.

The calculated dipole moments show a clear distinction
between the ethene and ethanol complexes having significant
dipole moments, and the dinuclear off state complexes that
have dipole moments of nearly zero Debye. As evident from
DFT calculations the dipole moments of the complexes show
little change upon dissociation of the ethene or ethanol ligands.
Only when the dinuclear species are formed, the dipole
moment becomes nearly zero. This result forms the basis for
the hypothesis that the off state consists of the dimeric
complexes rather than the mononuclear 16 electron complexes.
Thus, the mechanism of sensing we propose is based on the
conversion of the polar complexes in the on state to the
“apolar” dinuclear complexes in the off state.

In conclusion, we have successfully demonstrated that our
hybrid GFETSs can be used to probe intermolecular interactions
using changes in the dipole moments of the reactants. For the
first time, inorganic copper complexes are combined with
graphene to build ethene detectors, resulting in a sensor that
exhibits reproducible detection of ethene with larger sensitivity
(down to 2 ppb) compared to existing technologies. By using a
systematically engineered set of probe molecules we obtained
useful information such as reaction rates and equilibrium
constants, which were used to derive a plausible reaction
mechanism. The use of a Langmuir adsorption isotherm
allowed for the extraction of K, and k_; values, which are
physically meaningful data that are difficult to obtain otherwise.

The equilibrium dissociation constants of the ethene and
ethanol complexes depend only slightly on the electronic
properties of the ligands. In contrast, variations in the
amplitudes and the signs of the responses generated by the
devices upon exposure to ethene and ethanol were found to
scale well with the dipole moments of the complexes. The
strong correlation between the dipole moments and the device
responses that we found demonstrates that direct charge
transfer to and from graphene is by no means the only feasible
mechanism by which graphene sensors may generate signals.

The global human population grows rapidly and the need for
a stable food supply grows accordingly. A key challenge in a
reliable food supply is to avoid ethene-induced spoilage during
transport and storage of sensitive crops. The GFET devices
shown in this work present a promising platform to study the
interactions between molecules as they occur. Furthermore,
these devices may be further developed to generate small
sensors to be used in the transportation and storage of food
crops.

Methods. General Considerations. All manipulations of
air-sensitive compounds were performed in an atmosphere of
purified argon gas using standard Schlenk techniques. The
synthesis of the sodium salts of the ligands was described
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previously.”> All solvents were purchased from commercial
sources and reagent grade. The graphene used in this work was
purchased from Graphenea Inc. Solvents used for air-sensitive
manipulations were dried and deaerated using a PureSolv MD 5
Solvent Purification System and stored on 3 A molecular sieves
under argon. When appropriate, glassware was flame-dried in
vacuo immediately prior to use. NMR spectra were recorded on
a Bruker AVS500 spectrometer (500 MHz for 'H, 471 MHz for
F and 126 MHz for *C). Elemental analyses were performed
by the Microanalytical laboratory Kolbe in Germany. IR spectra
were recorded on a PerkinElmer UATR Two FT-IR
spectrometer set to a resolution of 1 cm™'. ESI-MS spectra of
compounds in MeCN were recorded on a Thermal Finnigan
AQA ESI-MS system. Contact angles were determined using a
Ramé-Hart goniometer using drops of milli-Q water. Multiple
drops were used and the results averaged. Ellipsometry was
performed using a WVase Ellipsometer from J. A. Woollam Co.
Inc. and fitted using a Cauchy model. Data analysis was
performed using Origin 9.1 (OriginLab). AFM experiments
were performed using a Nanoworld USC-FO.3-KO.3 tip in a
JPK NanoWizard Ultra Speed AFM. Calculations were
performed with the Amsterdam Density Functional (ADF)
software at the ZORA-OPBE/QZAP level of theory in vacuum
using the crystal structures of [Cu(Tp“™**™)(C,H,)] (R =
NMe,, H and CF;) and [Cu(Tp™)], or modified versions
thereof as the initial structures.'>**>*°

Lock-in Technique. When used for ultrasensitive detection,
the resistance change of the GFETs might be very small and
overwhelmed by noise. In order to recover the very weak (and
in our case slow) sensing signal, we employed a lock-in
amplifier (HF2LI, Zurich Instruments) to measure with very
narrow bandpass filters (~1 Hz). We used the HF2LI to
generate a sinusoidal alternating voltage with amplitude (Vgp ~
10 mV) applied to the source and drain electrodes of the
GFETs. The resultant source-drain current Igy, across the
GFETs (proportional to graphene conductance ¢ = Igp/Vyp)
was monitored versus time at a bandwidth of ~1 Hz using the
ZiControl (Zurich Instruments) program. Any changes in the
GFET conductance Ao upon ethene or ethanol gases can be
directly related to its gate voltage shift AV using the
transconductance g, (Ao = g,AV;;) obtained from the inset
of Figure 1c at Vi = 0. A noise frequency sweep was performed
before every measurement to identify the testing frequencies
with minimum noise power spectrum density and thus
optimizing the signal-to-noise ratio. A temperature sensor
(Pt100) was mounted at the outlet of the gas tube and the gas
temperature could be read off in situ (experiments were
conducted at room temperature).

Silanization of the Wafer Substrates. Si wafers with 285 nm
SiO, were cleaned by rinsing with 2-propanol and milli-Q
water. After being blown dry, the substrates were immersed in a
warm piranha (mixture of H,SO, and H,0,) solution for at
least 60 min, rinsed with deionized water, and dried at 150 °C
for 1 h. Thus, cleaned, hydrophyllized, and dried the substrates
were immersed in a 10% solution of trimethoxyoctadecylsilane
(OTS, Sigma-Aldich, 90+%) in hexane and incubated at 60 °C
overnight. For trimethylsilane (TMS) modification, TMSCI
was used instead in combination with a few drops of
ethyldiisopropylamine. The following day the substrates were
rinsed sequentially using hexane, toluene, ethanol, and water
before being heated at 110 °C for at least 1 h. The quality of the
surface modifications was verified by sessile drop contact angle
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measurements which showed contact angles of ~100° for the
OTS-modified surfaces and ~84° for TMS-modified surfaces.

Graphene Deposition. The transfer of the chemical vapor
deposition graphene films from Cu film to the substrate was
done by first spin-coating a PMMA (poly(methyl methacry-
late)) layer over the graphene film on copper.”” After etching
away by oxygen plasma any graphene that was not covered by
the PMMA, the Cu film was dissolved in an ammonium
persulfate solution (0.5 M). The solution was then completely
exchanged multiple times with milli-Q water to remove as
much of the dissolved salts as possible. Eventually, the graphene
together with the polymer film was left floating in the aqueous
phase from which it is carefully scooped up using a SiO,/Si
substrate. The PMMA film was dissolved using acetone, leaving
uniform, large area monolayer graphene on the substrate for
further processing. In order to remove residues left behind
during the final washing step, the graphene can be further
cleaned by annealing in forming gas (8:2 Ar/H,, 1—10 mbar, 80
sccm flow) at 350 °C for 1 h. In case OTS-modified substrates
were used, milder annealing conditions (160 °C, 1 h) were used
to preserve the OTS layers.

Device Construction. Silicon substrates with graphene and
Au electrodes were immersed for 10 min in 10 mM
dichloromethane solutions of the copper complexes. The
samples were then extensively rinsed using a stream of pure
dichloromethane from a syringe before being blown dry in a
stream of argon (Linde gas, 4.6 N) filtered through PTFE filter
(pore size 0.4S pm) to exclude dust. The samples were
annealed at 50 °C for 10 min and then immediately installed in
the flow cell and flushed with air (200 sccm) for several hours
to stabilize drift.

Characterization of the Copper(l) Layers [Cu-
(TpF3#Ph) (MeCN)]. Using ellipsometry the thickness of the
layers was studied and was found to range from 2.0(1) nm in
the case of [Cu(Tp“™*™)(MeCN)] to 3.7(1) nm for
[Cu(TpCF34CF3-Phy(MeCN)]. The use of [Cu-
(TpCF#Ph)(MeCN)] was found to result in the thinnest
layers but is less suitable for comparison with the other samples
as the solubility of [Cu(Tp“™*™)(MeCN)] in dichloro-
methane is too low to reach the desired concentration of 10
mM used for dip-coating of the other compounds. If
[Cu(TpCF* ) (MeCN)] is excluded from the series, the
thinnest layer observed was found for [Cu(Tp“*™)(MeCN)]
at 2.46(9) nm. The layer thicknesses do not appear to correlate
with the polarity of the complexes; rather it appears that
properties such as the steric bulk of the complexes and
differences in their packing on the graphene surface are
responsible. The layer thicknesses correspond to multiple times
the height of a monolayer assuming the complexes adsorb side-
on. For example, using the crystal structure of [Cu-
(TpCF34+OMePhY (MeCN)] the thickness of a monolayer was
estimated to be approximately 0.8 nm, the layer on graphene of
this compound was determined to be 3.31(8) nm thick
amounting to approximately 4 monolayers. AFM was used to
study the topography of the devices; they appeared flat with
small rippling features covering the surface. Upon exposure of a
few of the devices to ethene, the surfaces appeared to smooth
out somewhat, likely as a result of loss of crystallinity when a
mixture of compounds is formed after exposure to the ethene.
The smoothing effect was most prominent in the device
functionalized with [Cu(Tp(*2)(MeCN)] which is the most
“Teflon-like” molecule and thus least prone to crystallization.
This is probably because the acetonitrile ligand can be
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“scrubbed” from the system by a first exposure of the devices to
a high concentration (20 ppm) of ethene after which all devices
showed reversible responses to ethene.

Gas Detection Experiments. The GFET devices were
mounted on gastight epoxy chip carriers and placed in a
Teflon flow cell that was tightly sealed using a poly-
(dimethylsiloxane) (PDMS) ring. Using two mass-flow
controllers (MFCs) ethene gas (1% in synthetic air composed
of 79% N, and 21% O,) was further diluted with synthetic air
to reach concentrations of 1, 0.5, 0.2, and 0.1 ppm, the range
within which most climacteric crops respond to ethene
exposure. As shown in Figure lc, the AVj signals show a
sharp initial spike upon exposure to a gas mixture containing
ethene, an indicator that the equilibrium at the surface of the
sensor is disturbed by a stimulus (caused by possible “super-
saturation” of the sensor when switching the mass flow
controllers to introduce ethene at various concentrations). The
initial spike normally lasts several seconds and drops within
several minutes before it becomes stabilized at a new baseline
(AVg ~ 80 mV, retained for ~1 h) as the system regains
equilibrium. The new baseline at equilibrium occurs during
ethene exposure and its magnitude was used as the measure of
the sensing response. Upon switching the gas flow to “air” the
signal relaxes to the original baseline; this desorption process is
used to model the dissociations for the determination of the
dissociation constants. As ethanol was expected to bind
considerably more weakly to the copper(I) centers than
ethene, ethanol exposures were performed at 10, S, 2, and 1
ppm. As initial experiments showed large spurious responses in
the presence of atmospheric moisture, all gas measurements
were performed using dry gases.

Noise Measurements. The electrical noise represents
another challenge in the sensing experiments. Generally,
nanometer- or micrometer-sized graphene electronic devices
are haunted by the well-known ubiquitous 1/f noise, whose
power spectral density shoots up inversely with reducing the
frequency f. Such 1/f noise therefore dramatically limited the
sensing performances of graphene sensor devices at low
frequency where most of the chemical reactions take place
(millisecond to tens of seconds). Minimizing noise is crucial for
weak dipolar signal detection, because the noise level sets the
minimum change in dipole fluctuations that can be resolved. In
order to achieve high-performance GFET with optimized
signal-to-noise ratio, we used large-area millimeter graphene
flakes to eliminate low frequency 1/f noise as the 1/f noise
scales inversely quadratically with the area;”® at the same time,
our sensing signal is unchanged compared to nanoscale devices
as it is given by the density and the properties (dipoles) of the
molecules and is surface area-independent (this is true as long
as we are not looking at single molecule adsorption).
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