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300-nm layer of thermally grown silicon oxide (SiO,) on the surface
(fig. S1). Then, metal electrode arrays (8 nm/60 nm, Cr/Au) were pat-
terned through photolithography and thermal evaporation (fig. S2),
followed by electron beam evaporation of a 50-nm-thick SiO, layer
to passivate metal electrodes. By using ultrahigh-resolution electron
beam lithography (see Materials and Methods) (32), we adopted a
DesignCAD file with a 5-nm-width dash line to open a window pre-
cursor in a spin-cast layer of polymethylmethacrylate. An indented
nanogap array (fig. S3) was subsequently formed on the graphene
layer between two adjacent gold electrodes by using oxygen plasma
etching, resulting in graphene open circuits with carboxylic acid-
terminated graphene point contacts (Fig. 1A) that were applied as
the platform for the following SMJ investigations. To provide
single-molecule functional units, a rigid and conjugated organic
strut incorporating bis-p-phenylene[34]crown-10 (BPP34C10)
and two terminal amine handles, namely, BPP34C10DAM, was de-
signed and synthesized (scheme S1). This functional component
was subsequently used to bridge nanogapped graphene point
contacts (Fig. 1B) by covalently linking the amino substituents
on BPP34C10DAM with carboxylic groups on the edges of graphene
sheets using a 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDCI) coupling protocol. The successful establishment of BPP34C10-
SMJs was indicated by the resurgence of electrical current (Fig. 1D, red
curve). We finally prepared graphene open circuits with appropriate nano-
gaps, which spatially match the linear backbone length of BPP34C10
host molecules, by optimizing the device fabrication conditions, such
as the exposure dose of electron beam and the etching time of oxy-
gen plasma. The optimized results showed that the BPP34C10 con-
nection yield was raised to ~25%, that is, 17 of 68 devices on the
same silicon chip showed increased conductance. Moreover, statisti-
cal analysis (section S5) confirmed that charge transport through the
junction was mainly sustained by an SMJ.

To gain an initial understanding of the effect of host-guest inter-
actions on the conductivity of molecular junctions, we initiated com-
plexation by introducing methyl viologen (MV?>"), a well-studied guest
for the BPP34C10 host, into the CEM-SM]J system. After immersion
in a Me,SO solution containing 1 mM MV-2PF¢ for 12 hours, the
resulting devices (MV?"CBPP34C10-SMJ) (Fig. 1C) were rinsed,
dried, and tested in the solid state (see Materials and Methods). The
electrical currents passing through the SMJs (figs. S4 and S5) showed
approximately a one order of magnitude increase on average. The
conductance enhancement can be attributed to the host-guest com-
plexation between the MV>" cation and the BPP34C10 host present
in the SMJ, forming a MV>"CBPP34C10 pseudorotaxane.

Real-time electrical measurement

With a temperature-controlling module and a polydimethylsiloxane
(PDMS) solvent reservoir (Fig. 2A), the characterization of SMJs at
the graphene-liquid interface was performed. Time-dependent electri-
cal characterization was carried out, whereas BPP34C10-SM]Js were
immersed in a Me,SO solution containing 1 mM MV-2PF at 298 K.
In general, the current-time (I-f) curves obtained (Fig. 2, B and C) show
a series of irregular large-amplitude current spikes, which were not ob-
served in the solid-state characterization (figs. S4 and S5). The resulting
current-count histogram (Fig. 2D) reveals a bimodal distribution
centered at 0.36 and 0.24 nA, respectively, indicating the existence of
two distinct “high” and “low” states in MV2*CBPP34C10-SMJs. In
combination with the observation of a change in conductance in the
solid state after MV>* addition (Fig. 1D), these results strongly suggest
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that the current fluctuations between the two distinct levels are related
to the association and dissociation processes between the BPP34C10
host and MV>* guest molecules at the device-liquid interface.

To rule out potential artifacts, we established another two kinds
of charge transport pathways using (i) a control molecule [oligo(1,4-
phenylene ethynylene)diamine (OPEDAM) (40)] corresponding to the
conjugated backbone of BPP34C10DAM (fig. S6), and (ii) a partially
cleaved graphene ribbon device (fig. S7) showing current levels of the
same order of magnitude as that of the BPP34C10-SM]J device. I-t
curves of both devices were recorded (figs. S7 and S8) under the same
experimental conditions. In these control experiments, neither of the
current-count histograms (figs. S7F and S8F) shows the bimodal
distribution characteristics of MV>**CBPP34C10-SMJs, thus excluding
the possibilities of either graphene-MV** or conjugated backbone-
MV*" interactions being the source of the observed electrical spikes.

To gain a better understanding of the correlation between the cur-
rent flip-flops and host-guest interactions in MV>**CBPP34C10-SMJs,
we calculated the transmission spectra of both the BPP34C10 host and
the MV**CBPP34C10 pseudorotaxane in the SMJ by using an equi-
librium Green’s function technique based on density functional theory
(DFT), as implemented in the Atomistix ToolKit (ATK) package (see
Materials and Methods) (41-43). The molecular geometries used in
the theoretical calculations were based on x-ray crystallographic data
taken from the literature (44, 45). In particular, the relative location of
the MV>* dication inside the BPP34C10 host was selected for
condensed state computations. For the molecular electronic devices,
as depicted in Fig. 3 (A and B), the nearest transmission peaks on each
side of the Fermi level correspond well to the highest occupied molec-
ular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of BPP34C10 and MV>**CBPP34C10, respectively. In con-
trast with gold-thiol SMJs (4) in which hole transport mainly occurs
in the HOMO, in this particular graphene-based system, the per-
turbed LUMOs dominate the carrier transport behavior because they
are near the Fermi level. The calculated transmission spectra of
BPP34C10-SMJs and MV?**CBPP34C10-SMJs are different near the
Fermi level. The LUMO transmission peak of the MV**CBPP34C10
complex is ~1.93 times larger than that of BPP34C10 (Tyv?t cpppaacio =
0.29, Typpsacio = 0.15), thus leading to a higher conductance. These
calculations are consistent with the experimental differential con-
ductivity (dI/dV) curves shown in fig. S5 (C and D). In addition,
the effective masses of electrons (LUMO) and holes (HOMO) for
BPP34C10 and MV**CBPP34C10 were estimated by using the lo-
cal density approximation (LDA) functional and 1 x 1 x 10 k-mesh
(see Materials and Methods). These two systems were separately
introduced into a periodic cell along the z direction to obtain their
band structures. For BPP34C10, the effective masses of electrons
and holes were 0.81 and 2.93 m, (m, = 9.11 x 107! kg), respective-
ly. These values, 0.52 and 1.55 m, for electrons and holes, respec-
tively, were smaller in MV**CBPP34C10. The results demonstrate
that the mass of electrons is lighter than that of holes, thus once
again proving that electron (LUMO) transport is predominant for both
BPP34C10 and the MV>'CBPP34C10 complex in the graphene-based
system. The results are also consistent with the molecular projected
self-consistent Hamiltonian (MPSH) spectra (Fig. 3, C and D)
(46), in which the LUMO of the MV>"CBPP34C10 pseudorotaxane
SMJ is more delocalized, providing a better conductive channel.
These theoretical calculations shed light on the notable current dif-
ferences observed during both solid-state and device-liquid interface
measurements.
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Fig. 1. Fabrication and electrical characterization of SMJ devices. (A) Schematic representation of graphene point contacts. The carboxylic acid-terminated graphene
point contact arrays were formed with ~2-nm gaps during the dash-line lithographic process. (B) Schematic representation of the BPP34C10-SMJ. After treatment with
BPP34C10DAM solution in the presence of EDCI coupling reagent, the BPP34C10-SMJ was formed by bridging the conjugated molecular wire across graphene point contacts.
(C) Schematic representation of the MV2*cBPP34C10-SMJ. The BPP34C10-SMJs were treated with MV to form MV2*cBPP34C10-SMJ by immersing BPP34C10-SMJ in an
MV-2PF4 Me,SO solution for 12 hours (light brown, SiO, substrate; blue, silicon substrate and electrode protection layers; gold, gold electrode). (D) Current-voltage (I-V) curves
of graphene point contacts (black), BPP34C10-SMJ (red), and MV2*cBPP34C10-SMJ (blue) in the solid state. The black curve shows that no current occurs after etching;
enhanced current (red curve) indicates a successful single-molecule connection; a further increase in current (blue curve) was observed after the addition of MV-2PF.

Temperature- and solvent-dependent measurements

To investigate the current fluctuations in the MV**CBPP34C10-
SMJ system, we recorded the I-¢ curves of BPP34C10-SM] devices
immersed in the Me,SO solution containing 1 mM MV-2PF¢ (see
Materials and Methods) at six different temperatures between 273
and 323 K. Similar current spikes and bimodal distributions were
observed (Fig. 4, A and B) at each temperature, except for those at
323 K. With the increase in temperature, the current count distribu-
tions between the high states (blue curves) and low states (red curves)
change gradually. The high states decrease progressively and disappear
at 323 K, resulting in an I-¢ curve (Fig. 4A, top) dominated by the
flicker (1/f) noise. This phenomenon was reproducible (figs. S9 and
$10, and section S7) in five different SMJ devices. Considering the fact
that the MV>"CBPP34C10 complex is less stable at higher tempera-
ture as a result of the increased thermal energy (47), it is reasonable
to relate the low and high current levels to the uncomplexed (free)
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host (Fig. 3E) and the complexed pseudorotaxane (Fig. 3F) in the
MV?**CBPP34C10-SMJ, respectively.

Because solvents play important roles in host-guest interactions
(48), the same experiments were repeated in an aqueous solution of
1 mM MV-2Cl, and I-¢ curves for the MV>"CBPP34C10-SM]J devices
were recorded at six different temperatures. The results of these mea-
surements (Fig. 4, C and D, and figs. S11 and S12) show similar bi-
modal distributions and temperature dependences to those obtained
in Me,SO, demonstrating the reproducibility and reliability of the SM]
platform as well as validating the relationship between the low and
high states and SM]J configurations.

Thermodynamic analysis

In a two-state model where the BPP34C10 host is either free or com-
plexed with MV?" in the SMJ system, the binding constants (K,) can
be derived from the Langmuir isotherm K, = a/(1 — a)C (49), where o
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is the fraction of the BPP34C10 host complexed with MV>*, and Cis  (Table I and tables S1 to S6). Other thermodynamic parameters, such
the concentration of the MV>* dications. On the basis of the Gaussian ~ as the Gibbs free energy (AG®), the enthalpy (AH®), and the entropy
fits of the I-t measurement histograms (Fig. 4, Band D), the integrals of ~ (AS°) for the complexation process between MV?** and BPP34C10
the high- and low-conductance states (Apgn and Ay,y) were obtainedto  in the MV?**CBPP34C10-SMJ (Fig. 5A, fig. S13, and Table 1), were
calculate o and the corresponding K, values at different temperatures ~ deduced by using the van’t Hoff equation, —RTIn(K,) = AH® — TAS®
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Fig. 2. Schematic representation and electrical characterization of SMJs at the device-liquid interface. (A) Schematic illustration of the SMJ device-liquid interface
characterization platform. The SMJ device was set onto a hot and cold chuck (silver) and further loaded with a PDMS reservoir (transparent). PID, proportion-integration-
differentiation. (B) /-t curve of BPP34C10-SMJ immersed in a Me,SO solution of T mM MV-2PF4 at room temperature for 200 s with a sampling rate of 28.8 kSa/s. (C) Partial /-t
curve of (B) (160 to 180 s). (D) Histogram of (B), showing a bimodal current distribution (Viias = 100 mV).
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Fig. 3. Computational analyses on BPP34C10 and MV>*cBPP34C10 between graphene electrodes. (A and B) Transmission spectra at the equilibrium of BPP34C10
(red) and MV2*cBPP34C10 (blue) around the Fermi level of graphene electrodes. (C and D) Diagrams of MPSH HOMO (below) and LUMO (above) of BPP34C10 macro-
cycle and MV2*cBPP34C10 pseudorotaxane connected to two graphene electrodes via amide bonds. (E and F) Schematic representations of charge carriers passing
through BPP34C10-SMJ, which is less conductive, and MVZ*cBPP34C10-SMJ, which is more conductive, according to the computational analyses.
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Fig. 4. Real-time measurements of host-guest dynamics in SMJs at the device-liquid interface. (A) /-t curves and (B) the corresponding histograms of a BPP34C10-SMJ
device immersed in a 1 mM MV-2PFs Me,SO solution at six different temperatures (273 to 323 K) with a sampling rate of 28.8 kSa/s. (C) /-t curves and (D) the corresponding
histograms of the same set of devices immersed in a 1 mM MV-2Cl aqueous solution at six different temperatures with a sampling rate of 28.8 kSa/s. In both Me,SO and
aqueous environments, the electric currents passing through SMJs show bimodal distributions from 273 to 313 K. Binding constants (K;), based on the Langmuir isotherm, can
be derived from the current count distributions between two current levels, which change gradually at different temperatures. (E and F) Partial /-t curves (10 s) recorded in
Me,SO and aqueous solutions at 293 K.
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Table 1. Thermodynamic parameters for the complex of MV>* with BPP34C10. Thermodynamic data of MV?*cBPP34C10 for SMJ device-liquid interface

measurements and 'H NMR titrations. N/A, not available.

Ka (M) DG° DH° DS E Eq
Solvent  Method (Kmol™") (Jmol™) (UK 'mol™) (KJmol") (kJmol™)
323K 313K 303K 293K 283K 273K
Me,SO SMJ N/A 352 717 854 1666 3501 -15.7 -39 -80 -387 315
"H NMR 1.7 3.1 6.2 14.4 N/A N/A -39 -56 -169 N/A N/A
H,O SMJ N/A 370 858 1572 2515 4786 -17.3 —44 -90 —46.1 385
"H NMR 34.1 37.1 445 46.1 N/A N/A -9.4 -85 -3 N/A N/A

Fig. 5. Thermodynamic and kinetic analyses of the MV>*cBPP34C10 complex (de)formation in SMJs at the graphene-liquid interface. (A) Plots of the thermo-
dynamic parameters (In K, versus 1000/T and AG® versus 1000/T) deduced from single-molecule measurements at the SMJ device-Me,SO interfaces at 293 K. Error bars
were calculated from the data obtained from five different devices. AH® and AS® were obtained by using the van't Hoff equation. (B) /-t curve (black) of a BPP34C10-SMJ
device in a Me,SO solution of T mM MV-2PFg at 293 K, and the idealized fit (orange) obtained from segmental k-means method based on hidden Markov model analysis
using a QUB software (Vyias = 100 mV). (C) Plots of time intervals of the high (Tyigh, blue) and low (Tio\, red) current states in the idealized fit in (B), and their exponential

fits in which the lifetimes of two states (thign and 7o) can be derived. (D) Arrhenius plots of association (k, = 1/1i0w) and dissociation (kq = 1/thign) rate constants

deduced (E, = —38.7 kJ mol™" and E4 = 31.5 kJ mol™).

(R is ideal gas constant and T is the temperature). It was found that
the AH® value in Me,SO is smaller than that in water, whereas the
AS® value in Me,SO is larger, thus leading to a more negative value
of AG® in water, an observation implying that the formation of the
MV?>*CBPP34C10 pseudorotaxane is more spontaneous and stable
in an aqueous environment. To compare the K, values obtained using
the SMJ devices with the ensemble thermodynamic data for the
BPP34C10-MV>" host-guest system, we performed "H NMR titration
experiments in CD3;SOCD; and D,O at four different temperatures
between 293 and 323 K, as shown in fig. S14 and tables S7 and S8. The
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derived K, and AG® values are listed in Table 1. In the case of the
other thermodynamic parameters (Table 1) and in line with the ther-
modynamic analyses for the graphene SMJ devices, AG® was derived
from the K, value, whereas AH® and AS°® were obtained by a linear
fitting of the van’t Hoff equation, as shown in fig. S15. The negative
values obtained for both AH® and AS° from the "H NMR titration
data indicate that the complexation of BPP34C10 with MV?>* in so-
lution is enthalpically driven in both CD3;SOCDj3 and D,O. Note that
Table 1 shows the relatively larger values of K, and AG®, as well as the
smaller values of AH® and AS® in the SM]J system. These differences
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