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I. Scanning Tunneling Microscope-based Break Junction 
Experiment Details 

Scanning tunneling microscope-based break junction (STM-BJ) technique was used to 
carry out the single-molecule conductance experiments under ambient conditions. The 
detail of our experimental setup is provided in the supporting information of a previous 
work.1 Specifically, Au tips were moved in and out of contact with a gold-coated steel 
substrate to form and break an Au‒Au atomic contact. For the experiments performed in 
aqueous solution, the Au tips were coated with Apiezon wax to ensure that only the apex 
of the tip was exposed to make contact with the substrate. When the Au tip was withdrawn 
from the substrate, conductance as a function of the distance between the tip and the 
substrate was recorded.  
 
In our measurements of solutions containing host and guest molecules in water, we 
observe a rapid conductance change accompanied by solvent evaporation. We note that 
aggregates of the host molecule are likely formed during the measurement,2, 3 which 
potentially results in this conductance change. In order to reduce the impact of aggregates 
formation during the measurement, only around 1000 traces were collected as we 
observed a complete evaporation of one drop of host and guest mixture solution during 
this time period. Immediately after, we moved the wax-coated tip to a new contact area 
of the same substrate and added a drop of solution to continue the measurement. In the 
end, all recorded traces were compiled to construct conductance histograms shown in 
Figure 1d, 1f, and 2c in the manuscript (experiments of Azo-NH2 and α-CD molecular 
solution). 
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II. Flicker Noise Experiment Details 
To gain deeper insights into the distinctions between the Azo-NH2 and Azo-NH2/α-CD 
system, we conducted flicker noise analysis.4 This method examines the relationship 
between the power spectrum density (PSD) and the average conductance (Gave), 
expressed as PSD ∝ Gaven, and offers valuable information regarding the coupling at the 
molecule–electrode interface. Flicker noise is thought to originate primarily from 
fluctuations in the electronic coupling strength Γ between the molecule and the electrodes. 
Such fluctuations have been attributed in prior studies to atomic-scale rearrangements of 
the metal electrodes and changes in binding geometry and molecular conformation during 
one break-junction measurement.4 
 
To determine the average conductance and power spectrum density, we apply an altered 
sequence of motion to the tip in each break-junction measurement. Specifically, after an 
initial withdrawal, the tip was held stationary for 100 ms at a displacement favoring the 
formation of a molecular junction, followed by a second withdrawal until the junction 
breaks and the two electrodes are separated. Thousands of single conductance traces 
under such modified sequence of motion to the tip were acquired under a 100 mV tip bias 
at a sampling rate of 100 kHz.  
 
In our analysis, we first determine the average conductance of the junction Gave during 
the entire 100 ms hold period and the average conductance of the junction during the last 
50 ms of the hold period for each conductance trace. If both these average conductance 
values fall within the conductance peak range of the corresponding molecular junction, 
then the trace is selected for flicker noise analysis. The square of the integral of the 
discrete Fourier transform between 100 Hz and 1000 Hz of the conductance data 
collected during the 100 ms hold period is calculated as the PSD. In other words, the 
conductance noise power spectral density (PSD) for each junction is derived from the 
data recorded during the fixed displacement segment. Figures S1a–S1d show two 
example single traces along with their corresponding PSDs for a host–guest complex 
junction. Figure S1e displays the conductance PSD, averaged over thousands of such 
junctions, for the host–guest system under investigation. 
 
For the selection of molecular junctions, the conductance range for Azo-NH2 in TCB is 
3.5 × 10-4 ~ 3.5 × 10-3 G0, for Azo-NH2/α-CD lowG is 2.0 × 10-4 ~ 2.0 × 10-3 G0, and for 
Azo-NH2/α-CD highG is 2.0 × 10-3 ~ 6.3 × 10-2 G0. After performing a discrete Fourier 
transform on the data and then squaring the result to obtain the PSD, we scale the PSD 
with Gaven on the data from all selected junctions. When a certain n leads to zero 
correlation between the PSD/Gaven and Gave, the value n is the scaling exponent. We 
display 2D histograms of the normalized noise power (PSD/Gave) against average 
conductance (Gave). 
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Figure S1. (a) Representative conductance versus time trace. (b) The conductance noise 
power spectral density obtained by taking the square of the discrete Fourier transform of 
the constant displacement section of the conductance trace in (a). (c) Representative 
conductance versus time trace. (d) The conductance noise power spectral density 
obtained by taking the square of the discrete Fourier transform of the constant 
displacement section of the conductance trace in (c). (e) Averaged conductance noise 
PSD measured for the Azo-NH2/α-CD system. 
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III. Computational Details 
Structures optimizations: Molecular structures of Azo-NH2, α/Azo-NH2, Azo-SMe, and 
α/Azo-SMe were optimized within Kohn-Sham density functional theory (DFT) where 
approximated exchange-correlation functional from BP865 with Ahlrichs’ def2-TZVP basis 
set6 were used. The atoms were relaxed until the change in the total energy of the self-
consistent algorithm reaches 10-6 a.u. and the gradient of total energy with respect to 
nuclear displacement reaches 5 × 10-5 a.u. During optimization conductor like polarizable 
solvation model (CPCM)7 was used with water as solvent and we used Grimme’s D3 
dispersion correction with Becke-Johnson damping8. After the optimization single-point 
energy calculations were carried out using hybrid B3LYP exchange correlation functional9, 

10 with keeping the other setting same as optimizations to obtained the MOs in Figure S17 
and S23.  All the calculations are performed with ORCA 5.01 program package.11 
 
Junction structures: The optimized molecules are attached to two Au (111) gold clusters 
each of those contains 10 gold atoms with Au-Au bond lengths 2.88 Å same as the 
experimental bond lengths of bulk Au.12 The Au-N distances were kept 2.35 Å as obtained 
from previously obtained values from DFT calculations which is close to the 
experimentally found bond length of 2.4 Å.13, 14  The junction geometries can be seen in 
Figure S18 (-NH2) and Figure S22 (-SMe). For -SMe anchoring groups we used Au-S 
distances 2.58 Å and 2.92 Å for two different junction geometries. 
 

Transmission functions calculations: To evaluate transmission functions single-point 
energy calculations were carried out for the junction structures with the same SCF 
convergence threshold used for structure optimizations. The calculations for the junctions 
were done using hybrid B3LYP exchange correlation functional and def2-TZVP basis set. 
All these calculations were carried out in ORCA 5.01 program package.11 

The effective single-particle Hamiltonian and overlap matrices are extracted using 
ARTAIOS postprocessing program package.15, 16 For evaluation of transmission function 
we used Landauer-Bütiiker-Imry formalism combined with Green’s function.  The 
transmission function in that formalism is written as: 
 
   TRL = Tr[ΓLGLΓRGR†]    (1) 
 
   G = (ESC-HC-ΣL-ΣR)-1   (2) 
where Eqn:2 represents Green’s function of the central region which contains only the 
molecules. E is the energy, SC and HC are the overlap and Hamiltonian matrices of the 
central region expressed in the atom-centered basis (overlap and Fock matrices). The 
coupling of the central region molecules to the gold clusters (electrodes) are achieved 
using a bulk broadening function written as: 
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   ΓX = -2Im ΣX     (3) 
where ΣX are the self energies of left or right electrode (X=L/R). ΣX can be evaluated using 
the Hamiltonian and overlap matrices between the central region and the electrode region: 
 
   ΣX = (ESXC-HXC)† gX  (ESXC-HXC)  (4) 
where gX is the electrode’s (L/R) Green’s function, the elements of gX can be evaluated 
using a constant local density of sates (LDOSconst.) as: 
 
   (gX)ij = -iπLDOSconst.δij   (5) 
where according to wide-band limit LDOSconst. = 0.036 eV-1 as obtained from DFT results 
for 6s band of gold,17 assuming the self energy as purely imaginary quantity. 
 
The MO energies are evaluated by solving secular equation of the central subsystem only 
by using the equation: 
 
   HCCC = SCCCεC    (6) 
 
where CC and εC are the central subsystem MO coefficients and the subsystem matrix of 
Lagrange’s multipliers (MO energies), respectively. Identification of MOs were done by 
comparing the shape of the subsystem MOs to the isolated molecules MOs where they 
are close in energies. The order of MOs can change going from isolated molecules to the 
junctions. In those cases the MOs are assigned in such a way where HOMO-LUMO gap 
is minimum. The subsystem MOs can be seen in Figure S20. 
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IV. Additional Figures and Tables 
Table S1. Details for the 1D histograms presented in this work. 

Dataset‡ Entry Number of 
traces 

Tip 
withdrawing  
speed (nm/s) 

Figure 

1 1* 15200 18 1d (in H2O), 2c (0 eq.) 
2 1 12000 18 1d (in TCB) 
3 1* 8800 30 1d (in H2O with α-CD), 2c (40 eq.) 

4 

1 400 18 part of 2a (25 m), S6 (25 m) 
2 400 18 part of 2a (50 m), S6 (50 m) 
3 400 18 part of 2a (75 m), S6 (75 m) 
4 300 18 part of 2a (100 m), S6 (100 m) 

5 

1 500 18 part of 2a (25 m), S7 (25 m) 
2 500 18 part of 2a (50 m), S7 (50 m) 
3 500 18 part of 2a (75 m), S7 (75 m) 
4 600 18 part of 2a (100 m), S7 (100 m) 

6 

1 1000 18 part of 2a (25 m), S8 (25 m) 
2 1000 18 part of 2a (50 m), S8 (50 m) 
3 1000 18 part of 2a (75 m), S8 (75 m) 
4 800 18 part of 2a (100 m), S8 (100 m) 

7 

1 800 18 part of 2a (25 m), S9 (25 m) 
2 800 18 part of 2a (50 m), S9 (50 m) 
3 800 18 part of 2a (75 m), S9 (75 m) 
4 700 18 part of 2a (100 m), S9 (100 m) 

8 1* 7400 30 2c (20 eq.) 
9 1 6200 12 5c (in TCB) 
10 1* 7300 18 5c (in H2O) 
11 1* 10000 30 5c (in H2O with α-CD) 
12 1 20000 18 6c (in TCB) 
13 1* 3500 30 6c (in H2O) 
14 1* 7600 22.5 6c (in H2O with α-CD) 
15 1 5800 19.2 S3 
16 1 1000 18 S4 

17 
1 200 32 S12 (0-20 min) 
2 300 32 S12 (20-40 min) 
3 9500 32 S12 (40-650 min) 

18 1* 1800 18 S13a 
19 1* 600 30 S13c 
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20 1* 4400 32 S14a 
21 1* 2300 32 S15a 

‡All experiments were performed under a tip bias voltage of 100 mV. 
*In order to reduce the impact of aggregates formation during the measurement, after 
every ~1000 traces were collected, immediately after, we moved the wax-coated tip to a 
new contact area of the same substrate and added a drop of solution to continue the 
measurement of the next 1000 junctions. In the end, all recorded traces were compiled 
to construct conductance histograms. 
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Table S2. Details for the 2D histograms presented in this work. 

Dataset
‡ Entry Number of 

traces 

Tip 
withdrawing 
speed (nm/s) 

Figure 

1 1 12000 18 1e 
2 1* 8800 30 1f 
3 1 3100 18 2b 

4 

1 400 18 part of S10a, part of 2d (25m), S6 (25 m) 
2 400 18 part of S10a, part of 2d (50m), S6 (50 m) 
3 400 18 part of S10a, part of 2d (75m), S6 (75 m) 

4 300 18 part of S10a, part of 2d (100m), S6 (100 
m) 

5 

1 500 18 part of S10b, part of 2d (25m), S7 (25 m) 
2 500 18 part of S10b, part of 2d (50m), S7 (50 m) 
3 500 18 part of S10b, part of 2d (75m), S7 (75 m) 

4 600 18 part of S10b, part of 2d (100m), S7 (100 
m) 

6 

1 1000 18 part of S10c, part of 2d (25m), S8 (25 m) 
2 1000 18 part of S10c, part of 2d (50m), S8 (50 m) 
3 1000 18 part of S10c, part of 2d (75m), S8 (75 m) 

4 800 18 part of S10c, part of 2d (100m), S8 (100 
m) 

7 

1 800 18 part of 2b, part of 2d (25m), S9 (25 m) 
2 800 18 part of 2b, part of 2d (50m), S9 (50 m) 
3 800 18 part of 2b, part of 2d (75m), S9 (75 m) 
4 700 18 part of 2b, part of 2d (100m), S9 (100 m) 

8 1 6200 12 5d 
9 1* 10000 30 5e 
10 1 20000 18 6d 
11 1* 7600 22.5 6e 
12 1 15200 18 S2 
13 1 5800 19.2 S3 
14 1 1000 18 S4 
15 1 1500 18 S10a 
16 1 2100 18 S10b 
17 1 3800 18 S10c 
18 1* 1800 18 S13b 
19 1* 600 30 S13d 
20 1* 4400 32 S14b 
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21 1* 2300 32 S15b 
22 1 7300 18 S26 
23 1 3500 30 S28 

‡All experiments were performed under a tip bias voltage of 100 mV. 
*In order to reduce the impact of aggregates formation during the measurement, after 
every ~1000 traces were collected, immediately after, we moved the wax-coated tip to a 
new contact area of the same substrate and added a drop of solution to continue the 
measurement of the next 1000 junctions. In the end, all recorded traces were compiled 
to construct conductance histogram. 
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Figure S2. 2D conductance histogram of Azo-NH2 measured in H2O under 100 mV tip 
bias voltage. 
 

 
Figure S3. 1D and 2D conductance histograms of Azo-NH2 in H2O upon evaporation of 
the solvent (under a dry condition) with a non-coated tip under a 100 mV tip bias voltage. 
The instrument background noise is displayed in these histograms, and for a clear display 
of the data, this background noise is not shown in other histograms.  
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Figure S4. 1D and 2D conductance histograms of 40 mM α-CD measured in H2O under 
a 100 mV tip bias voltage. 
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Figure S5. Double reciprocal plot of 1/ΔA as a function of 1/[α-CD], obtained based on 
the data shown in Figure 1g in the manuscript.  
Discussion about Figure S5: The association constant between Azo-NH2 and α-CD in 
aqueous solution was determined by analyzing the UV/vis absorption peak at 398 nm, as 
shown in Figure 1g. The concentration of Azo-NH2 was kept at 1×10-5 M. Upon addition 
of excess α-CD, we see an increase in the absorption peak intensity at 398 nm. For a 1:1 
complexation model, the host-guest complexation between α-CD(H) and Azo-NH2(G) can 
be represented by the following equilibrium equation: 

𝐻 + 𝐺 ⇌ 𝐻 ∙ 𝐺 
We employed the double reciprocal plot according to the modified Hidebrand-Benesi 
equation: 

1
∆𝐴 =

1
𝐾!∆𝜀[𝐻][𝐺]

+
1

∆𝜀[𝐺] 

where [H,] [G], and Ka represent concentration of α-CD, concentration of Azo-NH2, and 
association constant, respectively. ΔA denotes the absorbance difference between before 
and after α-CD was added. Δε represents the difference of the molar extinction coefficient 
between the host and host-guest complex at the same wavelength. The association 
constant Ka was calculated by the equation: 

𝐾! =
1

𝑘∆𝜀[𝐺] = 4.1 × 10"𝑀#$ 

where k is the slope of the linear fit to the data in Figure S5. 
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Figure S6. Data #1 of 1D and 2D conductance histograms of Azo-NH2 (1 mM) measured 
in the presence of 40 equivalents of α-CD in H2O under a bias of 0.1 V in 0-25 mins, 25-
50 mins, 50-75 mins, and 75-100 mins. 
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Figure S7. Data #2 of 1D and 2D conductance histograms of Azo-NH2 (1 mM) measured 
in the presence of 40 equivalents of α-CD in H2O under a bias of 0.1 V in 0-25 mins, 25-
50 mins, 50-75 mins, and 75-100 mins. 
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Figure S8. Data #3 of 1D and 2D conductance histograms of Azo-NH2 (1 mM) measured 
in the presence of 40 equivalents of α-CD in H2O under a bias of 0.1 V in 0-25 mins, 25-
50 mins, 50-75 mins, and 75-100 mins. 
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Figure S9. Data #4 of 1D and 2D conductance histograms of Azo-NH2 (1 mM) measured 
in the presence of 40 equivalents of α-CD in H2O under a bias of 0.1 V in 0-25 mins, 25-
50 mins, 50-75 mins, and 75-100 mins. 
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Figure S10. (a-c) Conductance as a function of time from 3 repeated experiments. The 
data collected from one other experiment is shown in Figure 2b in the manuscript. 
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Figure S11. Schematic diagram of the custom-designed liquid cell for STM-BJ 
experiments. 
 
 
 
 

 
Figure S12. 1D conductance histograms of 0.2 mM Azo-NH2 measured in H2O with 
addition of 40 equivalents of α-CD with a custom-designed liquid cell. 
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Figure S13. (a,c) 1D and (b,d) 2D conductance histograms of Azo-NH2/α-CD from 2 
repeated experiments. In each experiment, 0.2 mM Azo-NH2 in H2O with addition of 80 
equivalents of α-CD was measured under a 100 mV tip bias voltage. The tip withdrawing 
speed was 18nm/s for (a,b) and 30 nm/s for (c,d). 
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Figure S14. 1D & 2D conductance histograms of Azo-NH2 (0.2 mM) measured in sodium 
hydroxide aqueous solution with addition of 40 equivalents of α-CD at pH = 12.  
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Figure S15. 1D & 2D conductance histograms of Azo-NH2 (0.2 mM) measured in sodium 
hydroxide aqueous solution with addition of 40 equivalents of α-CD at pH = 14. 
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Figure S16. Repeated experiment of the one shown in Figure 3b and 3c in the manuscript. 
The scaling exponents determined for data in (a) and (b) are 1.07 and 2.31, in agreement 
with the results in Figure 3b and 3c in the manuscript. 
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Figure S17. Energy levels diagram for frontier molecular orbitals of isolated Azo-NH2, α-
CD/Azo-NH2 complex, and α-CD calculated with B3LYP exchange correlation functional 
and def2-TZVP basis set. 

 
Figure S18. Device geometries of the Azo-NH2 and α-CD/Azo-NH2 complex junctions. 
Au-N distance is set to 2.35Å as obtained from previous reports.13, 14 
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Figure S19. Estimated conductance change for α-CD/Azo-NH2 complex junctions in 
comparison to the Azo-NH2 junctions determined from transmission calculations shown 
in Figure 4 in the manuscript. 

Figure S20. Central subsystem MOs for Azo-NH2 and α-CD/Azo-NH2 complex junctions 
calculated with B3LYP exchange correlation functional and def2-TZVP basis set. 
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Figure S21. Lower energies occupied orbitals for the studied Azo-NH2 and α-CD/Azo-
NH2 complex using B3LYP functional and def2-TZVP basis set. 
 
 

 
 
 
 

 
Figure S22. Device geometries of the Azo-SMe and α-CD/Azo-SMe complex junctions. 
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Figure S23. Energy levels diagram for frontier molecular orbitals of isolated Azo-SMe, α-
CD/Azo-SMe complex, and α-CD calculated with B3LYP exchange correlation functional 
and def2-TZVP basis set. 
 

 

Figure S24. Transmission functions for Azo-SMe and α-CD/Azo-SMe junctions with Au-
S distance of 2.92 Å. The transmission functions for the same junctions with Au-S distance 
of 2.58 Å are shown in the manuscript Figure 4. 
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Figure S25. Transmission functions for Azo-SMe and Azo-NH2 junctions. 

 
Figure S26. 2D conductance histogram of Sti-NH2 measured in H2O under a 100 mV tip 
bias voltage. 
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Figure S27. The UV-vis absorption spectra of Sti-NH2 upon stepwise addition of excess 
α-CD. The concentration of Sti-NH2 is kept at 1×10-4 M. 
 

 
Figure S28. 2D conductance histogram of Azo-SMe measured in H2O under a 100 mV 
tip bias voltage. 
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