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Observing dynamic molecular changes at single-molecule level in 
a cucurbituril based plasmonic molecular junction 
Qiushuang Aia,b,d+, Jianghao Zhoua,d+, Jing Guod, Popular Pandayd, Simin Liub, Qiang Fuf, Yichong Liua, 
Chengji Denga, Shuai Chang*a,c, Feng Liang*a,b, Jin He*d,e

In recent years, surface enhanced Raman spectroscopy (SERS) has emerged as a prominent tool for probing molecular 
interaction and reaction with single-molecule sensitivity. Here we use SERS to investigate the dynamic changes of the 
cucurbit[7]uril (CB[7]) based plasmonic molecular junctions in solution, which are spontaneously formed by the adsorption 
of gold nanoparticles (GNPs) at the CB[7] modified gold nanoelectrode (GNE) surface. The typical fingerprint Raman peaks 
of CB[7] are very weak in the SERS spectra. However, chemically enhanced peaks are prominent in the spectra due to the 
charge transfer across the metal-molecule interface through specific noncovalent interactions between the gold atoms and 
CB[7] or its guest molecule. We first investigated the selectively enhanced and greatly shifted C=O peak of CB[7] in the SERS 
spectra. Based on the bias-dependent changes of the C=O peak, we found the gold-carbonyl interaction was strengthened 
by the positive bias applied to the GNE, resulting in stable CB[7] junctions. Next, we found the CB[7] junction could also be 
stabilized by the inclusion of a guest molecule amino-ferrocene, attributing to the interactions between gold adatoms and 
the cyclopentadienyl ring of the guest molecule. Because this interaction is sensitive to the orientation of the guest molecule 
in the cavity, we revealed the rotational motion of guest molecule inside the CB[7] cavity based on the dynamic spectral 
changes of the cyclopentadienyl ring peak.

Introduction
CB[7] molecule is a barrel-shaped macrocyclic molecule with a 
hydrophobic inner cavity and two identical carbonyl-lined 
portals.1 Various guest molecules can be included inside the 
CB[7] cavity through host-guest interactions. Although the 
individual gold-carbonyl interaction is weak, the collective 
interactions by multiple carbonyl groups can immobilize the 
CB[7] stably on the gold surface.2 In recent years, surface-
enhanced Raman spectroscopy (SERS) has become a promising 
new tool for single-molecule studies.3-5 Baumberg and 
Scherman pioneered the single-molecule SERS study of CB[7] 
and its host-guest complexes in plasmonic nanogap structures, 
such as “nanoparticle on mirror” (NPoM)6 or nanoparticle 
dimer7, 8 geometries. The plasmonic coupling between two 
closely spaced metal nanostructures gives rise to a highly 

localized and greatly enhanced electromagnetic field in the 
nanojunction, known as a hotspot,9, 10 which could effectively 
amplify the Raman cross sections of local molecules and enable 
single-molecule measurements. They have found that the CB[7] 
linked plasmonic nanojunctions are structurally well-defined 
and stable because of the stable adsorption of CB[7] to the GNP 
surface and the rigid molecular structure of CB[7].7 However, 
the Raman signals of CB[7] are generally weak even inside a 
nanogap hotspot and thus the dynamics of CB[7] in the junction 
at the single-molecule level are difficult to be observed, 
especially at a few tens of microsecond time resolution.6 

In this report, we demonstrate the dynamics of CB[7] based 
plasmonic junctions can be probed by utilizing unique 
vibrational modes of CB[7] and its guest molecule, which are 
chemically enhanced by the weak and reversible metal-
molecule interactions. The plasmonic nanojunctions of CB[7] 
and its host-guest complex are formed in electrolyte at room 
temperature by the collision of individual gold nanoparticles 
(GNPs) at the apex of a gold nanoelectrode (GNE) functionalized 
with CB[7] or its host-guest complex (Fig. 1). The stochastic 
collision events of GNPs at the GNE apex has been extensively 
investigated by the time-resolved electrochemical current 
measurements.11-13 The self-formed “nanoparticle on 
nanoelectrode” (NPoNE) geometry is analogous to the NPoM.14, 

15 However, the instability of GNPs on the highly curved GNE 
apex is utilized to limit the number of stably formed NPoNE 
structures, providing opportunities to continuously detect 
dynamic assembling and disassembling process of CB[7] based 
plasmonic molecular junctions and the associated changes at 
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the single-molecule level.16 These dynamic changes are probed 
by the time-resolved SERS measurements with tens of ms time 
resolution. The typical CB[7] vibrational modes below 1550 cm-

1 are very weak. Surprisingly, the peak from the vibrational 
mode of CB[7] carbonyl groups always appear near 2000 cm-1 
and are greatly enhanced in the confined NPoNE structures. 
Density functional theory (DFT) calculations revealed the metal-
to-molecule charge-transfer (CT) based chemical enhancement 
(CE) mechanism for the vibrational mode of carbonyl group. The 
shift and intensity changes of the pronounced C=O peak can be 
used to monitor the changes of gold-CB[7] interactions at both 
interfaces in the NPoNE geometry. The dynamics of guest 
molecule complexed in the CB[7] cavity are also probed at the 
single-molecule level using both the chemically enhanced 
fingerprint vibrational modes of guest molecule and carbonyl 
groups of CB[7].

Results and discussion 
Fig. 1a shows a schematic layout of the experimental set up. An 
electrochemically etched GNE with a typical radius of 300 nm is 
partially insulated to expose only the tip apex (Fig. 1b and Fig. 
S3). The exposed GNE apex is modified with CB[7]. The typical 
surface coverage of CB[7] on flat substrate is in the range of 40-
50%.2, 17, 18 The CB[7] modified GNE is immersed in an 
electrolyte containing 40 nm diameter GNPs. The potential of 
the GNE is controlled with respect to an Ag/AgCl reference 
electrode placed in the bath solution. For some experiments, 
simultaneous electrochemical measurements are performed at 
+0.5 V by adding redox mediator ferrocyanide ions in the 
solution to investigate the GNP collision events.16, 19 Upward 
current spikes are the dominating features in the time-resolved 
current traces and often last for around one hour (see Fig. S12), 
suggesting the collision events of GNPs on the CB[7] modified 
GNE are mainly the ‘hit-n-run’ type.20 When a free moving GNP 
collides with the GNE, a NPoNE structure containing gold-CB[7]-
gold junctions in the nanogap is formed transiently. Fig. 1c 
illustrates the structure of CB[7] molecular junction in the 
NPoNE geometry. CB[7] is oriented with its barrel axis 
(intersecting the centers of the two cavity portals) 
perpendicular to the GNE surface.2 Total 14 carbonyl groups at 
the two portals of CB[7] directly interact with both GNE and 
GNP, facilitating the formation of a NPoNE geometry. The 
bottom 7 carbonyl groups can bind to gold surface stably after 
long time deposition, as confirmed by the high stability of CB[7] 
modified GNPs in various aqueous solution,21, 22 single-molecule 
force spectroscopy,17, 23 scanning tunneling microscope (STM) 
imaging and single-molecule conductance measurements.24 In 
contrast, due to the limited interaction time, the top 7 carbonyl 
groups only interact weakly with GNP during the collision 
events. Therefore, the collision-formed junctions dissemble 
quickly most of the time. After many collision events, only a few 
GNPs can stay stably on the GNE surface. One example is shown 
in the scanning electron microscopy (SEM) image in Fig. 1b 
inset, which was taken after a regular experiment. The typical 
number density of adsorbed GNP on the CB[7] modified GNE 
apex is about 3-5 per µm2 based on three similar SEM images. 

By adding guest molecules in the CB[7] cavity, such as ferrocene 
(FC) and amino-ferrocene (AFC) shown in the inset of Fig. 1c, the 
stability of the junctions can be improved, which will be 
discussed later.

When the tip apex is illuminated with a focused 632.8 nm 
laser beam, hotspot is formed in the nanogap of the NPoNE 
structure. Fig. 1d shows the normalized electric field amplitude 
(|E/E0|) distribution in the center of the nanogap of the NPoNE 
geometry simulated by Finite-Difference Time-Domain (FDTD) 
calculation (see Fig. S4). |E0| is the electric field amplitude of 
the incident laser. The hotspot area of the NPoNE geometry 
with electromagnetic enhancement (EME) factor EF (~|E/E0|4))> 
109 is about 11.3 nm2, which can only cover 2.5 CB[7] molecules 
assuming the edge-to-edge distance between two neighboring 
CB[7] molecules is 0.8 nm (half of a CB[7] width), corresponding 
to a 45% surface coverage of CB[7].

Fig. 1 SERS measurements of CB[7] in a NPoNE junction. (a) A schematic 

layout of the experimental setup. (b) The optical microscope image of a high-

density polyethylene (HDPE) insulated GNE illuminated by a focused laser 

beam centered at the tip apex (yellow spot) during the SERS experiment. The 

inset shows a SEM image of a CB[7] modified GNE tip apex after a GNP 

collision experiment. Three adsorbed GNPs are indicated by the yellow 

arrows. (c) The illustration of the geometry of a CB[7] plasmonic molecular 

junction between the GNE and GNP. The atoms in red, blue, grey and white 

colors are oxygen, nitrogen, carbon and hydrogen atoms, respectively. The 

inset shows the chemical structure of two guest molecules used in 

experiments. (d) The FDTD simulation of the normalized electric field 

amplitude (|E/E0|) distribution in a 0.91 nm nanogap of NPoNE geometry.

Dynamics of transiently formed CB[7] plasmonic molecular 
junctions.

Before the addition of GNPs in the solution, we observe no 
detectable SERS signals. After adding GNPs in the solution, SERS 
signals appear. A time-resolved SERS trajectory with blinking 
signals is shown in Fig. 2a, which was taken ~60 min after adding 
GNPs and the GNE was always applied with a +0.5 V bias. The 
background intensity shows abrupt “on” and “off” within each 
blinking event, reflecting the transient formation of NPoNE 
geometry induced by the collision event of a GNP at the 
exposed GNE surface.25 As shown in the histogramed lifetime 
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distribution in Fig. 2b, about 30% of the total blinking events 
(N=382) last less than 51.9 ms (time resolution). The lifetime 
distribution up to 2 s can be fitted by a single exponential decay 
function y = Aexp(-x/tD) (A and tD are fitting parameters), with 
the mean lifetime tD = 0.12 s. From the cumulative frequency 
plot, there are about 6% events with their lifetime longer than 
2 s, which cannot be fitted by the single exponential function. 
They are likely from more stable junctions induced by stronger 
CB[7]-GNP interactions. The highly fluctuated trajectory often 
runs for 1-2 hours. This is much different from those observed 
with 4-Aminothiophenol (4-ATP) or 4-Mercaptobenzoic acid (4-
MBA) modified GNEs, where the GNP collision induced blinking 
signals are less frequent and only appear for a few min before 
steady Raman signatures of the molecule dominate.16, 19 The 
different phenomenon between molecules reflects the weaker 
chemical binding force experienced by the colliding GNP from 
CB[7] than from 4-ATP or 4-MBA. Although most peaks are quite 
weak in the blinking signals, pronounced peaks often appear in 
the spectral region between 2100-2200 cm-1, which are shown 
at the top panel of Fig. 2a in a bigger intensity scale.

Fig. 2 GNP collision induced blinking events in transiently formed CB[7] 
NPoNE junctions. (a) The time-resolved SERS trajectory in intensity heat map 
shows blinking signals. Measurements were carried out in 5 mM phosphate 
buffer, with 3 mM potassium ferrocyanide and 30 pM GNPs. (b) The 
histogramed lifetime distribution (open squares) of 382 blinking events with 
a bin size 52 ms (shown as error bar). The red line is a fit to data up to 2 s by 
a single exponential decay function (R2=0.97). The cumulative frequency plot 
(in solid black dots) is also shown. (c) Transient SERS spectra at different time 
points from (a) showing the changes of SERS spectra. The characteristic SERS 
peaks are marked with green circles. Calculated Raman spectrum (red curve) 
is listed at bottom for comparison. The peaks in the pink shaded region with 
a “*” are likely from citrate groups. (d) Occurrence frequency of each 
vibrational mode in the statistics of 382 blinking events. The rate and error 
are the mean and standard deviation of three measurements, respectively.

Fig. 2c displays the Raman spectra of several fast blinking 
events (black curves) at different times in the trajectory of Fig. 
2a. They show significant variations in the onset of vibrational 

peaks. Overall, there are more than 10 frequently appeared 
peaks, but in each spectrum normally only one or a few peaks 
appear. It is rare to observe all the peaks in one spectrum and 
the pattern of the appeared vibrational modes always changes. 
For the blinking events lasting more than a few frames (each 
frame takes 51.9 ms), the vibrational modes could also change 
significantly in the same event. One example is shown in Fig. S5. 
In the spectral range from 350 cm-1 to 1550 cm-1, we can identify 
six CB[7] peaks (marked with green circles in each spectrum) 
near 440, 655, 830, 900, 1380 and 1430 cm-1. These are the 
fingerprint vibrational modes of CB[7] and can match the 
Raman spectrum of solid sample and the calculated Raman 
spectrum of CB[7] by density functional theory (DFT) (the red 
spectrum at the bottom of Fig. 2c). More details can be found 
in ESI S6 and S7. Their positions are also consistent with the 
previous reports.26 Several peaks often appear in the range 
between 1500 and 1640 cm-1, as indicated in the pink shaded 
region in Fig. 2c. The origin of these peaks is assigned to the 
vibrational modes of the citrate groups on the GNPs (see 
supplementary S8). Obviously, the peaks of CB[7] in the range 
below 1500 cm-1 are very weak with the intensities comparable 
to the major peaks of citrate groups.

Fig. 2d displays the occurrence frequency of seven fingerprint 
vibrational modes of CB[7] in 382 GNP collision (blinking) events 
taken from three experiments. The occurrence frequency varies 
and the symmetric stretching C-N mode at 1380 cm-1 and 
asymmetric stretching C-N mode at 1430 cm-1 appear more 
often. The incomplete and inhomogeneous appearance of the 
fingerprint modes of CB[7] in each transient spectrum suggests 
that these signals are likely detected at the single-molecule 
level. Although we can confirm the formation of CB[7] 
plasmonic molecular junctions based on these peaks, it is 
difficult to use these peaks to probe the dynamic changes. 

Surprisingly, in the normally silenced spectral range near 
2100-2200 cm-1, a few Raman peaks are quite obvious, which 
appear in most of the blinking events with an occurrence 
frequency over 90%. After further analysis (in next section), 
these peaks are determined to be the vibrational modes of C=O 
groups of CB[7], which directly interact with the colliding GNPs. 
It is noteworthy that the citrate molecule with three C=O groups 
may also contribute to this peak, but it appears less frequent 
and its intensity is much weaker (only ~32% of the main citrate 
peaks near 1546 cm-1), as suggested by the control SERS 
experiments (see Fig. S8). In addition, when the citrate 
molecules on GNPs were replaced by 4-MBA molecules, the 
prominent peaks in the same spectral range still appear 
frequently when CB[7] are modified on the GNE surface. 
Therefore, the observed peak in the range of 2100-2200 cm-1 
are mainly contributed by the C=O groups of CB[7]. In contrast 
to the calculated C=O peaks as shown in the red curve of Figure 
2C, the experimentally observed C=O peaks in SERS spectra are 
shifted to a much higher wavenumber. The significant spectral 
shift could be attributed to the interactions between gold and 
carbonyl groups of CB[7], as we will discuss below. 

Understanding the chemically enhanced C=O peak of CB[7] 
carbonyl groups.
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The carbonyl group has a high polarizability, which is sensitive 
to the nearby atoms and local environment. Therefore, its 
vibrational frequency appears in a wide range. The typical range 
of the stretching vibrational mode of C=O bond is from 1600 to 
1850 cm-1.27 The spectral range for the metal carbonyl complex 
is from 1800 to 2200 cm-1.28, 29 Based on the molecular structure 
of CB[7], the electron rich carbonyl group is connected to two 
electron-donating nitrogen atoms. Therefore, the C=O group of 
CB[7] has a relatively higher electron density and its bond length 
(2.1 Å) is shorter than the typical length in ketone. The 
interaction of carbonyl group with the under-coordinated gold 
atom of a small gold cluster can also enhance its electron 
density,30 leading to a higher wavenumber.  
    We further conducted DFT calculations to understand how 
the gold-carbonyl interaction affects the C=O Raman peak. As 
shown in the calculated Raman spectrum in Fig. 2c and Fig. S6.2, 
there are two peaks corresponding to the collective vibrational 
modes of all carbonyl groups. The major peak (with a higher 
wavenumber) of CB[7] is due to the synchronized symmetric 
vibration of all the carbonyl groups. The minor peak is due to 
the asynchronized symmetric vibration of all the carbonyl 
groups (see details in supplementary S6). To reduce the 
calculation cost, we only investigated the interactions between 
gold and two carbonyl groups of glycoluril, which is the 
repeated unit of CB[7]. The model structures are shown in Fig. 
3a. Two stable Au4 clusters are used to represent the gold 
electrodes. Two C=O peaks are observed for glycoluril, 
corresponding to the symmetric and asymmetric vibration 
modes of two carbonyl groups (see details in supplementary 
S6). Because the asymmetric vibration mode of C=O is further 
suppressed in CB[7], we will only focus on the major symmetric 
vibration mode of C=O here. With the approach of the first 
electrode (Au4-1), the Au-O distance d1 is reduced and the C=O 
symmetric peak is shifted significantly to the higher 
wavenumber, as shown in the calculated spectra from (i) to (iii) 
in Fig. 3b. The Mulliken charge analysis reveals that the Au-O 
interaction induces the CT from gold atom to the oxygen atom 
and the charge redistribution inside the glycoluril, causing the 
obvious increase of electron density of the bottom carbonyl 
group. With the approach of the second electrode (Au4-2), the 
electron density of the top C=O bond is also increased because 
of the CT transfer and charge redistribution. The symmetric C=O 
peak thus blue shifts again, as shown in spectra (iv) and (v). 

The calculations confirm that the v(C=O) peak can be 
enhanced and blue-shifted due to the gold-to-carbonyl CT. 
Obviously, the CT is sensitive to the interactions between 
carbonyl groups and the surface gold atoms of GNP or GNE. 
Therefore, we can probe the gold-molecule contact dynamics of 
GNP-CB[7]-GNE junctions by analyzing the spectral and 
intensity changes of the C=O peak in the SERS spectra. For 
example in Fig. 2a, the dynamic changes of C=O peak are 
frequently seen, which are induced by the fast GNP collision 
events with a 0.5 V bias applied to the GNE. Multiple peaks or a 
broad peak often appear in the transient spectra between 2100 
and 2200 cm-1, reflecting various contact geometries at the 
gold-CB[7] interfaces triggered by the collisions of GNP with the 

GNE surface. After waiting for tens of minutes, the C=O peak 
becomes stronger and stays near 2172 cm-1 with the stable 
adsorption of a few GNPs on the GNE surface. One example is 
shown in Fig. 3c. The spectral and intensity fluctuations of C=O 
peak at 2172 cm-1 become smaller. If we removed the free GNPs 
from the solution, the peak at 2172 cm-1 becomes highly stable 
(Fig. S10), suggesting the Au-carbonyl interaction in the 
established junction is sensitive to the disturbance by the 
moving GNPs in the solution.

 

Fig. 3 Dynamics of the C=O vibration peaks. (a) Molecular models for DFT 

calculations. (b) DFT calculated Raman spectra showing C=O peak changes in 

five different geometries ((i)-(v)) with zero, one or two Au4 electrodes. (c-e) 

(i) A SERS 2D trajectory showing the time-dependent changes of the C=O 

peak with the applied bias on the GNE at 0.5 V (c), zero bias (d), and after 

applying +0.5 V to the GNE for a short time and recorded at zero bias (e). (ii) 

A few spectra from (i) at different time points. GNPs are added in the solution 

for all the experiments.

Interestingly, the gold-CB[7] contact can also be regulated 
by the applied bias on the GNE. Fig. 3d shows the stable C=O 
peak from the self-assembled NPoNE geometries when the GNE 
was kept at zero bias until the C=O peak is stabilized. Compared 
with the stable spectra at +0.5V in Fig. 3c, the peak position is 
down-shifted to 2122 cm-1. The down shift of the C=O peak 
position suggests the charge transfer from gold to the C=O bond 
is reduced due to the weaker Au-O interaction at zero bias. In 
addition, bigger fluctuations in both intensity and frequency are 
observed for the C=O peak at zero bias, attributing to the 
reduced junction stability as a consequence of the weaker Au-O 
interactions. To further test the bias effect, we applied a 
positive bias (+0.5 V) for a short time (~ 2 min) to the GNE and 
then changed it to zero bias. Interestingly, transient switching 
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signals from 2122 cm-1 to 2172 cm-1 appear in the trajectory (see 
Fig. 3e(i)). The two peaks at both 2122 cm-1 and 2172 cm-1 can 
be clearly observed in the selected transient spectra in Fig. 3e 
(ii). At a later time, the C=O peak settles again near 2122 cm-1 at 
zero bias. We have demonstrated previously16, 19 that the 
positive bias applied on the GNE can slightly push the adsorbed 
negatively charged GNP toward the GNE surface. The 
compressive force can improve the electronic coupling of the 
gold-carbonyl interaction and benefit the CT, leading to the blue 
shift of C=O peak. 

Probing the dynamics of the complexed CB[7] cavity. 

We further study the dynamics of the junctions when 
complexed CB[7] is introduced in the NPoNE geometry. Herein, 
we focus on FC and a FC derivative AFC, and study their 
molecular behaviour in the complexed state with CB[7] 
(AFC@CB[7] and FC@CB[7]) in the NPoNE geometry. The 
AFC@CB[7] and FC@CB[7] host-guest complexes are pre-
formed in solution prior to the GNE modification (see ESI S1). FC 
is known to form strong 1:1 host-guest complexes with CB[7], 
with the equilibrium binding affinity logK= 5.6.31 The binding 
affinity between AFC and CB[7] is even higher due to additional 
interactions between amine and carbonyl groups.32, 33 In our 
measurements, we find the SERS signals of the FC@CB[7] are 
weaker and less stable than those of AFC@CB[7]. Therefore, we 
mainly focus on the analysis of the AFC@CB[7] results.

With the presence of GNPs in the solution, blinking signals 
are again observed in the recorded SERS trajectories. One 
example of the blinking signal is shown in Fig. 4a. The blinking 
only occurs in the spectral range below 1550 cm-1 and the 
pronounced C=O peak is relatively stable. Typically, the C=O 
peak became stable in less than 10 min, suggesting the GNPs 
can be adsorbed faster to the AFC@CB[7] modified GNE surface 
than to the CB[7] modified GNE. In addition, we did not observe 
obvious bias-dependent spectral shift of the C=O peak for these 
complexed systems, and the C=O peak could quickly stabilize 
even at zero bias. These are quite different from the SERS 
results of CB[7]. As reported in the dynamic STM-break junction 
measurement,34 the Cp rings of confined FC or AFC in the CB[7] 
cavity can form reliable van der Waals interactions with gold. 
The extra gold-guest interactions enhance the stability of 
AFC@CB[7] and AFC@CB[7] molecules on the GNE surface, 
therefore improving the GNP residence on the GNE and 
increasing the lifetime of the formed NPoNE junctions, 
compared with the counterparts of CB[7]-only junctions. 
Because the carbonyl-Au interaction is stable, the blinking 
signals observed here should come from the fluctuations inside 
the established junctions formed by the adsorbed GNPs, rather 
than from the dynamic formation of junctions during the GNP 
collision events.

In the blinking events, the vibrational peaks below 1550 cm-1 
also vary significantly between the spectra. The spectra (in black 
color) of two representative fast blinking events 3 and 4 (lasting 
for only 1 frame) are shown in Fig. 4b. Only one major peak 
appears in each spectrum in the range below 1550 cm-1. The 
average spectrum of 10 such transient spectra is displayed in 
red color, where three weak Raman peaks of CB[7] at 830, 1380 

and 1430 cm-1 (marked with green arrows) can be identified. 
This new peak is from AFC, which will be discussed in following 
paragraphs. Peaks due to citrate molecules are also identified in 
the spectra, which are mainly in the range of 1500-1640 cm-1. 

Fig. 4 SERS spectra of AFC@CB[7] plasmonic junctions. (a) A typical time-

resolved SERS trajectory acquired in the presence of 30 pM GNPs in solution 

with an AFC@CB[7] functionalized GNE. The bias is +0.5 V. (b) Two 

representative Raman spectra from two fast blinking events in the SERS 

trajectory of Figure 4a (black). The red color curve is the averaged spectrum 

of 10 similar transient spectra. For comparison, the Raman spectrum of solid 

sample (green) and DFT calculated Raman spectrum of AFC (blue) are listed 

at the bottom. (c) A typical SERS trajectory shows the stable C=O peak. The 

time-average spectrum (green color) is superposed on top of the heatmap.

The mean position of the C=O peak is at about 2123 cm-1 (Fig. 
4c), which is shifted to the lower wavenumber compared with 
the case of stable CB[7] junction at 0.5 V. The included guest 
molecule might induce charge redistribution in the CB[7] 
molecule and affect the charge transfer between carbonyl 
groups and gold atoms, which results in the down-shift of the 
C=O peak. In measurements of FC@CB[7], the C=O peak mainly 
appears near 2150 cm-1, which is slightly higher than that of 
AFC@CB[7] (Fig. S6.2). 

The blinking events with a longer lifetime provide us with 
opportunities to study the dynamic changes in the AFC@CB[7] 
plasmonic nanojunction. The dynamic change of the new peak 
near 1080 cm-1 is the most noticeable. The trajectories (i) and 
(ii) of Fig. 5a are the zoom-in of two longer lived events, 
corresponding to events 1 and 2 in the trajectory shown in Fig. 
4a. In (i), the peak at 1080 cm-1 suddenly appears and lasts for 
less than 2 s. The trajectory (ii) also shows the sudden 
appearance of peak 1080 cm-1, which shifts to 1105 cm-1 before 
its disappearance. Fig. 5a (iii) shows the switching between 
1080 and 1105 cm-1. For this example, there is no free-moving 
GNP in the solution. In all three cases, the C=O is relatively 
stable, suggesting the GNP is stable on the GNE surface. The 
observed dynamic changes should be mainly due to the changes 
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of both gold adatom and the guest molecule at the gold-AFC 
interface. 

The new peak at 1080 cm-1 (or 1105 cm-1) is assigned to the 
cyclopentadienyl (Cp) ring breathing mode, which has been 
previously reported for the SERS measurements of GNP 
aggregates 7 and NPoM junctions.6 However, Raman spectra of 
AFC powders (green color in Fig. 4b) and DFT based calculations 
of AFC (blue color) in gas phase both show that the Cp ring 
breathing mode is peaked at ~1105 cm-1. There is about 25 cm-

1 down-shift when the AFC@CB[7] complex is inside the NPoNE 
geometry. Similar down shift of Cp ring breathing mode peak is 
also observed for the FC@CB[7] complex in the NPoNE 
geometry. According to the previous reports, no shift was 
observed in the Raman spectra of solid powder of FC@CB[7].35 
This is consistent with our DFT calculations for both FC@CB[7] 
and AFC@CB[7] complexes (see Fig. S6.1). So the down shift of 
1105 cm-1 peak observed in our experiments is not due to the 
complexation of AFC inside the CB[7] cavity. Regarding the 
mechanism of the downshifts, we propose that they are 
attributed to the charge transfer induced by the interaction 
between surface gold atoms and the Cp rings of FC or AFC 
molecules confined in the CB[7] cavity.

To investigate the charge transfer mechanism, we carried 
out DFT calculations of FC and AFC in a gold nanogap formed by 
two structurally stable Au20 clusters. Since FC or AFC may have 
two orientations inside the CB[7] cavity and the reactivity of 
surface gold atom varies, we have calculated a series of Au20-
molecule-Au20 geometries with different orientations of 
molecule and Au20 clusters (see Fig.S6.3a). Four selected 
geometries are shown in Fig.5b to show the molecular 
orientation effect and to compare the difference between AFC 
and FC. In the horizontal orientation (1), the main axis of FC 
molecule (intersecting the centers of two Cp rings) is almost 
perpendicular to the main axis of CB[7]. In the vertical 
orientation (6), the main axis of FC is parallel with the main axis 
of CB[7]. Based on the energy analysis, FC is more stable at the 
horizontal orientation in the CB[7] cavity when no gold nanogap 
is involved. This is consistent with the X-ray crystal structure of 
FC@CB[7].33 However, when positioned in the nanogap 
between gold electrodes, FC becomes more stable at a vertical 
orientation due to the additional interactions between the Cp 
rings and the gold atoms.34 Therefore, the FC molecule is 
expected to stay mainly in a vertical orientation when the 
FC@CB[7] is in the NPoNE junction. This is essentially the same 
for AFC. We have calculated the interaction energy between 
Au20 cluster and FC (or AFC) in 8 different Au20-molecule 
configurations (Fig. S6.4). The strongest interactions happen 
when the Au20 tip points to the Cp ring center. Fig.5b shows the 
two nanojunction configurations with the strongest molecule-
metal interactions for FC (6) and AFC (7), with FC and AFC in the 
vertical orientation and the surface gold atoms are under-
coordinated. The higher interaction energy leads to a higher 
stability of the junction.   

We examined the charge distribution for all 8 nanojunction 
configurations (Table S2). The two most stable configurations 6 
and 7 also show the most effective molecule-to-metal CT and 
the largest charge redistribution across the whole complex, 

suggesting the strongest electronic coupling. The gold tip 
withdraws more partial electron from the interacting CP ring 
than the case of gold flat surface, which is attributed to the 
higher reactivity of the under-coordinated gold atoms. The 
molecule-to-metal CT process often leads the shift of the 
vibrational peak of Cp ring to a lower wavenumber. As shown in 
the calculated Raman spectra in Fig. 5c, the Cp ring breathing 
mode peaks of both configurations 6 and 7 show the biggest 
down-shift from 1105 cm-1 to near 1080 cm-1, which matches 
the experimental results. Therefore, the configurations 6 and 7 
are likely to be the most observable configurations in our 
experiments.

We find that the Au20 tip interacts stronger with the Cp ring 
of AFC than FC. The amine group of AFC is an electron donating 
group (EDG) for the CP ring. Compared with FC, both CP rings of 
AFC show increased electron density (Table S2), resulting in the 
stronger interactions with the gold electrode. This is consistent 
with the experimental observations of the more stable spectra 
of AFC@CB[7] junctions in SERS measurements and the higher 
magnitude and longer duration of current spikes in the EC 
current measurements (Table S4). 

Fig. 5 Dynamics of guest molecule AFC in the AFC@CB[7] plasmonic 

junctions. (a) (i-ii) The zoom-in of events 1 (i) and 2 (ii) in the trajectory of 

Figure 4a. (iii) A short SERS trajectory with switching between 1080 cm-1 and 

1105 cm-1. Measurements were carried out with GNPs in the solution. (b) 

Four selected DFT simulation configurations with FC and AFC in vertical and 

horizontal orientations between two Au20 clusters, representing GNP and 

GNE. The other configurations are showed in Fig. S6.3a. (c) The calculated 

Raman peak of the Cp breathing vibrational mode in the four selected 

configurations. The spectra of free FC and AFC are also added for 

comparison. The spectra of other configurations are showed in Fig. S6.3b.

In control experiments of only AFC or FC modified GNEs, we 
did not observe the strong Cp peak in the SERS spectra, 
attributing to the very low coverage of AFC or FC on the GNE 
(Fig. S2.1). Therefore, the spectral change of the Cp ring 
breathing mode can be exploited as an internal reference to 
interpret the dynamic changes of guest molecule AFC inside the 
CB[7] cavity. The presence of strong Cp ring breathing mode 
peak in the three events of Fig. 5a suggests the complexed 
AFC@CB[7] is in the NPoNE junctions. The spectral shift to 1080 
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cm-1 is attributed to the CT based CE, induced by the stronger 
interaction between Cp ring and the surface gold adatoms. The 
stronger interaction may create or draw a mobile gold adatom 
to settle near the Cp ring center, forming a ‘picocavity’ type 
hotspot36 and causing the sudden burst of 1080 cm-1 peak. The 
transitions between 1080 and 1105 cm-1 in examples (ii) and (iii) 
of Fig. 5a are likely induced by the rotation motions of the AFC 
guest molecule in the CB[7] cavity. Although the AFC is mainly 
in the vertical orientation when it is confined in the CB[7] cavity 
of the NPoNE geometry, it also has chances to rotate to the 
horizontal orientation, leading to the sudden appearance of the 
1080 cm-1 peak. The rotation motion of AFC may also be 
triggered by the thermal fluctuation of the interacting gold 
adatom.

2D Correlation analysis and principal component analysis

To better understand the dynamic and complex SERS data, we 
have carried out two-dimensional correlation spectroscopy (2D 
COS) analysis of the time-resolved SERS results. The 2D 
correlation contour maps of CB[7] junction (Fig. 6a) and 
AFC@CB[7] junction (Fig. 6b) were constructed from the 
blinking data of Fig. 2a and Fig. 4a, respectively. The major peaks 
of CB[7] before 1500 cm-1 can be identified in the 2D correlation 
map but they are generally weak. This is consistent with their 
low intensity in the spectra (see Fig. 2c). Among them, the peak 
near 1430 cm-1 shows a relatively high intensity. The carbonyl 
group signal between 2100 and 2200 cm-1 is the most 
prominent signal in the map, suggesting the high intensity of 
this peak in experiments. The carbonyl peak also has positive 
correlation with all other peaks, including both the CB[7] peaks 
and the citrate peaks near 1600 cm-1. These results confirmed 
that most of the blinking changes in the SERS time traces are 
from the GNP collision events, which can enhance all the 
vibrational modes in the transiently formed hotspot through 
electromagnetic enhancement and produce correlated 
changes. These results also reflect the carbonyl group of CB[7] 
is highly sensitive to the junction dynamic formation and 
deformation process and can be further enhanced by chemical 
enhancement. In addition, the prominent Cp ring peaks only 
appear in the map of AFC@CB[7] junction but not in the map of 
CB[7] junction. The Cp peak mainly appears near 1080 cm-1 
instead of 1105 cm-1. 

We also performed principal component analysis (PCA) on CB[7] 
and AFC@CB[7] data. The loading plots are shown in Fig. 6c and d. 
The first four principal components (PC1, PC2, PC3 and PC4) only 
account for 68.4% variation of CB[7] (Fig. S13a) and 59.1% variation 
of AFC@CB[7] (Fig. S13b). The low percentage is originated from the 
incomplete and highly variable transient spectra induced by the 
dynamic collision events (see Fig.2c and Fig.4b). Due to the generally 
longer lifetime of each AFC@CB[7] event, the spectral differences 
between events become more obvious, leading to the lower 
percentage of variation for PCs of AFC@CB[7].  The PC1 of CB[7] 
shows 811, 1440 and 2170 cm-1 peaks, corresponding to the CB[7]’s 
vibration modes. The PC1 of AFC@CB[7] presents the obvious 
changes near 1080 and 2123 cm-1, corresponding to the AFC Cp ring 

breathing and Carboxyl modes. It is obvious that the PCA scores 
spread out in the scatter plots (see Fig.S13 c-d), further revealing the 
inhomogeneity between all the blinking spectra. 

Fig. 6 2D-COS analysis and PCA of the time-resolved SERS data of CB[7] and 

AFC@CB[7]. (a-b) The synchronous 2D-COS contour map of CB[7] (a) and 

AFC@CB[7] (b). (c-d) The loading plots of the first four PCs for CB[7] (c) and 

AFC@CB[7] (d). The pink shaded regions show the contribution from citrate peaks. 
(e) (i) The distribution of PCA scores of the clustered data for CB[7] (red dots) and 

AFC@CB[7] (black dots) under the first three PCs. The shaded Ellipse area are 95% 

confidence range for each cluster. (ii-iii) The projected PCA scatter plots on the 

PC1-PC2 and PC1-PC3 planes. (f) The corresponding loading plots for the mixed 
CB[7]-AFC@CB[7] data.

To further explore the differences between the SERS data of CB[7] 
and AFC@CB[7], a new PCA analysis was carried out on the combined 
data of CB[7] and AFC@CB[7]. From the 3D and 2D scatter plots of 
PCA (Fig. 6e (i)-(iii)), we can see that CB[7] and AFC@CB[7] data form 
two distinguishable clusters. The first four PCA loading plots are 
shown in Fig. 6f. They account for 36.1%, 15.4%, 11.1%, and 5.2% of 
the total variance, respectively. The most significant differences 
between CB[7] and AFC@CB[7] are rising from the carbonyl peak at 
2123 cm-1 of AFC@CB[7] and 2170 cm-1 of CB[7], as shown in the 
loading plot of PC1. The contribution of Cp ring breathing mode can 
also be observed around 1080 cm-1 in PC1. Therefore, The shift of 
carbonyl and new Cp peak contribute significantly to the difference 
between CB[7] and AFC@CB[7]. The loading plot of PC2 shows 
obvious CB[7] peaks at 810, 1445 and 2123 cm-1, revealing the 
variations of CB[7] peaks induced by the host-guest interactions.  
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In summary, plasmonic molecular junctions containing 
CB[7] and its host-guest complexes in NPoNE geometries are 
self-assembled by GNP collision events, and are probed by time-
resolved SERS. New chemically enhanced vibrational modes 
have been identified as signature peaks in the SERS spectra for 
the dynamic studies. The enhancement of these peaks is 
attributed to the metal-molecule CT by specific gold-molecule 
interactions with both host and guest molecules. Pronounced 
CB[7] C=O vibration peaks are observed in the spectral range 
2100-2200 cm-1, which are selectively enhanced due to the 
gold-carbonyl interaction at the metal-molecule interfaces as 
revealed by the DFT calculations. The C=O vibration peaks are 
highly distinguishable because they are strong and well 
separated from the crowded spectral range below 1550 cm-1. 
Importantly, the C=O peak is very sensitive to small changes at 
the CB[7]-gold interfaces in the plasmonic junction. Large 
dynamic spectral changes of C=O peak are observed in the time-
resolved SERS trajectories, triggered by the GNP collision events 
or modulated by the applied bias to the GNE. With the applied 
positive bias, the Au-carbonyl interaction can be strengthened 
and the CB[7] junction can be stabilized. Interestingly, with the 
inclusion of guest molecule AFC or FC in the CB[7] cavity, the 
junction becomes more stable, as confirmed by the quickly 
stabilized C=O peak. This may be attributed to the extra metal-
guest molecule interactions, which also induce the new stable 
orientation of AFC or FC inside the CB[7] cavity. Because of the 
strong interaction between Cp ring and gold adatoms, the 
Raman peak of Cp ring of guest molecule AFC or FC becomes 
prominent. Based on the position shift and intensity change of 
this peak, the rotational motion of the confined AFC inside CB[7] 
cavity is revealed. 

Together with DFT simulations and statistical analysis, this 
report provides new insights into the mechanism of a few less-
studied surface-enhanced Raman peaks in the metal-CB[n]-
metal junctions. Because various guest molecules can be 
included in the cavity of CB[n], these better-understood peaks 
could serve as powerful SERS probes to resolve the dynamics of 
gold-CB[n] interactions, host-guest interactions, guest-guest 
interactions and reactions at single molecule level, which will 
benefit the studies of chemistry under nanoconfinement, 
molecular electronics, heterogeneous catalysis, biosensing and 
drug delivery applications.

Experimental
GNE fabrication and chemical modification. The GNEs were 
fabricated as described in previous reports.16, 37 Briefly, a gold 
wire was electrochemically etched and insulated with HDPE to 
expose only the tip apex. After cleaning, it was immersed in a 
molecular solution for chemical modification. Full details of GNE 
fabrication and characterization are described in Supplemental 
information S3. The immobilizations of CB[7], FC@CB[7] and 
AFC@CB[7] on the gold substrates have been investigated by 
electrochemical measurements and FTIR spectroscopy (see 
Supplementary information S2) .

SERS measurements. Raman spectroscopy was performed on a 
Nikon Ti-U microscope-based setup, as described previously. 
The spectra were collected with a CCD camera (PIXIS 
100B_eXcelon, Princeton Instrument) with a spectral resolution 
of ~2 cm-1. Each spectrum was acquired with a time resolution 
of 51.9 ms (50 ms CCD integration time and 1.9 ms CCD readout 
time), and we typically collected 1000 to 2000 spectra 
continuously for each SERS trajectory measurement. The power 
of 632.8 nm laser was attenuated by ND filters to 1.35 mW and 
focused at the GNE apex. The power density was about 0.047 
mW/µm2 based on the typical laser spot radius 3 µm. The GNE 
was placed in a liquid cell containing 5 mM phosphate buffer 
solution (PBS, pH = 7.4). In some experiments, Potassium 
Ferrocyanide was added with a concentration of 3 mM for 
electrochemical current measurements. We did not notice any 
differences in the SERS spectra induced by the redox mediator. 
The concentration of 40 nm GNPs was 30 pM. All the 
measurements were performed at room temperature. The SERS 
results were analyzed with custom LabView (National 
Instruments) and Matlab (MathWorks Inc.) programs. 
FDTD simulation and DFT calculations. FDTD simulations were 
carried out by using a commercial software package (Lumerical 
Solutions, Inc.) to calculate the electric field distribution in the 
hotspot of GNP-on-GNE structures. The details are given in the 
Supplemental information S4. DFT calculations of the Raman 
spectrum were carried out with GAUSSIAN 16 software 
package. The structures were optimized using the built-in 
molecular mechanics and the DFT calculations of these 
structures were performed at their ground-state equilibrium 
geometry conformation using hybrid exchange–correlation 
functional (B3LYP) with Coulomb-attenuating method (CAM) 
(see Supplementary information S6).38 Au4 and Au20 clusters 
were used to represent the gold electrodes. The calculated 
Raman spectra were plotted by applying a Lorentzian function 
with a full-width at half-height (FWHH) of 20 cm−1. We also used 
the DFT-D3 method for dispersion correction when calculating 
the host-guest complexes with or without the gold cluster. 
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