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Introduction

Playing catch and release with single molecules:
mechanistic insights into plasmon-controlled
hanogapst

Katrin F. Domke*®® and Albert C. Aragonés () *<d

Single-molecule (SM) detection is essential for investigating processes at the molecular level. Nanogap-
based detection approaches have proven to be highly accurate SM capture and detection platforms in the
last decade. Unfortunately, these approaches face several inherent drawbacks, such as short detection
times and the effects of Brownian motion, that can hinder molecular capture. Nanogap-based SM detec-
tion approaches have been successfully coupled to optical-based setups to exploit nearfield-assisted
trapping to overcome these drawbacks and thus improve SM capture and detection. Here we present the
first mechanistic study of nearfield effects on SM capture and release in nanogaps, using unsupervised
machine learning methods based on hidden Markov models. We show that the nearfield strength can
manipulate the kinetics of the SM capture and release processes. With increasing field strength, the rate
constant of the capture kinetics increase while the release kinetics decrease, favouring the former over
the latter. As a result, the SM capture state is more likely and more stable than the release state above a
specific threshold nearfild strength. We have also estimated the decrease in the capture free-energy
profile and the increase in the release profiles to be around 5 kJ mol™ for the laser powers employed,
ranging from laser-OFF conditions to 11 mW pm‘z. We envisage that our findings can be combined with
the electrocatalytic capabilities of the (nearfield) nanogap to develop next-generation molecular nanor-
eactors. This approach will open the door to highly efficient SM catalysis with precise extended monitor-
ing timescales facilitated through the longer residence times of the reactant trapped inside the nanogap.

provide SM sensitivity with a minimised ensemble effect
common in micro and macroscopic measurements.>* Efficient

Single-molecule (SM) detection is fundamental for investi-
gating individual molecules as well as physical, chemical and
biological processes at the molecular level and is therefore one
of the most sought-after research objectives in molecular ana-
lysis." Besides, SM detection is extremely appropriate for study-
ing systems where analyte species are found in small sample
volumes and/or at extremely low concentrations.” Nanogaps
are undoubtably the most suitable analytical dimensions for
SM detection since they are tiny geometric spaces equivalent
to the size of the analyte molecule to be studied.>* They can
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SM detection is based on the precise control of the trapping
and release of target species in the nanogap, which is,
however, a challenging task because of the prevailing lack of a
full understanding of the mechanistic details of SM trapping.’
Reliable SM tools based on nanogaps have been developed
during the last two decades® for high-precision SM trapping
and detection to characterise individual molecules, enabling
molecular recognition® and sensing.” Among them, electrically
based detection tools® are most appealing ones. Electrical
current readouts render these approaches label-free, since they
rely on molecular electrical capture and release between the
individual molecule and the nanogap.®™* One of the most ver-
satile electrical approaches to trap and study individual mole-
cules is the one based on fixed and motionless interelectrode
nanogaps of precise sub-nanometric dimensions.'®*"*3713
Electrical SM detection approaches are facing different
inherent problems,® because working at room temperature
(RT) and under ambient conditions make the localisation of
the individual molecules in the reduced geometric space an
entropically unfavoured process. On the one hand, the SM
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release to the nanogap is a thermally activated stochastic pro-
cesses'® with significantly reduced lifetimes at RT conditions,
commonly ranging between tens and hundreds of milli-
seconds and thus resulting in very limited time resolution in
current readouts. On the other hand, the Brownian motion of
the target molecules when they are dissolved in a liquid
environment is of remarkable relevance since this motion
governs the diffusion pathway of an analyte molecule into the
interelectrode nanogap region to be detected. Consequently,
the detection rate is mainly governed by Brownian motion
unless a potential energy larger than the thermal energy is pro-
vided to the system.'””'® Different platforms have been
employed to overcome the above-mentioned inherent pro-
blems to the SM detection approaches, such as
electrokinetic'®*° and optical traps.'®*!

Nearfield traps®* are plasmon-supported platforms that can
secure individual objects of a size much smaller than the inter-
acting wavelength (Rayleigh regime), such as molecules, inside
a nanogap by way of optical trapping. Nanogaps based on
metallic nanostructures provide excited localised surface plas-
mons when irradiated with laser photons of a resonant wave-
length®® and behave as nano-antennas. The resulting electro-
magnetic field is confined to a nanometre-sized region
(hotspot), resulting in a (near)field strength increase of up to
three orders of magnitude compared to the laser excitation
(far)field.”***?* As such, the nearfield gradient exerts ampli-
fied attractive forces inside the nanogap and directs molecules
into the hotspot."”**** Electrical SM detection platforms are
based on interelectrode metallic nanogaps and have proven to
be excellently suited®® for adopting nearfield trapping to
the capture and detection of individual
molecules.'®*"*” Various aspects have been revealed, such as a
drastic increase in capturing lifetimes,>"*” the improvement of
detection probability’®>"*”*% and the modulation of the ratio

improve
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of molecules that are trapped and released in solution by over-
coming Brownian motion.'®

Here, we present the first mechanistic study of the use of
plasmon-assisted nearfield trapping to manipulate a complete
SM trapping process including molecular capture and release
in a controlled nanogap. The presented study is based on an
unsupervised machine learning methodology to extract life-
times of both, SM capture and release states from the I(¢) read-
outs. The incorporation of SM release current signatures in the
analysis procedure represents a novelty in the field of electrical
SM detection. It enables unbiased data processing and
explores the complete junction formation and release mecha-
nism beyond the conventional focus on SM capture current
signatures only.>*~?

We have found that the nearfield optomechanical effects
alter the kinetics of both, the SM capture and release process
as well as the free-energy capture and release profiles. On the
one hand, the presence of the nearfield increases the rate con-
stant of the capture while it decreases the one of the release
process exponentially with the nearfield strength. In other
words, the nearfield can be employed to govern the kinetics of
both processes, turning the capture kinetics more favourable
than the release kinetics, i.e. making the SM capture state
more likely, and hence more stable, than the release state,
above a threshold nearfield strength. On the other hand, we
have quantified the decrease of the capture free-energy profile
and increase of the release profile. The profiles display a differ-
ence of ca. 5 k] mol™ between the laser-OFF and the
maximum employed laser power of 11 mW pm™> conditions.
The modulation of the free-energy profiles combined with the
studied kinetics variation well explains the observed I(¢) behav-
iour as defined by SM capture states dominating the electric
current readouts at the employed medium to high laser
powers.

Results and discussion

For the presented research we have employed the plasmon-
supported break-junction (PBJ) technique (see details in ESI
$1.11).>' This technique allows SM detection through electric
current measurements in the presence of a nearfield gradient
that can be tuned by the applied laser power density. Since PBJ
is an I(t) monitoring method, it allows a time-dependent elec-
trical characterisation with high temporal resolution. PBJ is a
particular variant of the break-junction (B]) technique based
on scanning tunnelling microscopy (STM),” and it is based on
an I(t) approach called blinking (see details in ESI $1.21).*3?
PBJ takes advantage of the subnanometer-precise, controllable
interelectrode distance of the STM that can be adapted to the
molecular size. The capture and release states of individual
molecules are detected in the I(t) captures as a telegraphic
signal that oscillate between two levels.>'*!%2930323% (ne
level is related to the low-current regime (Fig. 1, scenarios I, III
and V) when the molecule releases from one or both electrodes
(tip and substrate) and hence only background (tunnelling)

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Example of a /(t) readout of stochastic SM capture and release
current signatures at a fixed interelectrode nanogap distance. The tele-
graphic I(t) readout oscillates between two levels: (i) the low-current
regime Ige. (scenario |, 1l and V) occurs when the molecule releases
from one of the electrodes and only background (tunnelling) current is
detected. (ii) The high-current regime Icap (scenarios Il and 1V) occurs
when the molecule is captured in between both electrodes and closes
the electric circuit between them. The lifetime of a SM junction is the
capture dwell-time (zcap) and the timeframe between two consecutive
SM capture current signatures is the release dwell-time (zgg().

current is detected (Izgy). The other level is related to the high-
current regime (Fig. 1, panels II and IV) when the molecule is
captured between both electrodes (Icap). The (stochastic)
capture of the molecule causes the sudden increase in the
detected current (Fig. 1, scenario I to II) from Igzg to Icap
Upon release, i.e. the stochastic release, of the molecule, the
current returns from Icyp to Ixg level (Fig. 1, panels II to III
and IV to V). The duration of a SM capture stage has a charac-
teristic lifetime or dwell-time (zcap). The duration of the
release stage, i.e. the time between two consecutive SM capture
current signatures, is defined by the release dwell-time (rggy).
We have employed 1,4-benzenedithiol (BDT) as target molecule
(see sample preparation details in ESI S1.3%). Current detec-
tion focused on the BDT characteristic conductance of 1 x 10~>
G, related to a bridge contact geometry,*>>® that for our setup
and experimental conditions equals to a current signature of
2.3 nA. The detected current signature of the BDT is not
affected by the laser illumination. This is because there is a
mismatch between the energy distribution of the Au hot car-
riers (holes),’” created due to the presence of the nearfield,*®
and the HOMO level of the BDT. This mismatch prevents a
hot-carrier contribution to the detectable current.?”** The mis-
match is significant, with the HOMO level being approximately
1.2 eV away from the Fermi level of the Au electrodes,*”*°
while the applied (small) bias voltage is only 3 mV.
Time-dependent electrical characterisation was performed
with a sampling rate of 10 kHz to monitor the SM capture and
release current signatures of individual BDT molecules in the
nanogap. Representative I(¢t) readouts are presented in Fig. 2a
and c. They show how the SM capture and release states are

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Representative /(t) nanogap readouts for laser-OFF conditions
(a) and with a laser power density of 11 mW pm™2 (b) with the respective
1D histograms corresponding to the entire /(t) datasets acquired under
the same laser power density conditions of a and ¢ (b and d). 1D histo-
grams have been normalised by the total amount of accumulated
samples. The different dispersion of the high-current and low-current
regimes (amplitude of each current signal level) yields to the difference
in total peak area in (b) and (d).

clearly affected by the presence of the nearfield. Their charac-
teristic zcap and rrgr, dwell-times are modified by the laser illu-
mination conditions, namely enlarged and shortened, respect-
ively with increasing laser power. The 7csp enlargement depen-
dence on the nearfield strength is in agreement with our
recently reported works,?"*” where the SM release is stabilised
by increasing nearfield gradients, which leads to an increase
of the SM detection timescale. We have built 1D histograms
for the entire I(¢) datapoint readouts under laser-OFF and
under laser illumination conditions of 11 mW pm™ (see
power laser density calculations from (far)field laser power in
ESI S2%) that are shown in Fig. 2b and d, respectively. Under
laser-OFF conditions, the prominent peak corresponds to the
7rer, population, and contrarily, in the presence of the near-
field (laser-ON conditions), the peak corresponding to the zcap
population is the prominent one. The integrated peak area
ratio (zcap: 7rer) for laser-OFF conditions is 1:17, and under
illumination conditions of 11 mW pum™ is 4:1. It attests a
clear population inversion between zcap and zrgy, peaks for the
two laser conditions.

Clustering and statistics of capture and release states

With the aim to perform a quantitative analysis of the zc,p and
7rer, dependence on the nearfield gradients, we have moni-
tored I(t) readouts at four different laser power densities of
1.2, 4.1, 6.0 and 8.9 mW pm™2, in addition to the maximum
power of 11 mW pm ™~ and laser-OFF conditions. To perform a
complete analysis of a whole cycle of SM junction formation
and disruption (i.e. SM capture and release pair), it was necess-
ary to include also the 7.,rg;, extracted from the SM release
current signatures besides the zcap extracted from the SM
capture signatures. This analysis procedure goes beyond the
common practise in molecular electronics and SM detection
studies in which the focus lies solely on the capture current
signatures of the molecule in the nanogap (zcap).">*>>%3%3%34
To carry out the analysis of the telegraphic signal in an

Nanoscale, 2023,15, 497-506 | 499
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Fig. 3 (a) Example of data clustering of a 5-second timeframe I(t)

readout with classified SM capture (orange) and release (blue) states.
Examples of SM capture and release state dwell-times (rcap and zrgL) are
labelled in the figure. The I(t) readout was acquired employing a laser
power density of 11 mW pm‘z. (b) Population ratio between rcap and zggL
extracted from the classified entire /(t) dataset for each laser power
density, respectively (values indicated in figure). Nearfield strength
equivalents are indicated on the right.

unbiased way and hence exclude any (biased) manual data
inspection, we have developed an automatised states finder
based on the hidden Markov model (HMM) formalism.** Our
tool is an unsupervised machine learning framework for time-
series analysis based on a continuous-time algorithm that
maximizes the likelihood of a sequence of intervals.*?
Accordingly, this framework identifies and clusters (classi-
fies)** the different current levels detected in the I(t) readout
(see ESI S3.17 for a detailed description). Our states finder tool
is based on two HMM states attributed to the SM capture and
release discrete states in time, to identify and cluster the Icap
and Ipgp levels (see Fig. 3a and ESI S3.2%). This approach
results in an efficient clustering (see ESI $3.37). Facilitated by
the HMM clustering, the total 7cap and 7ggr, can be extracted
by classifying all datapoints of the I(¢) readout datasets for
each investigated laser power density. In this way, we explore
the ratios between the populations of the two states (Fig. 3b)
and assess potential correlations of the respective populations
with the nearfield strength.

From Fig. 3b we can easily note that with increasing laser
power density, the zcap relative population increases and the
7rer, population decreases (field gradient strength equivalences
in Fig. 3b and details in ESI S27). zcsp rises from an initial
mean dwell-time population of 5% under laser-OFF conditions
to 78% for the maximum power conditions of 11 mW pum™>.
On the other hand, the zgg;, population shows a negative corre-
lation with the nearfield strength and drops from an initial
relative value of 95% down to 22% as the laser power grows.
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These opposite trends of the dwell-time populations with
respect to the laser power are in line with the observations
denoted in Fig. 2. Thanks to this complete population-based
analysis, we can now define the transition laser-condition
from the least likely to the most likely state and vice versa. For
our experimental conditions, the transition point lies in the
range between 6.0 and 8.9 mW pm > where zcap (7reL) Teaches
values above (below) 50% of the total population. Below these
laser power densities, the release state dominates the I(t)
readout of the nanogap while at stronger nearfield strengths,
the capture state is the more probable one.

Studying the dwell times and modelling the SM kinetics under
nearfield conditions

SM capture and release processes in nanogaps can be under-
stood as chemical reactions of different types involving bond
formation and bond breaking (commonly desorption),
respectively,®***> each with their own kinetics.*’ As we have
seen, the nearfield clearly affects the populations of both SM
capture and release states, which implies variations in their
kinetics as a function of nearfield strength.*®*” From the dis-
tribution of zgup and 7rg values, clustered from the SM
capture and release states in the I(¢) readouts, the hidden
kinetic properties of both states can be revealed.*”~*°
Exponential probability distribution functions,’® character-
istic for Markovian processes,>" have been vastly employed in
SM kinetic studies of molecular stochastic detection®**** and
they have been well described for I(t) approaches.’®*° For the
research presented here, we have considered single-exponen-
tial distributions since we presume a single rate-limiting
process for the SM capture and release processes because of
two complementary reasons: on the one hand, the molecule|
electrode contact interface is equivalent for both contact
points (molecule-tip electrode and molecule-substrate elec-
trode) since both electrodes are made of the same material
and the molecule is symmetric. On the other hand, all the
accumulated current signatures correspond to a bridge contact
geometry,>*® thus themolecule|electrode interfaces of all
studied junctions are equivalent. A well-established method-
ology for analysing the distribution of dwell-times is based on
a semilog representation.’®** In it, the probability of occur-
rence or frequency (Y-axis) of each discrete state (here 7, X-axis)
is plotted by adding to its own frequency the sum of the corres-
ponding frequencies of all previous states and normalised by
the total accumulated frequency.”® Using the semilog cumulat-
ive frequency distribution (Fig. 4a and b), we extract a mean
dwell-time value (7) for each SM capture (7cap) and release
(7res) state by fitting a single-exponential distribution as a
function of 7,* in the form of a sigmoidal, according to

Pz)=1— exp (?) (1)

The cumulative frequency distribution is an intuitive form
of representation as the shift between sigmoidal fits is a visual
analogy to the trend for the extracted 7 values.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 1D semilog cumulative distribution plots for SM capture “zcap” (squares) and release “zge” (triangles) state dwell-times (a and b, respectively)
for each laser power density (indicated in figure). Solid lines are the fits based on eqn (1). (c) zcap (triangle) and 7geL (squares) values as a function of
employed laser power density. (d) Quantitative kinetic description of Kps (empty triangles) and Kass (empty squares) values as a function of laser
power density. Solid lines in ¢ and d are fits with the exponential function y = a exp(—c-x). Error bars in (c) indicate the standard deviation of the
dataset for each laser power density. Vertical dashed lines in (c) and (d) indicate the transitions where 7cap becomes larger than 7ggL and Kass larger

than Kp,s, respectively.

Fig. 4 shows the 1D semilog cumulative distribution plots
for zcap (Fig. 4a) and zggy, (Fig. 4b) for each investigated laser
power density. The fits of 7cap and 7rg;, show opposite trends.
The 7cap variation is correlated with the increasing laser power
density (from left to right) while, contrarily, 7rg;, is anticorre-
lated (from right to left). The extracted values of 7cap range
from 7.5 x 107> + 1.8 x 10> s to 6.1 x 10" + 1.6 x 10" s. The
ones for Zggy, range from 1.4 + 3.8 x 107" s to 1.8 x 10" = 7.9 x
107> s. Over the range of employed laser power densities, the
values thus increase by a factor 8.2 (7cap) and decrease by a
factor of 7.9 (7geL) between 11 mW pum™> and laser-OFF con-
ditions. The 7Zcap and 7rg values plotted against the laser
power density (Fig. 4c) show a positive exponential dependence
for 7cap and a negative one for 7ggr,. The plot reveals that the
nearfield effects shorten the release states, besides promoting
the capture states. The mechanics of SM trapping by means of
a plasmonic nearfield thus turns out to be more complex than
revealed by previous studies concentrating on the elongation
of the SM trapping lifetimes (zcap).>">’

This journal is © The Royal Society of Chemistry 2023

Since the rate constant (K) equals the reciprocal of 7,>° we
can deduce the SM dissociation and association kinetics to the
nanogap (Kpis = 1/7cap and Kass = 1/7geL, respectively®”*9°%)
at the temperature at which the experiment was performed
(RT). Despite the use of low and medium power (far-field)
intensities, the photothermal effects (optical heating)®’>° of
exposure of the BDT molecule to laser illumination and the
possible repercussions over its capture/release kinetics should
be discussed here. As a very recent study revealed,”® the
expected local temperature increase is estimated to be below
3 K for the nearfield in a nanogap of Au-tip|Au-surface con-
figurations in aqueous media using a tip radius of 25 nm,
and under the same laser power densities here employed,
even considering a field magnification of the order of 50,
almost twice that of ours. This temperature increase is insuffi-
cient to promote Au-S desorption,’® Au-Au fracture,®'or
thiol-Au bond instabilities that have been estimated to be sig-
nificant from a temperature increase of 30 K.®> Accordingly,
the expected small (local) thermal increase will not affect the

Nanoscale, 2023, 15, 497-506 | 501
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stability of the junction.>»*”’** Decomposition of BDT mole-
cules, as attested by previous tip-enhanced Raman spec-
troscopy experiments,*! is also not feasible assuming the
aforementioned temperature increase under the exerted near-
field under our conditions. Considering this and the fact that
unstabilising effects should lead to a decrease zcap of and an
increase of zxg;, — contrary to the effect observed here under
increasing laser power densities - we can rule out any
thermal effect on the studied kinetics.

In Fig. 4d, we have plotted the deduced Kjss and Kpis
values as a function of laser power density. The Kyss and Kpig
values under laser-OFF conditions can be considered as the
intrinsic kinetics governed by the SM in absence of an
additional nearfield trapping force (K,). Kass increases expo-
nentially with increasing nearfield gradient (i.e., shorter rgzg,
values) from 0.71 s~ under laser-OFF conditions to 5.6 s
under the maximum laser power density condition of 11 mW
pum~>. In contrast, Kp;s undergoes an exponential decrease
(i.e., longer zcap values), ranging from 13 s~* under laser-OFF
conditions to 1.6 s~ under the maximum laser power density
condition. These findings confirm that the nearfield governs
both, the SM capture and the release kinetics. As explained
above, nearfield effects on 7cap and 7gg;, are noticeable in the
I(t) readouts from laser power densities larger than 8.9 mW
pm~>. In the range between 6.0 and 8.9 mW pm™>, the zcap
state becomes the majority population. From Fig. 4c and d, we
can extract the transition point to a laser power density of ca.
7.1 mW pm™>, as indicated by the vertical dashed line, where
Tcap becomes larger than g, because the SM capture kinetics
become more favourable than the release kinetics (Kass > Kps)-
Given the opposite exponential behaviour of SM capture and
release kinetics with increasing laser power densities, and the
known reciprocity between 7gg and 7cap,”>*®® we conjecture
that the two processes should not be independent of each
other, and that an increase in one implies the decrease in the
other — we will return to this point later-.

We attribute a first-order reaction rate to the deduced SM
capture (Kags) and release kinetics (Kpys) because of the expo-
nential dependence between SM capture and release states (N)
with 7 (ref. 31) as attested by the single-exponential distri-
bution displayed in Fig. 4a and b. Thus, the corresponding
rate equation is N « exp(—Kt), where ¢ is time. Interestingly,
this expression can be associated with changes in N due to the
nearfield gradient, because the latter alters K as we observed.
The association between N and the nearfield gradient tuned by
the laser power density has already been noted in previous

works. 821

Modelling the SM thermodynamics under nearfield conditions

To date, two complementary effects have been associated with
the presence of nearfields as an enhancement for SM capture
and detection. On the one hand, there is the nearfield gradient
attractive force that induces translational mass transport
toward the center of the hotspot.”****%® This phenomenon
has been attested by the observation of an increased prob-
ability of SM capture.'®?®
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On the other hand, the nearfield gradient acts on the mole-
cule trapped inside the nanogap and causes an angular
motion of the molecule.®®®® Due to the exerted torque on the
molecular dipoles,®® in a way that the molecular orientation is
aligned along the field vector perpendicular to the nanogap
axis, thus stabilising the SM junction optomechanically. In an
earlier work, it was shown that there is an increase in the
molecule-nanogap dissociation barrier “Eg” (molecule-elec-
trode binding energy in the thermodynamic model) as a conse-
quence of this nearfield stabilisation that results in the pro-
longation of the SM capture timescales.**

To figure out the main effect that governs our observables,
we validate both effects independently. The mass transport
promoted by nearfield gradient attraction may be understood
as an increase of the local molecule concentration in the vicin-
ity of the nanogap. In order to assess this affect in more detail,
we take previous works also based on stochastic SM
detection”**® and optical trapping”® as a reference, where
changes in capture and release kinetics have been studied as a
function of the target molecule concentration. In these works,
the authors found a positive linear correlation of Kass with the
target molecule concentration, and, interestingly, a lack of cor-
relation for Kpg and the molecule concentration. Given the
mismatch between the previously described kinetic vs. concen-
tration response and our findings, here we can discard a near-
field-induced mass transport as the main parameter determin-
ing Kass and Kpgs. This result is somewhat expected because of
the absence of Brownian motion of the target BDT molecules
since they are ex situ attached (see ESI S1.31) rather than free
objects in solution. As such, it is sensible to assume that the
Eg variation is the main parameter that modulates the kinetics
of the SM capture and release processes.

According to the reasoned above, we can describe the expo-
nential increase of 7cap — 7rgr case is reasoned below — with
help of the effects of Ep according to the bond-breaking
thermodynamic theory,

E
TCAP = td - €Xp (ﬁ), (2)
B

where t4 is the diffusive relaxation time inherent to the system,
kg is the Boltzmann constant and 7 is the temperature.
According to this thermodynamic theory, Eg is susceptible to
modification by external parameters, such as mechanical
forces®™”! or external force fields.?! In this context, the Eg
increment (decrement) affects the stability of the SM contact,
enlarging (shortening) its timescales. It has been shown pre-
viously that the presence of a nearfield gradient in the gap
increases Eg, and thus, exponentially elongates the SM capture
timescales (zcap),>'>” in line with the observed total Zgap for
each laser power density (Fig. 4c, orange traces). Given the
aforementioned reciprocity between 7gg;, and 7cap, it is plaus-
ible to consider that 1/7gg o exp(Eg/ksT).** In this way, the
opposite behaviour of g, with respect to 7cap that shows an
anticorrelation to the nearfield gradient (Fig. 4c, blue traces) is
explained. From the laser power densities employed here, the

This journal is © The Royal Society of Chemistry 2023
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energy gain provided by the nearfield gradient to Eg can be cal-
culated as previously described (details in ESI $21).*"*” The
increase in Ep in the employed laser power range ranges from
0.80ksT nm ™" for the minimum laser power (1.1 mW pm™>) to
2.2kgT nm™" for the maximum laser power (11 mW pm™2).
Thus, according to eqn (2), an exponential increase of zcap
between a factor of 2 and 8 can be estimated between the
minimum and maximum laser power density, respectively,
compared to the 0 mW pm™> case (laser-OFF conditions).
Analogously, and following the mentioned reciprocity, the
exponential decrease of zggy, can be estimated to lie between a
factor 1/2 and 1/8. Despite the approximations in the field
enhancement, the estimated exponential increase (rcap) and
decrease (rggp) factors agree very well with those observed
experimentally, as discussed above.

The optomechanical stabilisation effects of the nearfield
gradient through an increase in Eg have been validated to be
the main parameter affecting 7 and the associated kinetics.
Given the relation between Eg of the molecule-nanogap bond
and the capture and release processes of the molecule,*>”? it
seems fair to assume that the respective associated release
free-energy (AGggr) and capture free-energy (AGmcap) barriers
are also affected by the nearfield gradient.

Interestingly, previous SM studies have demonstrated
experimentally®>”? that the presence of strong electric fields
facilitates SM trapping in nanogaps, reporting a AGcap €Xpo-
nential decrease and a AGgg, increase correlated with the elec-
tric field strength. As theory predicts,”* electric fields are
capable of modifying the AG profiles of a trapping nanogap.
Here, making use of the Eyring-Polanyi equation,””

ks T ~AG
n eXp( RT ) ®)

k=«-

(where %, k and R are the Planck constant, the pre-exponential
factor and the gas constant, respectively), we can relate the
changes of Kyss and Kpys to free-energy (AG) variations, and
hence prove a similar dependence for both AGcap and AGggr,
but as a function the strong electric field gradient imposed by
the nearfield. Accordingly, from eqn (3), AG for each SM
capture and release state, respectively, can be deduced in a
straightforward way, knowing that x approximates to unity for
SM reactions.”®”® In Fig. 5, AGcap values as extracted from
Knss and AGgg, values as extracted from Kps (¢f plots in
Fig. 4) are plotted for each investigated laser power density.
The order of magnitude of the calculated AG values of around
70 kJ mol™" fits with the magnitude of the AG estimated for
the adsorption of a thiolated-based SM contact employing a
break-junction technique with Au-Au electrodes.”” AGcap
decreases by ca. 5.0 k] mol™" from 73.9 kJ mol™" for the laser-
OFF condition to 68.7 k] mol™* for the maximum laser power
density employed. Simultaneously, AGgg;, shows the opposite
trend and increases by ca. 5.0 k] mol™* from 66.6 k] mol™ up
to 71.8 kJ mol™". These opposite correlations confirm that the
SM capture mechanism is enhanced by higher laser power
densities while the release mechanism is hindered, because

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Capture and release barriers, AGrg. and AGeap, respectively, as a
function of the laser power density. The dashed lines are a guide to the
eye. Vertical dashed line at 7.1 mW pm~2 indicates the transition where
Kass becomes larger than Kps according to Fig. 4. Green arrow indicates
the intersection point between AGgrg. and AGcpp trends.

the molecule-nanogap bond is stabilized by an increased Eg.
The transition point at which a Ggap becomes smaller than
AGgg;, under increasing laser power densities at ca. 7.3 mW
pm~? (indicated by the green arrow in Fig. 5) is located very
close to the value deduced from the kinetic analysis above (i.e.,
a laser power density of ca. 7.1 mW pum™?) indicated as a verti-
cal dashed gray line in Fig. 5. Note that the mismatch between
both values, could arise because the traces between datapoints
are a guide to the eye and not the result of a fitted function
unlike in Fig. 4.

Our estimates of AGcap and AGgg, have been extracted
from the kinetic parameters Kjsg and Kpis. Both AG para-
meters could be influenced by different factors present at the
molecule|electrode interface, beyond the one molecule-
nanogap bond. Multiple surface effects due to optical
irradiation have been reported that could influence the AG
profile. They are the thermal atomic expansion of the elec-
trode,® that can result in a size variation of the nanogap on
the sub-A scale,®* and the creation of picocavities at RT.** The
effects of the nearfield over the Au electrodes’ surface on our
experiment is essentially avoided since the laser irradiation is
activated prior to definition and stabilization of the interelec-
trode nanogap. The laser power density condition is then
maintained throughout the respective experiment (see details
about PB] methodology in ESI S1.17). Thus, if at all, thermal
nanogap shrinkage would occur before the SM detection
experiment and be counterbalanced by the STM I(¢) feedback.
Furthermore, using MilliQ water as working medium displays
excellent heat dissipation, which contributes to the minimiz-
ation of thermal electrode expansion. Note that, by employing
PB]J, the atomic rearrangement or any other surface dynamics
of the Au atoms would be detectable as fluctuations in the I(¢)
readouts'® and should be particularly evident in the longer
Tcap States. Since we do not observe any significant depen-
dence of the magnitude of the fluctuations on the laser power
density, we can again exclude motion-related effects.
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As we previously stated, SM capture and release processes
must be coupled since they are mutually dependent, which is
in line with the assumption that they can be considered parts
of a single metastable state.®* Interestingly, the same meta-
stable treatment is given to the bond-formation and -breaking
processes, which govern the SM capture and release respect-
ively, in the bond-breaking thermodynamic theory for SM junc-
tions,”® where both processes are understood as counterparts
of a dynamical state. Accordingly, we speculate that the near-
field gradient (correlated with the laser power density) alters
the equilibrium of the dynamic “Kyss 2 Kpys” state by displa-
cing it toward SM capture. As the laser power density increases
(higher Eg), the formation of the molecule-electrode bond is
promoted, AGgap decreases and the molecule has a higher
probability of being captured (Kass increases) while in the
counterpart of the equilibrium displacement, AGgg;, increases
and the probability of molecule release diminishes (Kps
decreases). This idea justifies the mismatch between the
observed changes of Kass and Kpjs under increasing laser
power densities in our work and those due to increasing con-
centrations in earlier studies.?””®®>7° In these studies, as
explained before, the release process is independent of the
concentration change and shows no correlation with the trap-
ping process. We, on the other hand, have observed a negative
correlation between Kuss and Kpys with increasing laser power
densities. We can relate this fact to the displacement between
the capture and release equilibrium. The anticorrelation
between Kass and Kpis under growing laser power densities,
and their followed behaviour different from the reported by
changing the captured molecule’s concentration, lead us to
think that the kinetic parameters deduced from the I(¢) read-
outs encompass primarily the SM capture and release pro-
cesses, and disregard the involvement of surface and/or mole-
cular transport,'®2%%%82 processes out of the equilibrium.

Conclusions

In summary, thanks to the PBJ technique we have studied
mechanistically, for the first time, the manipulation effects of
the over the SM capture and release processes in plasmonic
nanogaps. The nearfield gradient’s optomechanical stabilis-
ation complementary to the extending SM capture lifetimes,
also shortens the release times of the trapped individual mole-
cule with the interelectrode nanogap. The induced changes in
the timescales for SM capture and release processes are close
to an order of magnitude for the employed laser mid-power
range. The stabilisation effect is due to the fact that the near-
field alters the capture and release mechanism by changing its
kinetics, increasing the capture rate from a Kjgg of 7.1 x 107"
s™' to 5.6 s', and decreasing the release rate from a Kp;g of 13
s~' down up to a 1.6 s in the employed laser range, ie., the
capture kinetics becomes more favourable than the release
kinetics. Under laser-OFF conditions and low laser power den-
sities, the release state is the most likely, but above the tran-
sition point, found at a power laser density of ca. 7.1 mW
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pum™2, the capture state dominates over the release. We associ-
ate the described kinetics variation with the increase of Eg,
which is dependent on the growth of the nearfield gradient.
We have also estimated how the AG profiles of the capture and
release mechanisms vary, decreasing the former and increas-
ing the latter by about 5 k] mol ™" for both, thus facilitating the
SM capture inside the nanogap. The mechanisms of the SM
capture and release processes are clearly tuned by the nearfield
gradient. Likewise, they also prove to be coupled and depen-
dent to each other, as their changes in kinetics and thermo-
dynamics show a clear anti-correlation between them, since
they can be considered counterparts of the metastable state of
the molecule in the junction.

As we have reported in previous works, electrocatalysis at
SM level is possible in interelectrode nanogaps under exerted
strong electric fields applied via accessible voltages by an
STM."*** By combining the nanogap’s electrocatalytic capa-
bility with the nearfield capacity to affect the molecule’s
capture and release mechanism, different applications can be
envisaged. On the one hand, the enhanced capture process
will improve the efficiency of the SM catalysis, by stabilising
the reactant molecules inside the nanogap for extended resi-
dence timescales. On the other hand, the enlarged monitoring
timescales (i.e. higher temporal resolution), yield by the pro-
moted longer capture lifetimes, will allow obtaining hidden
insights into catalysed SM reactions. This fact is especially rele-
vant for slow kinetic SM processes that have longer timescales
than the common (non-plasmonic) electrical SM detection
times.
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