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In this work diamino-porphyrin derivatives, in their free base or cobalt complex forms, have been used to
construct SMJs. Porphyrin oligomers were covalently bonded to a bottom electrode by diazonium cation
electroreduction and a STM tip was used to complete the junction. Conductance versus time (Gf(t)
measurements reveal stable SMJs with lifetimes as long as 70 s, attributable to the diazonium bonding
procedure and the amino anchoring groups. SMJ conductance was studied statistically by three methods:
the STM-bj Gistold) histograms, STM Giimelt) and voltage-dependent G,o(V) heat maps. Conductance and
attenuation factors () for Co or free-base porphyrin SMJs, compared by the three methods, are fully
consistent, length-dependent and show a strong molecular signature. Trends in the variation of the
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Introduction

With electronic devices continuously shrinking,'” resolution
approaching a few nanometers® and the introduction of verti-
cally aligned field-effect transistors,™ two-terminal vertical
single-atom or single-molecule devices may soon become a
realistic alternative to silicon-based devices. Two-terminal
atomic switches,® in which a single atom connects and dis-
connects two electrodes have already been proposed as an
emerging memory technology.”® Such redox-active devices
can be reversibly switched at potentials below 1 V° and are
thus capable of saving a great deal of the energy used in data
storage compared to present technologies.'® Two terminal
molecular junctions (M]s), in which molecules are connected
between two electrodes, are also proposed as potential
building-blocks in nanoelectronics."" ™" Large-area MJs and
single molecule junctions (SMJs) have allowed investigation
of electron transport properties at complementary scales,”* >’
and specific MJs show functional conductance switching beha-
viours triggered by bias,*® redox reactions,> or light.>*?°
Current versus potential curves characterize MJ transport prop-
erties and depend mainly on the molecules used, on the
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attenuation factors versus voltage indicate a voltage-driven f decrease for both types of SMJ.

distance between the electrodes and on the coupling of the
molecules to the contacts.****

The most popular method for generating SMJs is the scan-
ning tunneling microscopy-break junction (STM-bj) techni-
que.** Most STM-bj studies report the molecular conductance
at a fixed and small bias, and I/V curves are not systematically
reported,®** as STM-based SMJs have proved to be unstable.
The mechanically controlled break junction (MC-bj) is an
alternative method where horizontal SMJs are generated in a
nanogap between two electrodes.”> ™’ SMJs generated by MC-bj
are more stable,”®>' and I/V measurements on such devices
have been reported.>>* SMJs built using all carbon electrodes
have been a new tendency’*” where the constructed SMJs,
allowed the development for studying various effects on
transport®®>® and for monitoring physical and chemical pro-
cesses at the single-molecule level.®*!

Current versus time curves during SM] formation have also
been measured using STM-bj and MC-bj set-ups and nano-
gapped graphene point-contact arrays. When a STM set-up is
used, the tip is first brought up to a conductive surface using a
tunneling set-point to fix the distance between the tip and the
surface. Then the feedback is switched off and the current
versus time curve is recorded. If a molecule bridges the gap
between the tip and the surface, an SM]J is obtained, and its
formation can be observed as a typical telegraph signal between
two states corresponding to ON (SM] created) and OFF (no SM])
current.®>®* This is often referred to as an STM “blinking”
experiment where a short lifetime of less than a second is
generally recorded at room T. In most publications the mole-
cule is in solution and remains mobile, as it is still in contact
with a liquid environment. This and the natural drift of the tip

This journal is © The Royal Society of Chemistry 2024
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provoke instability and the breaking of the junction. A success-
ful improvement of this technique was recently reported using
electrochemistry to form both ends of the SMJs with Au-C and
Si—C molecule-electrode contacts; this extends the SMJ lifetime
to as long as around 1 second.’®®” Recently, we reported SMJs
generated using a strategy, where molecules are first immobi-
lized in a compact layer on a surface by means of diazonium
electroreduction.®® In this way, the individual molecular mobi-
lity was suppressed. STM-based SMJs were easily generated and
the tip was stabilized in contact with a single immobilized
grafted oligomer for as long as 10 seconds for SMJs generated
from 5-aminophenyl-15,20-diphenylporphyrin (TPP-NH,) and
its corresponding Co(i) complex, (CoTPP-NH,).*

The present work reports the fabrication and the character-
ization, using a STM set-up, of porphyrin-based SMJs from 5,10-
diaminophenyl-15,20-diphenylporphyrin (H,N-TPP-NH,) and
its corresponding Co(u) complex, (H,N-CoTPP-NH,). One of
the amino groups serves as precursor for diazonium electro-
reduction on the bottom electrode as in our previous study®®
and the other acts as additional anchor for the Au STM-tip top-
electrode (Fig. 1). Porphyrin oligomers were thus covalently bonded
to the bottom electrodes by diazonium electroreduction”®”* and a
STM tip was used to complete the junctions. The stability and
charge transport properties of the SMJs derived from these mole-
cules are compared with those obtained from TPP-NH, and CoTPP-
NH, SMJs* and underline the effect of the additional top NH,
terminal. We show that the SMJs lifetime is improved and can
reach a minute, which makes I/V characterization easy to perform
at the single-molecule level. SM] conductance was statistically
studied by three methods: the STM-bj Ghisio(d) histogram, STM
Giime(t) and voltage-dependent G,.(V) measurement. Attenuation
factors (ff) were investigated and compared for Co and free-base
porphyrin SMJs using the three methods. Thanks to the I/V
characteristics, attenuation trends versus voltage were plotted at

Fig. 1 Diazonium-based porphyrin SMJs: (a) and (b) Scheme of MTPP
building blocks grafted on the bottom electrode where M is cobalt(i) or 2H
(c) Scheme of Au-[CoTPP],-Au SMJs, n = 1-3.

This journal is © The Royal Society of Chemistry 2024
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the single-molecule level and a voltage-driven f# decrease was
evidenced and analyzed.

Results and discussion
Immobilization and characterization of the grafted oligomers

The free base, 5,10-diaminophenyl-15,20-diphenylporphyrin
H,N-TPP-NH,,”* and its corresponding Co(n) complex, H,N-
COTPP-NH,,”* were synthesized by known procedures. The two
molecules have identical structures (AMPAC-calculated mole-
cular length of 2.2 nm) except for the presence or absence of the
coordinated transition metal ion. Detailed electrochemical
properties of H,N-TPP-NH, and H,N-CoTPP-NH, in solution
are described in the ESIT (Fig. S1-S3). [TPP], or [CoTPP], (n = 1-
3) oligo-porphyrins of controlled thickness were grafted onto
ultra-flat gold substrates (deposited on Si/SiO, wafers) by
diazonium cation electroreduction. The diazonium derivatives
were first generated in situ by adding 15 equivalents of #-butyl-
nitrite (tBuNO2)”>”” then reduced by sweeping the potential
ranges applied on the gold electrode (the number of scans is
varied: Table S1, ESIf). The [CoTPP],-modified electrode
was then studied by cyclic voltammetry (CV) limited to the
reduction process centred on the Co ion. The CV curve (Fig. S1,
ESIt) shows the reversible reduction wave at E;p= —0.9 V
(AE, ~ 0 V at low scan rates). The shape of this signal is
characteristic of immobilized electroactive species and
indicates that the film deposited is very stable. Integration of
the redox peaks yields an apparent surface concentration
(Fig. S1 and Table S1, ESI}), showing that the grafted films
are based on oligomers (variable n-mers) of [COTPP]. By the
AFM scratch technique’® (Fig. S2 and S3, ESIf), average
thicknesses of 2.5 + 1 nm (n = 1-2), 4.5 £ 1 nm (n = 2-3),
and 6.5 = 1 nm (n = 3-4) were found for [TPP],, or [COTPP],.
XPS was also used to characterize the 2.5 £+ 1 nm monolayers
(Fig. S4, ESIY). Briefly, the C;4, Ny5 and Co,, signals indicate
that the porphyrin structure is unaffected by the electrochemi-
cal grafting. The cobalt signal consists of two peaks at 780.4 eV
and 796 eV that correspond to Co,p3/, and Co,pq/2. The splitting
and the positions of the peaks indicate that the cobalt is in the
+2 oxidation state.”® The Ny, signal is observed with two peaks
at 399 eV and 400.5 eV. The first one is due to a porphyrin unit
bound to a metal center® (here cobalt) whereas that at 400.5 eV
can be attributed to free amino groups.®' The ratio of nitrogen
at 399 eV to cobalt is 3.5, close to the theoretical value of 4 (and
indicating that most of the porphyrin units are complexed to a
cobalt center) whereas the ratio of nitrogen at 399 eV to
nitrogen at 400.5 eV is 4 and suggests that this monolayer is
terminated by an amino group (Fig. 1b). To check this point,
monolayers generated using mono-amino-porphyrins (5-(p-ami
nophenyl)-10,15,20-triphenylporphyrins) were deposited on
gold and analyzed by XPS. The N;4/Co,, atomic ratio is again
3.5 but the nitrogen signal shows only one peak at 399 eV and
no peak at 400.5 eV. The overall ratio of Ny4/Co,;, is thus 3.5 and
4.5 when the monolayers are generated from cobalt mono-amino-
porphyrin and diamino-porphyrin precursors, respectively, which
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confirms that, in marked contrast with the oligomers studied in
ref. 68, 69, an extra amino group terminates the layers gener-
ated from cobalt diamino-porphyrin building blocks.

The compact layers of grafted oligomers of different lengths,
covalently C-Au bonded perpendicularly to the bottom elec-
trode, were used to construct stable SMJs using an STM set-up,
and several methods were used to investigate transport
properties.

STM-bj conductance measurements of grafted cobalt(u) p-
aminophenylporphyrin

The first method is the widely used STM-bj technique.** The
STM tip is repeatedly driven into or pulled out of contact with
the preformed oligomers, and the current through an Au-
molecule-Au SM]J is recorded at a low bias voltage (<0.2 V).
The current plateau in the conductance versus distance (G(d))
traces during this process indicate the formation of an SMJ.
Hundreds of G(d) traces with plateaus are selected to construct
a histogram giving a most probable average conductance value
for the many unstable SMJs obtained. The conductance values
measured by the STM-bj technique are defined as Gp;so. Typical
G(d) traces with plateaus (Fig. 2a and Fig. S5 and S6, ESIt)
whose lengths range from 3 A to 1 nm clearly indicate that
Au-[COTPP],-Au SM]Js are formed (length-conductance two-
dimensional histograms of the generated SMJs are shown in
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Fig. S7, ESIY). Fig. 2b shows the Au{CoTPP];-Au SM] conduc-
tance histogram constructed from hundreds G(d) traces at a low
bias voltage (0.025 V). High-(HC) and low-conductance (LC)
peaks are visible in the histogram with values centred at 2.5 and
5.3 x 107? G,, respectively, where G, is the quantum conduc-
tance. The CoTPP oligomers do not support conforma-
tional switches or changes of junction geometry due to
stretching.*>*>#* The HC and LC peaks observed, with a small
conductance shift of less than half an order of magnitude, can
most likely be attributed to different molecule/electrode (- or
G-) contact geometries as already observed by many groups.®**”
The LC peak is always stronger and gives the main conductance
value, whereas the HC peak is often broader and weaker.

STM-G(t) experiments on grafted cobalt(u) p-
aminophenylporphyrin

In this second method, different from the bj technique, the
conductance versus time (G(¢)) traces are recorded at a fixed tip-
surface distance (STM feedback off). These G(¢) traces charac-
terize not only the average conductance (defined as Gyine) of the
SMJ but also the limited lifetime during which a molecule
bridges the gap between the two electrodes. The telegraph G(¢)
signals observed in Fig. 2¢ and Fig. S8 (ESIT) demonstrate the
alternating formation (state ON) and breakdown (state OFF) of
an Au-[CoTPP];-Au SM] (Fig. 2d). Each “ON” conductance
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(a) Conductance G(d) traces of Au-[CoTPP];-Au SMJs (b) G(d) histogram for Au-[CoTPP];-Au SMJ. Set point: I = 1 nA; Us = 0.025 V. (c) G(t) traces

from Au-[CoTPP];-Au junction. Set-point: Iy = 1 nA; Us = 0.05 V: (d) Scheme showing the SMJ ON (tip in contact with the molecule) or OFF (tip not in
contact) states inducing conductance vs. time telegraph signals. (e) G(t) trace showing stabilization of a SMJ with lifetime of 70 s; G(t) blinks between the

LC and HC states without junction breakdown.
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plateau lasts initially a very short time (less than 0.5 s in Fig. S8,
ESIt). This phenomenon is often referred to as SMJ “blink-
ing”.*"%” The conductance in the ON state is 2.5 x 10> G,
(Fig. 2c¢) and corresponds to the LC state of the STM-bj
histograms. Moreover, the SM] “blinks” for about 15 s in this
experiment. Such a long cycle of repeating ON/OFF alternations
has very rarely been observed for STM-generated SMJs and
could indicate a tendency to form more stable SMJs. Fig. 2e
shows another experiment in which the junction stabilizes after
a short initial blinking period. In this typical G(¢) trace (Fig. 2e)
the conductance is initially close to zero (STM tunneling set-
point) as the SM]J is not yet formed but then jumps and
stabilizes around two distinct values of 2.5 x 107 G, or
5.6 x 10~% G,. The long conductance plateaus in Fig. 2e (with
two distinct values) indicates the formation of an individual
Au-[COTPP];-Au SM]J. The two different conductance plateaus
can be identified as the HC and LC states, which are consistent
with those identified by Gpiso from STM-bj experiments
(Fig. 2a). An important result is the observation for the very
first time of an Au-[CoTPP];-Au SMJ generated with a STM
setup, with a lifetime as long as 70 s before total breakdown.
More G(¢) traces with lifetimes of tens of seconds were easily
obtained (Fig. S9, ESIT), which indicates that the long lifetime
of the SMJs is reproducible. Alternations between the LC and
HC states during the long duration of the SMJ (Fig. 2e and
Fig. S9, ESIt) are attributed to the variation of tip-molecule
contact geometry.** 3¢ Interestingly, the SM] does not break
down, despite the LC and HC fluctuation. The SMJ LC plateau
lasts around 55 s in total, much longer than that for HC (15 s)
which indicates that the LC state is preferred. Moreover, the LC
and HC fluctuation shows that SM]Js fabricated using layers

(a)

length 1 2 3
(n=1,2,3)

Conduc
(1036,)

o ’ 1.8 ‘ i

Counts

—_

o
O

bl

o
-

=
[
o
c
©
-
o
]
°
c
(=]
o

A
n=1

12

4 8 s
Conductance (10°G,)

Conductance(103G,)

0 2 4 6 8

Conductance (10°G,) Time (s)

View Article Online

Journal of Materials Chemistry C

generated by diazonium electroreduction are a good platform
for monitoring molecular physical and chemical processes at
the single-molecule level very similar to nanogapped graphene
point-contact arrays.>>°*

Ghisto and Gime heat maps of free base and cobalt(u)
p-aminophenylporphyrin oligomers

The Au-[COTPP],-Au and the Au-[TPP],-Au SMJs have exactly the
same configurations and terminal groups except for the
presence or absence of the coordinated metal ion. Comparison
of the two SMJs clearly reflects the influence of the cobalt center
on the SMJ transport behavior. By means of the STM-bj tech-
nique, typical G(d) traces with visible plateaus are displayed
(Fig. S5 and S6, ESIT), indicating SMJ formation. Conductance
histograms, constructed from hundreds of such G(d) traces,
indicate the most probable conductance values. Fig. 3a and e
shows the combined conductance histograms from both Au-
[COTPP],-Au and Au-[TPP],-Au SMJs, respectively, for three
different length (n = 1, 2, 3). Values of Gyjso for the
Au-{CoTPP],-Au SMJs are around 2.6 x 10> Gy, 1.8 x 10> G,
and 1.1 x 107> G, for n =1, 2, and 3, respectively (Fig. 4a inset).
Corresponding values for the Au[TPP],-Au SMJs are 3.2 x 10>
Go(n=1),1.1 x 10 G, (n=2) and 2 x 10~* G, (n = 3) (Fig. 3e
inset). Note that HC and LC states are not easily detected in the
Ghisto Mmeasured with the [TPP], oligomers.

G(t) measurements have been performed for all these sys-
tems and are reported in Fig. S10 and S11 (ESIY) (the lifetimes
of these SMJs are all around 1 min). With our strategy of SM]
fabrication, individual SM]Js can be stabilized easily with life-
times of tens of seconds. Two-dimensional (2D) G(¢) heat maps
for many SMJs, each constructed from hundreds of traces, have

(c)

T 5 3
Time (s)2

Time (s)

Fig. 3 Combined STM-bj histograms: (a) Au-[CoTPP],-Au and (e) Au-[TPP],-Au SMJs (n = 1-3). Inset tables indicate the conductance values. (b)—(d),
(f)=(n) Giime 2D heat maps for both SMJs with different junction lengths (n = 1-3).
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In-depth //V characteristics of SMJs: (a) typical Au-[CoTPPI;-Au Gft) trace; the colored dots indicate the 0.6 s time for an //V measurement. (b)

Three different I/V traces from junctions of (a). 2D //V heat maps for (c)—(e) Au-[CoTPP],-Au and (f)-(h) Au-[TPP],-Au junctions of different lengths, n = 1,

2, 3, respectively.

been obtained and are displayed with a 3 s time window (Fig. 3).
In Fig. 3b-d, the Au-[CoTPP],-Au G(¢) heat maps for SMJs of
different lengths show clearly two distinct conductance values,
distinguished again as the LC and HC states. The conductance
values from the initial STM tunneling set-points are visible as a
bottom heat line. The LC states are always ‘hotter’ than the HC
states for the three SMJs (Fig. 3b-d). These results are in
agreement with the STM-bj observations, where the LC peaks

4330 | J Mater. Chem. C, 2024,12, 4326-4335

are stronger than the HC peaks (when observed) and are the
main conductive states. These observations also confirm that
LC and HC states are obtained with all SMJs, which is not
always obvious from the STM-bj histograms of Fig. 3a and e.
Both the Gyisto and the Gime heat map analyses indicate that
Au-[COoTPP],-Au SMJs transport charge efficiently, with rather
high conductance values (10~* G,) which fall relatively slowly as
the junction length increases.

This journal is © The Royal Society of Chemistry 2024
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The 2D Ggme heat maps from the Au-[TPP],-Au SM]Js are
displayed in Fig. 3f and h; the LC and the HC states are again
distinguishable, and the conductance values in good agree-
ment with the Gy;go results. However, the conductance of the
Au-[TPP];-Au SM]J is surprisingly higher (3.5 x 107° G,) than
that of the Au-{COTPP];-Au SMJ (2.6 x 1072 G,).*®°*%% In the
case of longer SMJs, the conductance values (both Gime and
Ghisto) Of Au-[COTPP],-Au are greater than those of the
Au-[TPP],-Au (n = 2, 3). The Au-[TPP],-Au SM]Js show a faster
conductance fall-off with the oligomer length, and both G,
and G decrease by more than one order of magnitude (from
107> to 10™* G,). This indicates that the coordinated Co metal
center has a strong impact on the conductance and promotes
charge transport more efficiently over a greater distance (6 nm)
than the free base. We attribute this phenomenon to the
HOMO and LUMO of [CoTPP], being closer to the gold Fermi
level than those of the [TPP],, which is in line with the
electrochemical results (Fig. S12, ESIt). The SMJ 2D G(¢) heat
map has been very rarely achieved; it provides statistical
information about SMJ conductivity and stability. Our result
reveals that Gyme measurement and the corresponding heat
maps can be used as an effective and reliable method for SMJ
characterization.

I/V measurements

To go a step further, it is important to study the voltage-
dependence of charge transport, i.e. to perform I/V measure-
ments at the single-molecule level, which is usually difficult,
despite its intrinsic role in the understanding of molecular
electronics.

The results in Fig. 2 and 3 demonstrate that we can easily
stabilize a molecule between the STM tip and the bottom
electrode for a long time (tens of seconds). Once stabilized on
the G(¢) plateau, the applied bias voltage can be swept, and the
current measured so that SMJ I/V curves are obtained. For
example, for an Au-[CoTPP];-Au SM], during the 4 s G(¢) plateau
(Fig. 4a), I/V curves (each lasting about 0.6 s) can be easily
measured in the —1 to +1 V voltage range (Fig. 4b). By repeating

View Article Online
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the procedure, we record hundreds of 1/V curves and construct
2D I/V heat maps on both Au-[CoTPP],-Au and Au-{TPP],-Au
SMJs of different junction lengths (Fig. 4c-e and f-h, and
Fig. S13, ESI} for an overlay). The I/V characteristics are easily
accessible and are clearly reproducible in our case thanks to the
high SM] stability, although single-molecule level I/V measure-
ments are known to be challenging. For both types of SMJs, the
I/V curves rise linearly with the bias voltage within a small
voltage range (<0.2 V) and then increase more rapidly (non-
linear increase) at higher voltages. Another important observa-
tion is that the 2D I/V characteristics of Au-[CoTPP],-Au SMJs
depend less on the junction length than those of Au-[TPP],-Au
SMJs. This demonstrates again the strong influence of the Co
cation on SMJ conductance.

Attenuation plots by the three methods

The attenuation plot (or f plot) is defined by G = Goe * where
G, is the pre-exponential factor and d is the junction length. It
characterizes the conductance dependence on the molecular
junction length and reveals key differences in transport
mechanisms.>***°"%% The f values (at low bias) for the Au-
[COTPP],-Au and Au-[TPP],-Au SMJs, calculated from the differ-
ent G(d) (STM-bj histograms), G(¢) (stabilized SMJ conductance)
and G(V) (calculated from the current (of the I/V curve) divided
by the corresponding voltage) methods in Fig. 5a-c are defined
in what follows as f4, f; and fy, respectively.

First, using the STM-bj method, a f; value around
0.25 + 0.1 nm ' is obtained for Au{CoTPP],-Au SMJs (LC
states) (red plot in Fig. 5a), while a value around
0.68 + 0.1 nm ™" is found for Au-{TPP],-Au SMJs (blue plot in
Fig. 5a). (The HC states being not clearly observed for all n-mers
by the STM-bj methods are not displayed in Fig. 5a). The
applied bias voltages for measuring the conductance are very
small (0.025 to 0.1 V) and are thus within the linear I/V range, as
discussed above. Second, f, values are calculated from the
stable G(¢t) traces in Fig. 3 and f, values for the LC and HC
states can be measured. The f3, values (Fig. 5b) for HC and LC
states are similar and show good agreement with those found

Ja) G(d) (b) G(t) (c) G(V)
Sr S
B~0.25 nm! i p~0.21 nm™ B~0.32 nm
s I 0 | ™y
2
57t
8l =
% Diamine-CoTPP-LC ~0.61 nm
9l % Diamine-CoTPP-HC
B Diamine-CoTPP-LC  3~0.68 nm™ @ Diamine-TPP-LC B~0.67 nm? | @ Diamine-CoTPP
10 @ Diamine-TPP-LC ) ® Diamine-TPP-HC . @ Diamine-TPP .
i 2 4 6 2 4 4
Length (nm) Length (nm) Length (nm)

Fig. 5 Attenuation plots vs. thickness dependence for Au-[CoTPP],-Au and Au-[TPP],-Au SMJs (n = 1, 2, 3) using three different methods: (a) G(d), (b)
G(t) and (c) G(V) values are shown. Corresponding f factors are the slopes of the lines. Full and dashed lines are plotted from the LC and the HC values,

respectively. Bias voltage: Us = 0.025-0.2 V.
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from the STM-bj f3; values for both Au-[CoTPP],-Au SMJs and
Au-[TPP],-Au SMJs. Finally, SMJs conductance values (defined
as Gy,¢) are measured from the I/V curves (Fig. 4) at low voltages
(0.025 and 0.05 V) for Au-[CoTPP],-Au and Au-[TPP],-Au SMJs of
different lengths. These two voltage values are chosen to
calculate the attenuation factors because they are within the
linear I/V ranges used for the G(d) and G(¢) measurements. The
B, values thus calculated are 0.32 + 0.1 nm~" for Au-{CoTPP],-
Au and 0.63 + 0.1 nm " for Au{TPP],-Au SMJs (Fig. 6¢c). Note
that the G(V) curves are usually obtained with higher noise
levels due to the applied voltages (broadening of the heatmap
in Fig. 4) and it is difficult to distinguish the different LC and
HC states. The f3, values are thus extracted using the average
values of the G(V) heatmaps and show slight difference com-
pared to f§; and f;. A very important result is that f§ values (at
low voltage) can thus be obtained from the different G(d), G(¢)
and G(V) methods, and show good agreement, with only minor
differences (£0.1 nm™'). To the best of our knowledge, f,
values have never been reported and compared to f§; and f,
previously at the single-molecule level. This also demonstrate
that the I/V characteristics reported here are highly reliable.
These f values, for both the -[CoTPP],- and -[TPP],- SMJs, are
rather small compared to those for conjugated SMJs in the non-
resonant tunneling regime (f; = 2 nm™")*® but are close to
those for porphyrin-based molecular nanowires already
published.?>*>°® They show that the conductance of Au-
[COTPP],-Au is much less sensitive to the junction length (from
2 to 5.5 £ 1 nm) than that of Au-[TPP],-Au SMJs. The smaller
f value for Au-[COTPP],-Au SMJs is generally interpreted as
meaning that the HOMO of CoTPP is closer to the Fermi level of
the bottom gold electrodes than is that of the free base, and
that this difference leads to more efficient longer-range charge
transfer This suggests that the Au-[TPP],-Au SMJ is most
probably dominated by non-resonant tunneling transport
whereas the Au-[{CoTPP],-Au SMJ] has combined transport
mechanisms, with both near resonant tunneling and intra-
chain hopping®"**?*'3%97 (although identifying the dominant
mechanism using transport measurements at various tempera-
ture is beyond the scope of this study). The cobalt ion has a

—
[+))
—
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On 3
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o
w— Polynomial fitting
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strong signature on the SMJ transport properties; this has been
previously demonstrated by both the authors and other groups
for similar metal-porphyrin wire systems.®*°¢

Voltage effect on attenuation factors

SMJs conductance is known to show pronounced dependence
on the junction length, which is reflected by the attenuation
plots. Surprisingly, less is known about how the applied bias
voltage affects the attenuation factor at the single-molecule
level, and only few experimental results have been reported.**

The Au-[COTPP],-Au or Au-[TPP],-Au SM]J I/V curves (each
averaged from five individual curves) at three different oligo-
mer lengths are superimposed in inset images of Fig. 6a and b.
To understand the bias-driven conductance variations, the /3,
values (Fig. S14, ESIt) have been calculated at different bias
voltages, by the method described in Fig. 5c. The f, versus
voltage variations are depicted in Fig. 6a and b for both the Au-
[COTPP],-Au and the Au-[TPP],-Au SMJs.

For Au-[CoTPP],-Au SMJs (Fig. 6a) the f3, value is initially very
small (0.3 nm™" at 0.05 V). The B, values appear to plateau at
voltages below +0.1 V, the voltage range used for STM-bj
measurements. SMJ conductance shows a very weak response
to voltage changes. This is also the voltage range where the 1/V
curves in Fig. 5 appear linear. When the bias voltage increases
(negative or positive), the f3, values fall to about 0.2 nm™" at
+0.3 V bias (I/V saturation). If this trend continues, as shown by
the blue fitting (Fig. 6a) f, is predicted to reach as little as
0.1 nm ' at +0.6 V. For Au- CoTPP],-Au SM], f3, shows a
voltage-dependent decrease with applied bias voltage. This
decrease, at both negative and positive voltages, can most
probably be attributed to a narrowing of the HOMO- (or
LUMO)-Fermi level gap as the bias voltage increases. These
very small 5, values and the continuous decrease suggest that
resonant tunneling is the dominant transport mechanism at
the bias voltages applied with a plausible contribution from
redox hopping.

The f, for Au-[TPP],-Au SM]Js depends also on the applied
bias voltage (Fig. 6b) in the voltage range investigated. The f,
values are around 0.6 nm ' at +0.05 V and fall to 0.45 nm ™"

3

(b)

1.0

g
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°

0.8i34
< 1095
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Fig. 6 Attenuation factor f, versus voltage of (a) Au-[CoTPP],-Au and (b) Au-[TPP],-Au SMJs calculated from I/V curves (for three different lengths, inset
images). Black square points are extrapolated values from //V curves at different bias voltages.
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at £0.5 V, which are larger values than for Au{CoTPP],-Au SMJs.
The applied voltages, up to +0.5 V, seem to be too low to greatly
modify the f, trends. This can be understood, as {TPP],- has
a larger HOMO-LUMO gap than {CoTPP],-; therefore, the applied
bias voltage (I/V saturation at +0.5 V) is not sufficient to reach
resonant transport. With the voltage range used in our experiments,
non-resonant tunneling remains the main transport mechanism.

Conclusions

Overall, we have fabricated [CoTPP],- and [TPP],-based SMJs at
three different junction lengths (2, 4 and 6 nm + 1 nm) using
STM. The oligo-porphyrins are covalently bonded, mostly per-
pendicularly to the bottom Au electrode, and a top NH, unit
acts as an anchoring group for the STM tip. The conductance of
the Au-[COTPP],-Au and Au-[TPP],-Au (n =1, 2, 3) SM]Js has been
characterized by the STM-bj G(d) technique and STM G(¢)
measurements. Due to both the diazonium-generated covalent
bonding to the bottom electrode and the active anchoring to
the top STM tip, the Au-[CoTPP];-Au SMJs are repeatedly
stabilized with a long lifetime (for STM-based SMJs at room
temperature), up to 1 min, before total breakdown. Using our
strategy for fabrication, it is thus easy to obtain long-lived SMJs
which allow reliable I/V characterization at the single-molecule
level. The obtained results indicate the essential roles of the
additional NH, anchoring group and its interactions with the
STM-tip top-electrode.

Length-dependent transport properties have been character-
ized by f factors using G(d), G(t) and G(V) analyses. The S,
and f, values are low, around 0.3 nm ' and 0.7 nm™ ' for
Au-[COTPP],-Au and Au-[TPP],-Au SMJs, respectively. The con-
ductance shows pronounced length dependence and a clear
molecular signature at low voltage (<0.2 V). The dominant
transport mechanism for Au-[TPP],-Au SMJs is most probably
non-resonant tunneling, whereas that for Au-[CoTPP],-Au SM]Js
is closer to resonant tunneling with a plausible contribu-
tion from redox hopping. Moreover, voltage-dependent f3, are
obtained by analyzing I/V characterizations for all SMJs. At low
voltage (<0.2 V), 8, hardly varies with the voltage and are in
good agreement with fi; and f;. This clearly indicates that the
I/V characteristics are reliable. At higher voltage, the variation
of f3, is more pronounced. In the case of Au-[CoTPP],-Au SMJs,
the clearly bent profile of 5, variation with the voltage increase
is caused by a narrowing of the HOMO-(or LUMO)-Fermi level
gap. The f, is reduced below 0.2 nm ' above 40.3 V, which
suggests that, driven by the bias voltage, resonant tunneling
becomes the dominant transport mechanism. The f, for
Au-[TPP],-Au SMJs has higher values and shows weaker voltage
dependence than for Au-[CoTPP],-Au SMJs.
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