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Pulling a tetrapyrrole. A conformationally flexible calix[4]pyrrole possessing a conjugated
electronic structure was used to investigate the influence of mechanical stretching on the
single-molecule conductance of these molecules using the mechanically-controlled break

junction technique.

A conformationally flexible calix[4]pyrrole possessing a conjugated electronic structure (an
N-substituted oxoporphyrinogen (OxP) related to porphyrin) was used to investigate the
influence of mechanical stretching on the single-molecule conductance of these molecules
using the mechanically-controlled break junction (MCBJ) technique. The results show that the
molecule can be immobilized in a single-molecule break junction configuration, giving rise to

different behaviours. These include step-like features in the conductance vs. displacement



traces as well as conductance traces that exhibit a slower decay (‘downhill’ traces) than
measured for direct tunneling. The latter class of traces can be associated with the mechanical
manipulation (i.”e., stretching) of the molecule with inter-electrode distances as long as
2"nm. Density functional theory (DFT) calculations reveal that OxP molecules are stable

under stretching in the length regime studied.

Introduction

Molecular nanotechnology has introduced a requirement for better understanding of
how single molecules behave under different applied stimuli including electricall* and/or
magnetic fields,”" incident light™ (i.”e., an optical field), mechanical manipulation,®* or
combinations of these. These interactions with external stimuli have been studied for

n1[12,13]

molecules contained in solutio at interfaces,™* for individual molecules manipulated

R=-SCH; (1); )< )-SCH; (2)

‘o ,LA) WS A,
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using a scanning tunneling microscope tip™*" or fixed in mechanically controlled break

junction (MCBJ) configurations.™®



Porphyrins are interesting compounds for such studies and wel**~? and others[?2%!
have investigated their properties when assembled into single-molecule devices. Concerning
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in-situ mechanical manipulations, porphyrins, such as functionalized meso-tetraphenyl-
porphyrins, while possessing some torsional flexibility especially about the meso-phenyl-
porphyrin bonds, are not suitable for studies in the nanometre regime. In this respect N-
alkylated oxoporphyrinogens (OxP;!** Figurer1<figr1>) are promising candidates because
the calix[4]pyrrole core contained in these molecules is known to be sufficiently flexible with
respect to the conformation of its pyrrole groups.’®>~?® Calix[4]pyrrole is known to exist in
different forms including saddle (1,2-alternating) and cone conformations although the latter
cone forms have not been reported for OxP-type macrocycles.? Various other studies have
revealed that some molecules can be mechanically twisted or stretched and that these changes
can be coupled not only to its conductance but also to more exotic phenomena such as a spin

crossover transition.™” The application of mechanical stress to rigid molecules such as



benzene dithiols or other inflexible molecules has been suggested as a means of controlling
the electronic properties of single-molecule junctions.*%*"! On the other hand, deliberate use

of molecules that can be distorted for these purposes is less common.2#!

In this work, using the mechanically controlled break junction (MCBJ) technique, we
investigated the low-bias electrical conductance of molecules 1--3 (Figure™1<xfigrl>a)
based on the calix[4]pyrrole corel®®*") addressing the possibility of operating the ostensibly
flexible OxP molecule as a ‘hinge’-like mechanical potentiometer (i.”e. a variable resistance
device that can be used to control current). The OxP molecular system is attractive from this
point-of-view because its incorporation into more complex molecular systems is a relatively
simple matter,*®3% and it has the property of being able to accommodate guests (e.”g.
analytes) through hydrogen bonding interactions. The chemistry of these molecules has been
intensively investigated.[?>2840<M>%1 anq their properties include various sensing activities!*"

“7 due to their intense colors presented by the conjugation of the calix[4]pyrrole core with

hemiquinonoid meso-substituents.

Results and Discussion

Figure™1<xfigrl>a shows the chemical structure of OxP molecules 1--3. Compounds
1 and 2 are subject of this study while 3 was used as a rigid control reference for the
measurements reported here.™®! To improve the chances of the binding processes, molecules
are required to be terminated with appropriate anchoring groups such as the thiomethyl groups
in 1 and 2 or ethynylene in 3. The conductances of 1--3 were measured in an MCBJ setup in
air at room temperature. Details about the MCBJ setup and the measuring technique have
been described elsewhere.[*>% A solution with the molecules under investigation was
prepared by dissolving the starting compound in chloroform with a few drops of
trifluoroacetic acid to increase the solubility. A 2 pL droplet of the solution was then drop-
cast onto the newly characterized device. Large numbers of consecutive breaking traces
collected from individual junctions constitute a set which is used to construct a 2D histogram

of the conductance (conductance versus electrode displacement).®™ By integrating over the



displacement, a one-dimensional histogram is obtained, from which the most probable

junction conductance can be estimated (see Figures™S2c and S3c).

Interestingly, the shorter OxP molecule 1 is difficult to incorporate into the break
junction. Multiple experiments were performed on 1, but none yielded clear conductance
peaks in the histograms (see Figure”S1). The use of the extended derivative 2 allowed a
significantly enhanced yield of molecule occupation in the break junction experiments
probably due to longer separation of the ligating thiomethyl groups and an increasingly linear
form of the molecule compared to 1. In addition, the longer N-substituents minimize steric

effects between the OxP chromophore and the substrate, which might obstruct binding.

Figure™M2<figr2>a shows the 2D histogram constructed from 1,650 consecutive
breaking traces recorded after drop-casting a solution containing OxP molecule 2. Inspecting
the individual traces, a large percentage of them (30.4%) exhibit a slow decrease in

conductance upon increasing electrode separation; this has been colloquially named
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‘downhill’ behaviour (Figure™3<figr3>(a)). These traces can be distinguished from those in
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which no molecule was contacted from their trace length, which is generally longer than
comparison, empty junctions may also exhibit ‘downhill’ behaviour but their length is
typically less than 0.5"nm (see Figure™3<xfigr3>a(i)). Furthermore, by considering the
tunnelling decay constant (j3), there is a clear distinction between empty junctions (tunneling
through vacuum, 3=-6.5) and downhill traces ( > <M->3) (see Supporting Information).
Some traces show plateaus in conductance, as displayed by Figure™3<xfigr3>a(iii-iv). To
accentuate these plateaus we employed a selection criterion and focused our analysis only on

M>4_1 x 10°M>° G, region (for details see the

those traces with high counts in the 1 x 10
Supporting Information). We find peaks in the one-dimensional conductance histogram
around 2.3 x10™M>° Gy, 6.6 x 10°M® Gy and 2.1 x 10 Gy, Further experimental details

are given in the Supporting Information.

Figure™2<xfigr2>b shows the 2D histogram constructed from 10,000 traces recorded
after drop-casting a solution containing rigid control compound 3. It shows a high count
region around 2 x 10> Gy that extends for less than 1~ nm. The breaking traces of
molecular junctions exhibit mostly flat plateaus and no significant variation in conductance
upon stretching. For this molecule no traces were found showing a ‘downhill’-like behaviour
(Figure3<xfigr3>(b)) as was observed for the OxP molecule 2. After selecting traces with
high counts in the [5 x 10°>° -5 x 10°M°] G, region (see Supporting Information for
details), we find two plateaus in conductance, one around 2.1 x 10™>° G, and one at 5.9 x
10> Gy, albeit with fewer counts. Overall, the results of MCBJ measurements can be
summarized qualitatively for each compound as: 1 — low yield of junction formation; no clear
conclusions about the presence of the molecules can therefore been drawn; 2 — high yield of
junctions with large proportion of ‘downhill’ traces; 3 — junctions which mostly exhibit flat

plateaus with little or no variation in conductance on stretching.

We will now discuss the downhill behaviour observed in breaking traces of 2. There are
several possible origins for the observation of downhill conductance behaviour in these
systems. As suggested by Nuckolls et**al.,*? one possible explanation for this behaviour is

the injection of charge directly into the molecules’ m-electronic system while the contacts are
.



sliding along the electrodes. This effect was suggested, among other reasons, by a jump in the
conductance trace as the current began flowing through the whole molecule (injection through
the anchoring). In the case of OxP molecule 2, such jumps in conductance were not observed,
which in turn suggests that the observed variations in conductance should have a different
origin. The flexibility of the calix[4]pyrrole macrocycle could play a key role in this, as the
variation in the dihedral angles subtended between opposing pyrrole groups of OxP, which
changes as the molecule is stretched across the junction, could be the main origin of
‘downhill’ traces.®** This interpretation is corroborated by the fact that ‘downbhill’
conductance traces are observed for the flexible 2 but not for the rigid reference molecule 3. If
we consider the calix[4]pyrrole unit contained in the OxP molecules from an X-ray
crystallographic perspective, then we find that variation in the conformation of the
tetrapyrrole core can be caused by differences in the substitution patterns of the compounds
shown in FigureM4<figra>a.l?>281 |n Figurera4<xfigrd>, values of o denote the dihedral

angle subtended between the planes of N-substituted pyrrole groups.

Thus, the introduction of different N-substituents leads to a variation in the dihedral
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angle subtended between opposing pyrrole groups, as does changing the substituents at
pyrrole B-positions (in this case bromine atoms). The dihedral angle subtended between
opposing pyrrole groups of OxP varies between 83.6° (for an unsubstituted derivative) down
to 36.5° (for a highly substituted derivative containing N-substituents and bromine atoms at

pyrrole groups) establishing the flexibility of the OxP framework.



It should be noted that, notwithstanding identity of B-substituents, compounds
containing similar benzylic substituents have similar values of o (for example, the DFT
calculated structure of N2;Na3-bis(4-phenylbenzyl)-OxP has a=56.8°, which is similar to that
observed for the X-ray crystal structure of N»1N23-bis(4-bromobenzyl)-OxP, 0=59.3°). We
have investigated this point further by performing DFT calculations™! on the OxP molecule
(Figure4<xfigrd>b) to establish that it is stable under stretching. We found that the
molecule is computationally stable (using wB97XD/cc-pVDZ for full geometry optimization
with fixed biphenyl distance) even under deformation beyond the sub-nanometer-scale
stretching length typical of MCBJ experiments. Starting from a conformation similar to that
of the 4-bromobenzyl-OxP precursor, optimization was performed with different distances
fixed between the N-substituents of OxP. A selected stretched conformation is shown in
Figure™4<xfigr4>b(ii) revealing a possible extension of around 1*nm. It is notable that the
stretched conformations of N-substituted OxP remain at least chemically stable far beyond the
crystallographically observed minimum of pyrrole group dihedral angle (~37°). The high
yield of ‘downhill’ conductance traces obtained for 2 can thus be seen as an indication of the
molecules’ flexibility based on conformational variation at the calix[4]pyrrole core with
typical extension of 1"nm extending as far as 2”*nm. This corresponds with the dimensions
and possible maximum extension of the molecule where the stretched form could be stable
according to DFT energy minimization (see Figure™5<figr5>). Junctions containing 2
occasionally showed plateaus in conductance rather than ‘downhill” behaviour suggesting the
possibility of forming molecular junctions with configurations that do not involve the

intended anchoring groups.

Conclusions

In conclusion, we have demonstrated mechanical modulation of single molecule
conductance in the OxP molecular system using the mechanically-controlled break junction
set-up. Long, slow decaying conductance traces (‘downhill”) were observed. The flexibility of
the calix[4]pyrrole core contained in the molecules used and, in particular, the hinge-like
opening of OxP due to the possible variability of dihedral angle between opposing pyrrole

groups of the structure suggest that this phenomenon is due to the stretching deformation of
9
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the molecule. The known X-ray crystallographic features of OxP derivatives corroborate this
theory, with DFT calculations indicating that the OxP macrocycle can be extended on a scale
corresponding with that of the measurements. The ultimate aim of incorporating such

molecules into a device is to study how potential supramolecular interactions occurring at the
calix[4]pyrrole core can further influence the properties of MCBJ structures, and accounts of

these matters will appear later.

Supporting Information Summary

Supporting information contains the following information: general methods; details
of syntheses of 1 and 2; experimental details of MCBJ, X-ray crystallography and

computational methods; statistical analysis of MCBJ data, NMR and mass spectra of 1 and 2.
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Figure™1 (a) Chemical structures of the compounds 1--3 used in this work with
compound 2 also shown in 3-D projection. (b) Schematic of the mechanically controlled

break junction set-up.

Figure™2 Two-dimensional conductance histogram built from consecutive breaking
traces recorded after drop-casting solutions containing the molecules under examination: a)
OxP 2, b) reference compound 3. The 1,650 and 10,000 breaking traces have been
logarithmically binned in the conductance axis with 32 and 45 bins/decade respectively, and
linearly in the displacement axis with 90 bins/nm respectively. The applied biases were 0.3

and 0.1V and the electrode speeds were 0.4 and 1.2°*nm/s respectively.

Figure™3 Individual breaking traces in presence of a molecule of: a) OxP 2: (i) empty
junction, (i1) typical ‘downhill’ trace, (iii) single step plateau, (iv) double step plateau. b) (i-
vi) Selected traces for reference compound 3. The traces are respectively offset along the x-

axis by 1.2 and 1"nm for clarity.

Figure™4 (a) Macrocyclic moieties taken from the X-ray crystal structures of different

OxP derivatives: (i) unsubstituted,? (i) N21,Na3-bis(4-bromobenzyl) (this work), (iii)
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2,3,7,8,12,13,16,17-0ctabromo-N21,Nos-bis(4-bromobenzyl).[?8! Angles (o) given are those
subtended between the planes of opposing N-substituted pyrrole groups. (b) Geometry
optimization of N;,N2s-disubstituted-OxP (i) unconstrained (distance between phenyls C;’-
C17=13.15"A), (ii) constrained. (o again denotes angle between N-substituted pyrroles with

distance C;’-C;7=23.83"A).

Figure™5 Schematic illustration of the mechanism of break junction formation for OxP,
2. (a) Initial ditopic adsorption of the molecule. (b) Break junction formation followed by (c),

(d) molecular extension with increasing electrode separation.
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