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Molecular Electronics

Single-Molecule Conductance of Staffanes
Ashley E. Pimentel+, Lan D. Pham+, Veronica Carta, and Timothy A. Su*

This manuscript is dedicated to the memory of Josef Michl.

Abstract:We report the first conductance measurements
of [n]staffane (bicyclopentane) oligomers in single-
molecule junctions. Our studies reveal two quantum
transport characteristics unique to staffanes that emerge
from their strained bicyclic structure. First, though
staffanes are composed of weakly conjugated C� C
σ-bonds, staffanes carry a shallower conductance decay
value (β=0.84�0.02 n� 1) than alkane chain analogs
(β=0.96�0.03 n� 1) when measured with the scanning
tunneling microscopy break junction (STM-BJ) techni-
que. Staffanes are thus more conductive than other σ-
bonded organic backbones reported in the literature on
a per atom basis. Density functional theory (DFT)
calculations suggest staffane backbones are more effec-
tive conduits for charge transport because their signifi-
cant bicyclic ring strain destabilizes the HOMO-2
energy, aligning it more closely with the Fermi energy of
gold electrodes as oligomer order increases. Second, the
monostaffane is significantly lower conducting than
expected. DFT calculations suggest that short mono-
staffanes sterically enforce insulating gauche interelec-
trode orientations over syn orientations; these steric
effects are alleviated in longer staffanes. Moreover, we
find that [2-5]staffane wires may accommodate axial
mechanical strain by “rod-bending”. These findings
show for the first time how bicyclic ring strain can
enhance charge transmission in saturated molecular
wires. These studies showcase the STM-BJ technique as
a valuable tool for uncovering the stereoelectronic
proclivities of molecules at material interfaces.

Introduction

Here we report the first single-molecule conductance
measurements of [n]staffanes and describe how bicyclic ring
strain can enhance quantum transport in σ-bonded back-
bones. [n]Staffanes are polymers with bicyclo[1.1.1]pentane
(staffane) repeat units.[1–4] Their rigid-rod structure led Michl
and co-workers to propose their use as molecular “Tinker-
toy” scaffolding in nanoarchitectures.[4–6] This rigidity has
inspired the use of staffanes in molecular rotors,[7] liquid
crystals,[8] donor-acceptor dyads,[9] metal–organic
frameworks,[10] and next-generation therapeutics.[11–16] While
the structural rigidity of staffanes is commonly emphasized,
their significant bicyclic strain (65–68 kcalmol� 1 for bicyclo-
[1.1.1]pentane[5]) and its influence on electronics is under-
appreciated. Michl and co-workers demonstrated that
staffane backbones are adept at long-range spin density
propagation,[17] and with Bard, showed they facilitate
coupling between Ru2+ complexes and gold electrodes in
self-assembled monolayers.[18] Others have explored the
impact of staffane ring strain on molecular orbital properties
in theoretical and spectroscopic studies.[19–22] Yet it has
remained an open question how staffanes mediate charge
transport in molecular junctions, especially compared to
their commonly studied linear alkane analogs.[23] While the
study of bicyclic σ-bonded wires in single-molecule junctions
is gaining momentum,[24–29] it is not yet appreciated how ring
strain in bicyclic systems can influence conductance. These
gaps in the literature motivated us to study the length-
dependent conductance properties of [n]staffanes 1–5
against the canonical alkane (Cn) to understand how bicyclic
ring strain and bicyclic catenation impact quantum trans-
port.

Results and Discussion

The thiomethyl-terminated [n]staffanes 1–5 (Figure 1a) were
prepared by the radical polymerization of [1.1.1]propellane
and subsequent termination with dimethyl disulfide (Fig-
ure S1, see Supporting Information for more detail).[30–32]

Each oligomer was isolated via recycling preparative gel
permeation chromatography. Single-crystal X-ray diffraction
(SCXRD) structures were obtained for 2, 3, and 4 (see
Supporting Information).[33] The alkane series was synthe-
sized as described previously.[34]

We measured the single-molecule conductance of the
[n]staffane and alkane wires with the scanning tunneling
microscopy break junction (STM-BJ) method (Figure 1c).[23]
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This method is described in detail elsewhere.[35] In brief, a
dilute solution (0.1–1 mM in 1,2,4-trichlorobenzene) of the
molecule of interest is placed atop a substrate electrode. A
gold tip electrode affixed to a motor is driven into contact
with the substrate electrode, then retracted until a molecular
junction is formed where the thiomethyl groups bind under-
coordinated Au atoms (Figure 1c), then further retracted
until the junction breaks, thus ending a single measurement
trace. During this process, a voltage bias is applied between
the electrodes to monitor single-molecule conductance as a
function of the tip electrode displacement. Measurement
parameters are listed by molecule in the caption of Figure 1.
We use a high voltage bias to measure our lowest conducting
molecules, 5 (1.5 V) and C12 (1.3 V), as it is required to
reduce the noise floor and resolve their molecular con-
ductance peak features; this should not influence our results
too significantly, as the HOMO–LUMO gaps for these
molecules are large. Thousands of single-molecule measure-
ment traces are logarithmically binned into one-dimensional
(1D) conductance histograms to relate the molecule’s pickup
frequency with conductance, as shown in Figure 1d, 1e, and

Figure S2. Each isolated 1D histogram for the staffanes and
alkanes is shown in Figure S3, S4 respectively. Two-dimen-
sional (2D) conductance histograms relate pickup frequency
to both conductance and electrode displacement (Figure S5,
S6). The unit of conductance used here is the value of
conductance through a single Au� Au contact, G0=2e2/h,
where e is the charge on an electron, and h is Planck’s
constant.

Conductance peak width has been attributed to a
number of factors, including gauche backbone defects,[36–41]

linker-backbone coupling,[42] electrode-linker contact,[43] and
electrode fluctuations.[44,45] The cage rigidity and C3 rota-
tional symmetry of each staffane subunit imply that the
backbone geometry for staffane wires should be the same
regardless of intercage rotations. In a vacuum, an invariant
molecular backbone would suggest that the staffanes should
have a narrow conductance distribution. Yet we find that
the flexible alkanes and rigid [n]staffanes share similar
conductance peak widths in their 1D (Figure 1d, 1e) and 2D
histograms (Figure S5, S6). Figure S2b plots the 1D histo-
grams of C9 and 3 to facilitate this comparison. The

Figure 1. (a) Chemical structures of the measured [n]staffanes. (b) Chemical structures of measured alkanes. (c) Schematic of [n]staffane-based
molecular junctions interrogated with the STM-BJ technique. (d, e) Overlaid 1D histograms of 1–5 and alkanes C3, C6, C9, C12. Each histogram was
generated from at least 10,000 traces. All molecules were measured at gain 7. Solution concentration in 1,2,4-trichlorobenzene solvent, electrode
bias, and series resistor for each molecule are as follows: 1: 1 mM, 200 mV, 1 MΩ; 2: 1 mM, 500 mV, 1 MΩ; 3: 1 mM, 500 mV, 1 MΩ; 4: 0.5 mM,
800 mV, 1 MΩ; 5: 0.1 mM, 1500 mV, 1.47 MΩ. C3: 1 mM, 200 mV, 1 MΩ; C6: 1, mM, 345 mV, 1 MΩ; C8: 1 mM, 345 mV, 1 MΩ; C9: 1 mM, 500 mV, 1
MΩ; C10: 1 mM, 345 mV, 1 MΩ; C12: 0.1 mM, 1300 mV, 1.47 MΩ. (f ) β-plot of staffane (red) and alkane (blue) conductance against the number of
carbon atoms in the molecular backbone. Conductance values were obtained from maxima of Gaussian fits to the conductance peak in each
molecule’s 1D histogram.
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conductance dispersion we observe in the [n]staffane histo-
grams likely occurs from the non-equivalent dihedral
rotations in the C� S bonds that connect the staffane to the
electrodes, which we will explore later in this manuscript.
We also find a molecular peak feature near 10� 3 G0 at short
displacements in some alkanes (Figure S4, S6) that has also
been observed in previous STM-BJ measurements of
bis(thiomethyl)alkanes.[46] Its presence appears to correlate
with high applied voltage bias (Figure S2c), though a full
investigation on its origins is outside the scope of this
manuscript.

Meanwhile, Figure 1f plots the most probable conduc-
tance peak values (Table S1) from the 1D conductance
histograms of the [n]staffanes and alkanes. As expected for
non-resonant tunneling transport, we find that conductance
through the [n]staffanes decays exponentially with increas-
ing oligomer length, according to the equation G=Gce

� βL

where G is conductance, Gc is the contact conductance, β is
the empirical beta decay value, and L is oligomer order. The
β-plot comparison reveals two key differences between
staffanes and alkanes: 1) staffane backbones are more
effective at electronic transmission than alkane backbones,
and 2) the shortest staffane 1 gives junctions with anom-
alously low conductance relative to the longer staffane rods.
These experimental observations are rationalized below

with support from density functional theory (DFT) calcu-
lations.

First, we find that for 2–5, [n]staffane backbones
(βstaffane=0.84�0.02 n� 1) carry a shallower conductance
decay than linear alkane backbones (βalkane=0.96�
0.03 n� 1)[36–38] on a per-atom basis. To contextualize this
difference, we note that 5, which has 15 carbon atoms in its
shortest linear path, is approximately as conductive as a 13-
carbon alkane backbone based on βalkane (Figure 1f). This is
in good agreement with literature values.[38,43,46] Figure 2
shows that βstaffane is demonstrably lower than those of other
saturated carbon backbones beyond alkanes, including fused
oligonorborane–bicyclo[2.2.0]hexane (norbornylogous)
backbones (β=1.0 n� 1)[47,48] and peptide backbones (β=

1.1 n� 1).[49–52] To our knowledge, [n]staffanes are the most
conductive σ-bonded organic backbones reported in the
literature.

At a structural level, what distinguishes staffanes from
these other aliphatic backbones is their significant bicyclic
cage strain, and as we will discuss below, this strain may
ultimately rationalize the lower β value we find experimen-
tally.

Frontier molecular orbital analysis via density functional
theory (DFT) calculations suggests that the shallower β
decay likely arises from the increasing destabilization of its
HOMO-2 energy across the staffane series (Figure 3, Fig-
ure S7, Section II.a in Supporting Information). Typically, it
is the highest occupied and lowest unoccupied orbitals that
rationalize trend differences in electronic transmission. Yet
if we compare the HOMO-1, HOMO, LUMO, and LUMO
+1 of each staffane against its alkane analog, we find these
energies are essentially the same (black lines, Figure 3), and
are all generally within 0.1 eV, a negligible difference
(Table S2). As aliphatic wires with thioether linkers have
been described as HOMO-conducting molecules, we can
also consider the magnitude of HOMO/HOMO-1 energy
splitting as an indirect metric for the strength of coupling
between the S pπ orbitals through the molecular
backbone.[53]

Yet this difference in energy splitting between the
alkanes and staffanes is also negligible, likely because the
C� C σ-bonds in the backbone remain relatively poor
conduits for interaction between the two distal S pπ pairs

Figure 2. Chemical structures and β decay values of [n]staffanes 2–5,
peptides,[49–52] alkanes, and oligonorbornanes.[47,48] Of these C-based σ-
bonded backbones, [n]staffanes have the lowest β decay value.

Figure 3. (a) Relative energies of HOMO-2 (red) to LUMO+1 levels of Cn alkanes and [n]staffanes 1–5. Energy levels obtained from DFT-optimized
structures at the M06-2X/6-31G** level. (b) MO surface plots of C9 and 3 (isovalue=0.02).

Angewandte
ChemieResearch Article

Angew. Chem. Int. Ed. 2025, 64, e202415978 (3 of 8) © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



both in the alkane and staffane series. These similarities
point to another frontier orbital being responsible for the
difference in β that we observe.

Notably, we find the HOMO-2 energies for staffanes are
markedly higher than they are for alkanes: for example, the
HOMO-2 energy for 3 is 1.0 eV higher than that of the
analogous C9 alkane (Figure 3, Table S2). As the HOMO-2
in both series predominately comprises the C� C backbone
σ-bonds, the heightened HOMO-2 energy for staffanes can
be attributed to its strained bicyclopentane structure. Each
staffane cage unit experiences: 1) significant bond angle
strain (average θCCC=74.1° for 3 via SCXRD), 2) short
interbridgehead distances (1.84 Å) relative to typical alkanes
(2.53 Å for C3), and 3) significant p-character in its intracage
C� C bonds.[54] The acute geminal interactions between high
energy σ-bonds within each cage leads to higher HOMO-2
energies relative to alkanes (Figure 3b). Moreover, the
HOMO-2 energy becomes far more destabilized with
increasing oligomer order for staffanes. Whereas the
HOMO-2 energy is 1.95 eV away from the HOMO in C15,
the HOMO-2 is only 0.89 eV away from the HOMO in 5

(Figure 3a). This energetic destabilization aligns the staffane
HOMO-2 more closely with the Fermi energy (EF) as
oligomer order increases, which rationalizes why staffanes
are more efficient at charge transmission with increasing
oligomer length compared to alkanes. It is also interesting to
consider whether there are direct transport pathways
between the bridgehead carbons given their short inter-
bridgehead distance, though these calculations are outside
the scope of the present manuscript.[17,24,54] We note the same
trend occurs when a B3LYP-D3 functional is used (Fig-
ure S8).

Finally, we find the most probable conductance of the
simplest staffane 1 (8.17×10� 4 G0, Figure 1d) is five-times
lower than the β decay trendline for the longer 2–5 staffanes
would predict (4.42×10� 3 G0, Figure 1f, Table S3). We note
this is not a consequence of ultrashort wires, as the most
probable conductance of C3 fits well with βalkane. This
suggests the trend deviation for 1 likely arises from its
bicyclic structure. With support from DFT calculations, we
hypothesize that the low conductance we observe arises
from the preference of molecular junctions of 1 to adopt

Figure 4. (a) Structures of [n]staffanes used for transmission calculations of Au22-molecule-Au22 junctions (PBE/DZ equivalent, see Supporting
Information for more details). We omit the gauche structures of 2–5 here for clarity. (b) 2 :1 transmission at Fermi energy (T(EF)) average of
gauche : syn/anti geometries (red circles) plotted against molecular length. Transmission of gauche 1 (red star) bears greater trend resemblance to
experimental data. β1–5-avg Au=0.99�0.03 n� 1. (c) Chemical structures and Newman projections of 1 and 2 with syn and gauche Au electrode
orientations. Odd-numbered staffanes adopt syn Au electrode orientations, whereas even-numbered staffanes adopt anti configurations.
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gauche-oriented instead of syn-oriented electrodes (Fig-
ure 4). This preference is specific to the shortest staffane 1
for two reasons: 1) there are severe steric consequences to
adopting syn-electrode geometries across ultrashort distan-
ces in odd-numbered atomic backbones (Figure 4c), and
2) higher order staffanes can accommodate axial strain by
backbone bending, whereas 1 cannot. We note that in the
sections below, syn, anti, gauche describe the relative
orientation between electrodes on each side of the molecule
(Figure 4c).

We first rationalize the steric sensitivity of 1 from
transmission calculations with a non-equilibrium Green’s
function method through the AITRANSS postprocessor
module of FHI-aims (Figure 4).[55-57] Due to the C3 symmetry
of the bicyclopentane cage, each dative S� Au bond aligns
with equal proclivity to any of the three C� C bonds in the
attached staffane cage. If the two S� Au bonds co-align
through the same anti C� C path through the backbone, the
electrodes point in the same direction (syn) for odd-
numbered staffanes, yet opposite directions (anti) for even-
numbered staffanes (Figure 4a, 4c). All other endgroup
dihedral combinations lead to equivalent states where their
interelectrode orientation is gauche disposed. As the syn
and anti states align through a common internal C� C anti
path, these geometries are higher in transmission at EF

compared to their gauche-oriented states (Figure S9). Be-

cause gauche configurations are twice as probable as anti or
syn geometries, we plot a 2 :1 weighted average of their
transmission in Figure 4b. We find that 1–5 fall on a
common trendline if we assume that each staffane embodies
this 2 : 1 syn(anti) :gauche ratio. This treatment does not
match our experimental data. If we instead plot the gauche-
only transmission value for 1, we find much better agree-
ment with experimental trends, with the transmission of 1
falling below the 2–5 trendline. These transmission calcu-
lations then suggest the syn orientation (1-syn Au, Fig-
ure 4c) rarely occurs in molecular junctions of 1.

Dihedral coordinate scans via DFT of 1 and 3 with Au2
electrodes provide a qualitative understanding for why the
syn electrode configuration is challenging to access for 1, but
not for the longer odd staffanes.[58–60] In the calculations
shown in Figure 5a, we start with syn-disposed Au2 electro-
des, then rotate one of the Au� S� C� C dihedrals (ω) in 15°
increments, optimizing geometry at each step. The minima
at ω= �180° represent the syn electrode configuration,
whereas the minima at ω= � 60° and ω=45° represent
gauche electrode configurations. For 1, we note the gauche
orientation at ω=45° is energetically destabilized compared
to ω= � 60° because the S-methyl groups are eclipsed at this
dihedral and experience steric repulsion through the short
monostaffane bridge. The gauche state at ω= � 60° (Fig-
ure 5b) is 2 kcalmol� 1 lower in energy than the syn electrode
state due to the steric interactions of the eclipsed Au2
diatoms (6.2 Å Au� Au distance) through the short mono-
staffane bridge. We note this energy difference is likely
much higher in experimental contexts, as the Au2 electrodes
in our simple model severely underapproximate the steric
interactions of macroscopic electrodes.

Meanwhile for 3, all syn and gauche configurations are
essentially degenerate in energy, as the tristaffane bridge is
sufficiently long to remove steric interactions between the
Au2 diatoms (12.8 Å Au� Au distance). For even-numbered
staffanes, we note the anti and gauche states are similarly
degenerate as is the case for 3; the rotational scan for 2 is
provided in Figure S10. Thus, 1 is unique in its preferential
adoption of the less transmissive gauche electrode config-
uration due to the steric consequences of its short mono-
staffane bridge. We also find that in dihedral scans of the
free molecule that the distal methyl groups have essentially
no steric interactions between each other, even in the
shortest staffane (Figure S11).

Finally, we show that when junctions of 1 do form with
initial syn electrode orientations, they are likely pulled into
gauche orientations to relieve the mechanical strain of
junction stretching whereas longer staffanes can accommo-
date strain through rod-bending mechanisms. In some
reports, the mechanical force applied as single-molecule
junctions are measured can stretch molecules from shorter
geometries into longer ones[61–63] For even-numbered staf-
fanes, gauche electrode configurations are shorter than the
anti one, while for odd-numbered staffanes, the syn config-
uration is shorter than the gauche ones. We thus use DFT to
simulate junction stretching starting from each staffane’s
shortest configuration with Au2 diatoms as proxies for
electrodes (Figure 6, Figure S12).

Figure 5. (a) DFT coordinate scans of Au� S� C� CH2 dihedrals of 1 and
3 with Au2 diatoms as proxies for gold electrodes (M06-2X/6-31G**(S,
C, H)/def2svp(Au)). Energies are plotted relative to the energy of the
lowest energy conformer for 1 or 3. Curves are fitted with a cubic spline
interpolating polynomial via Igor Pro. The syn electrode orientation
(empty star) occurs at ω= � 180°. The lowest energy gauche orientation
(filled star) occurs at ω= � 60°. (b, c) Side and front views of (b) Au2-1-
Au2 models and (c) Au2-3-Au2 models from coordinate scans.
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We first optimize Au2-molecule-Au2 geometry without
constraint, then increase Au� Au separation by 0.25 Å and
optimize at each Au� Au distance until a S� Au dative bond
dissociates and the junction breaks. We note that the
strength of the electrode-methylthiomethyl interaction is
overestimated in our minimal Au2 electrode model; exper-
imentally, it has been shown that the average junction
breaking force for dative methylthiomethyl-gold interactions
is 0.7 nN.[64,65] We thus mark this 0.7 nN limit with the red
lines in Figure 6 and Figure S12. These calculations were
done at the B3LYP-D3/6-31G** level of theory to compare
whether junction stretching in these circumstances is
influenced by dispersion interactions. Our studies with the
B3LYP functional without dispersion correction did not
reveal any significant differences in stretching behavior
(Figure S13).

Figure 6a shows that junctions of 1 that start in syn-
oriented electrodes flip to the longer and less conductive
gauche electrode orientations (Figure 6c) as a response to
the strain imposed by increasing Au� Au distance. The
longer staffanes accommodate this strain through a different
mechanism. Figure 6b suggests that if 5 forms a molecular
junction with syn-disposed electrodes in its initial state, it
will maintain this syn-disposition even at the junction
breakpoint. The longer [n]staffanes instead accommodate
axial strain by bending the oligostaffane rod via distortion of
the exocyclic C� C bonds. As more staffane units are
introduced into the backbone, we find the bend angle of the

staffane rod increases upon junction stretching. We define
this bend as the angle C� X� C where C are distal bridgehead
atoms and X is a dummy atom placed at the center of the
backbone (Figure S14a). Whereas 1 does not bend at all, 5
shows the most significant deviation with a 168.7° bend.

The bending behavior of [n]staffanes for n�2, but not
n=1, is precedented in their infrared spectroscopy studies
by Michl and co-workers.[66] Connecting two staffane units
together leads to the emergence of new intercage vibrational
modes, including a rod-bending mode.[5] There is a relatively
low barrier to this bending motion, and indeed, bent staffane
rods are observed in X-ray structures from weak crystal
packing influences.[67] We also observe these bends in the
SCXRD structures studied here: whereas DFT-optimized
structures predict 179.5° angles, we find bend angles at
176.8° (Figure S14b). In their seminal review, Michl and co-
workers summarize these infrared studies with the assertion
that “[n]staffanes resemble rubber sticks rather than steel
rods”; it is this fundamental characteristic that explains why
molecular junctions of 1 respond to axial force by switching
from syn to gauche electrode dispositions, whereas 2 to 5
can respond by rod-bending.

Conclusion

Our comparative study of quantum transport through
[n]staffane and alkane backbones reveal two new features of

Figure 6. (a, b) Junction pulling calculations for (a) 1 and (b) 5 with Au2 electrodes. Bend angle (top, see Figure S10), force (middle), and relative
energy (bottom) plotted against the distance between Au electrodes (B3LYP-D3/6-31G**(S, C, H)/def2SVP(Au)). We note that our minimalist
electrode model overapproximates the pulling force of the Au electrodes; the vertical red line thus marks a more likely 0.7 nN force threshold that
has been observed to be the average breakpoint of Au-thioether dative bonds in experimental measurements. The change from filled to empty
circles in (a) denotes a change in interelectrode geometry from syn to gauche orientations. (c, d) Optimized structures of (c) Au2-1-Au2 and Au2-5-
Au2 junctions at their lowest energy optimized geometries (step 1) to their presumed junction breakpoint at 0.7 nN.
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saturated backbones that carry broader implications. First,
we show how bicyclic ring strain inherent to staffanes can
increase charge transmission in molecular junctions by
raising the HOMO-2 energy as more staffane units are
added. This strain effect may be generalizable to other
molecular wires made from strained bicyclic building blocks.
It is interesting to consider whether the same principles
extend to other strained polyhedral oligomers such as
Eaton’s oligocubanes,[68,69] or whether these effects become
more pronounced in heavy atom analogs such as Iwamoto’s
persilastaffanes[70–72] that not only experience this bicyclic
strain, but are also composed of strongly delocalized Si� Si σ-
bonds.

Secondly, our STM-BJ studies show that monostaffane
(bicyclopentane) bridges like 1 direct the stereochemical
assembly of nanoscopic objects (i.e., gold electrodes) toward
gauche orientations. This subtle stereoelectronic distinction
may similarly influence stereochemistry in the broad
applications that employ bicyclopentane substructures in
their molecular design, and lead us to consider how the
stereochemistry of short staffane bridges may affect activity
and properties in the applied areas of their use.
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