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A.LEVEL OF THEORY

In the manuscript we use density functional theory (DFT) with the PBE functional as
implemented in ASE and GPAW,'*® because this allows us to effectively assess the electron
transport properties of molecular systems. While there are well-known errors associated with
simple DFT calculations such as a systematic underestimation of the HOMO-LUMO gap, we
expect all results to be qualitatively independent of the choice of method.

For comparison, we have calculated axial torsion energy profile of the molecules studied in the
manuscript at the M06-2X(D3)/6-311G(d.p) level of theory as implemented in Gaussian09,*¢ and
by Complete Active Space Self-Consistent Field (CASSCF) as implemented in DALTON Version
2018.2.7® Single-point calculations with the cc-pVTZ basis set were done with the active space for
each molecule shown in Table S1. We used cc-pVDZ basis set for Biphenyl-SMe due to memory
constraints. The geometries from the M06-2X(D3)/6-311G(d,p) calculation were used for the
CASSCEF calculations. The active space was chosen to best describe the st-electrons of the carbon
chain. The natural orbital occupations (NAOs) from the CASSCF calculation was double-checked
against the NAOs from an Mgller-Plesset second-order perturbation theory calculation (MP2) to

make sure that the choice of active space was reasonable and then adjusted accordingly.

Table S1. Active Spaces.
Biphenyl-SMe [4]cumulene-SMe [S]cumulene-SMe Triyne-SMe
14,14 12,12 14,14 12,12
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Shown in Figure S1, the trend is qualitative similar as that presented in Figure 3 in the manuscript.
As one might expect, systems where there is notable diradical character (odd-n cumulene near 90°
and even-n cumulene near 0°, see panel d) are stabilized in CAS-SCF compared to the DFT

methods when the multireference character is accounted for.
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Figure S1. Axial torsion energy profile of three types of thiomethyl-functionalized linear carbon
wires and the equivalent biphenyl. a) Molecules and their color-code. b) Calculated at the MO6-
2X(D3)/6-311G(d,p) level of theory. c) Calculated using CASSCEF. d) Diradical character given
as the relative occupation of HOMO and LUMO, based on the natural occupancy orbitals of the

CAS-SCF calculation.
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B. ELECTRONIC STRUCTURE OF BIPHENYL

For completeness, we include in Figure S2 results for the electronic structure of biphenyl-SMe
under torsion, calculated as described in the manuscript. The LUMO and LUMO+1 changes
multiple times as (anti)bonding through-space interactions (de)stabilize the molecular orbitals

depending on the torsion angle.
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Figure S2. Change of the frontier molecular orbitals of biphenyl-SMe under axial torsion. a)

Eigenvalues (eV)
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Eigenvalues of the frontier molecular orbitals plotted as a function of dihedral angle. b) Iso-plot of

the four frontier molecular orbitals at dihedrals angles of 0°, 30°, 85°, 95°, 150°, and 180°, the

molecular structures are shown at the top, followed by the LUMO+1, LUMO, HOMO, and

HOMO-1 at the bottom.
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C. ALTERNATIVE END-GROUPS

In the manuscript we have analyzed molecules with the thiomethyl anchoring group attached
directly at the polyyne and cumulenes because this is the simplest approach. However, for
molecules with a closed-shell ground-state structure we do expect the trends for the three types of
wires to be qualitatively independent of the end-groups. Examples of phenyl-terminated polyyne
and an odd-n cumulene-extended quinodimethane are provided in Figure S3. The transmission is
calculated using s-band electrodes and DFT as described in the manuscript. Full transmission plots

are provided in the following section. Both these systems follows the expected trends.
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Figure S3. Transmission at the Fermi energy plotted semilogarithmically against energy at select

dihedral angles. c¢) Transmission at the fermi energy plotted against the torsion dihedral angle.
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D. TRANSMISSION PLOTS

In Figure S4, transmission plots are shown for the four molecules described in the manuscript and
in SI part C. The transmission is almost identical at equivalent torsion angles, i.e.: 0° and 180°,
30° and 150°, 85° and 90°. Although these structures are not related by symmetry, the similar
transmissions are not surprising considering electronic structure is very similar and depends
primarily on the torsion of the end-groups. However, as discussed in the manuscript, the orbital

helicities and current densities are quite different even for the equivalent systems.
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Figure S4. Transmission plots calculated using s-band electrodes and DFT as described in the
manuscript. Transmission is plotted semilogarithmically against energy at select dihedral angles.

Dashed lines indicate the equivalent dihedral angle between 90° and 180°, e.g., 85° and 95°.
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E. TRANSMISSION WITH GOLD ELECTRODES

Here the full transmission plots of Au-molecule-Au junction are included. These correspond to the

transmissions in Figure 11c, and are calculated as described in the manuscript using semi-periodic

Au electrodes.
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Figure S5. Transmission plotted semilogarithmically against energy, calculated using periodic Au

electrodes and DFT as described in the manuscript for triyne-SMe, biphenyl-SMe, [S]cumulene-

SMe, and [4]cumulene-SMe. Corresponds to the transmission at the Fermi Energy in Figure 11c

in the manuscript. Transmission at 95°, 150°, and 180° are with dashed lines.
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F. HUCKEL MODELS

We have constructed Hiickel models corresponding to the carbon wt-systems of the biphenyl, triyne,
[4]cumulene, and [5]cumulene described in the manuscript. Coulomb integral (on-site energy) o,
and resonance integral (transfer integral) B are given below. Coupling matrices I'Lr have non-zero
elements yr,r which are in the positions marked in bold in the respective H-matrices. The rotation
parameters x, y, and z provide the diminished resonance integrals for two nearest neighbor p-
orbitals, which have been rotated relative to each other. The 6 angle is given relative to the end-

groups. The four Hamiltonians and model systems are shown in Figure S6.

a=0.0eV
B=-3.0eV
y=0.5eV

x ="+ cos(0)

y =" cos(0+90°)
z=P - cos(6—90°)

In Figure S7, the transmission in is calculated using the four Hiickel models at different angles.
We use 89° instead of 90°, as the transmission is fully suppressed at 90° for all four model systems.
For triyne and biphenyl models the transmission is equivalently suppressed around the Fermi
Energy following the expected cosine-squared dependence. For [S]cumulene the HOMO-LUMO
gap vanishes as we approach 90°, where the transmission resonance at the Fermi energy is
eventually suppressed due to destructive quantum interference. [4]cumulene has an antiresonance
in the middle of the HOMO-LUMO gap, which does not change with torsion even as the HOMO-
LUMO gap decreases as 0° is approached. A similar independence with torsion is seen for the

antiresonances near the HOMO and LUMO in the transmissions for triyne and [5]cumulene.

S8



coccocoo MooOoO¥WMY OCO0000 00XVl

CoocoO0O0 ©OO0 X
Cococooco oM 8 xo
C OO o 3T oo
CoocoCO0O0 vusMmooo
COOROO yno oox
Mooo¥Ws scoocooco
CooXVWooococooo
COoOUVVWNO Rooo oo
OV oo ©OOoO0cOoOOo
QS Moo ©COoococoOo

Sxmooon ©000O0O0O

[=N-N-N-N-N-Rl g -}

Coocooco OO0 ™My YO

cCoocoCcOo o™ 3 no
NOOCOOO &R 85xv o o

© AO0CO0C OO0 8§ o o

Cooonld coocoo
©SCoocxvmvsYnwooocoo
SCommzno cococoo
cusS oo ©SoOooo
KR8 VWooo xAoo00O0

S Roocooo ©@ NOCOO

o
o

o
o
o
o
(=]

(=}

(=}

Hbiphenyl

Htriyne

coocococooco0Ooo0OoO
NSRRIl -0 =
cCoocococoOooOCOoX IO
Coo0c0cOo0O0 oM SO o
NOOO OO osxnmooo
COoO00CO0O0 o000
cocoocxnuid ocoocooo
Cocomi3VWooococoo
cCocmsno ocoocoocooo
cCMvM BV oo ©OO0oco oo
RV Qoo ©Ccococ oo

IS Roocooo ©NOCO OO

coococoocooOo X ¥
cCocococooX 8 XY
coocoocoxm 8 o
ROOC0OO o 85v oo
cooco0 o0 oo o oo
Co0C o000 ococoo o
Coxru VO ocoococoo
CxlVnoooocoo
A8 xooocoococoo

S No00 O RoOOoO

H [5]cumulene

H [4]cumulene

Figure S6. Hiickel Hamiltonians and graphic illustrations of the model systems.
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Figure S7. Transmission plotted semilogarithmically against energy, calculated using the Hiickel
method with wide-band approximated electrodes as described in the manuscript for models of
triyne, biphenyl, [S]cumulene, and [4]cumulene. Corresponds to the transmission at the Fermi

Energy in Figure 11a in the manuscript.
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G. CONVERGENCE OF CURRENT DENSITY

As we and others have discussed in recent work,’!3 ballistic current density calculations may not
preserve the total current throughout the molecule due to the use of finite local basis sets and
approximated core potentials. The extend of this error can be assessed by integrating the current
density j(r) over a plane A perpendicular to the transport direction z.

J=[j(r)dA, dA = dxdy
The current through the plane J can then be compared with the total current, here denoted 7, which

can be calculated using the general Landauer formula

1= [dE(f,(E) — fu(E)) - T(E),

where T(E) is the transmission function and f;z are the fermi functions of the left and right
electrodes. These two approaches are equivalent; therefore, J should equal 7 at any chosen surface
of integration (A) across the transport direction. In Figures S8-S11, we plot the current as a
function of the z-coordinate (the transport direction) for the four molecules at different torsion
angles. The dashed red line shows the total current as calculated with the Landauer formula, which
is constant throughout the junction.

For all four molecules the current spikes near injection points and drops at the edge of the box.
Therefore, we only plot the current density from the first to the last carbon atom in the linear chain.
For all systems there are fluctuations close around the positions of the atoms, which is not
surprising considering that a finite atom-centered basis set and approximated core potentials are
used. In most cases these fluctuations are on the order of £10% of the total current and will not
affect the qualitative presentation of the current density. However, we see that in cases where the
current is very low the error becomes relatively larger. Therefore, we cannot use the current density

at 90° torsion as the current density does not converge to the total current and has large fluctuations
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throughout the molecule. This is directly supported by our analysis in Figures S8-S11. However,

it also hints at a more general physical understanding of what we plot when we calculate the current

density: Whether convergence is reached or not, it may not be sensible to plot the current density

through a molecular system when there is no or very low current.
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Figure S8. Current calculated using equation S1 (blue) and S2 (red) for biphenyl-SMe during

le-10 le-12 Lo le-1d
16 ° 14 °
0 85 e
14 12 o8 - =+ Total current
2 10
10 06
g Zo8 2
§os [ [ S 072 NG N g
5 5 06 V 5
3 3 S
06 04
04
04
02
02 — xy-plane curr 02 — xypl t
-~ Total current Total current
00 00
00
00 05 15 20 00 05 15 20 00 05

2z-coordinate (nm)

z-coordinate (nm)

1.0
2z-coordinate (nm)

Figure S9. Current calculated using equation S1 (blue) and S2 (red) for triyne-SMe during

torsion.
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H. HIGH RESOLUTION IMAGES OF CURRENT DENSITY

Here we include high resolution figures of select current densities of biphenyl-SMe, triyne-SMe,
[S]lcumulene-SMe, and [4]cumulene-SMe. All figures can be generated as 3D rotatable models

with jmol, with the scripts that are available as supporting files.

The current density is calculated as described in the manuscript, and all figures are colored by the
normalized 6 vector-component. Conversion from cartesian coordinates to cylindrical coordinates
is trivial and essentially converts cartesian x,y-coordinates into polar r,6-coordinates while the z-
coordinate is unchanged.!* The polar (cylindrical) vector components can be calculated as

Vg = (vy - cos(0) + vy, - sin(B)) - &, + (v, - cos() — vy - sin(B)) - &g
where &€, and &, are the cylindrical unit vectors, and v, and v,, are the cartesian vector components.
The carbon axis of the linear molecules is aligned with the z-axis placing it in the origin of the r

and @ dimensions.
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Figure S12. Current density calculated biphenyl-SMe at 0° torsion.
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Figure S13. Current density calculated biphenyl-SMe at 85° torsion.
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Figure S15. Current density calculated biphenyl-SMe at 180° torsion.
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Figure S20. Current density calculated triyne-SMe at 180° torsion.
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Figure S22. Current density calculated [S]cumulene -SMe at 85° torsion.
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Figure S23. Current density calculated [S]cumulene -SMe at 95° torsion.
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Figure S24. Current density calculated [S]cumulene -SMe at 180° torsion.
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Figure S25. Current density calculated [4]Jcumulene-SMe at 0° torsion.

Figure S26. Current density calculated [4]Jcumulene-SMe at 85° torsion.
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Figure S27. Current density calculated [4]Jcumulene-SMe at 95° torsion.

Figure S28. Current density calculated [4]Jcumulene-SMe at 180° torsion.
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