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1. Calculation of the electrical conductance from electron deformation orbitals
(EDOs)

1.1. Single determinant wave functions

In the Landauer formula® the electric conductance, G, is obtained from the product of the

quantum conductance, Go, and the transmission function, T,
G =G,T (S1)

where Go = 2e?/h. This equation was originally obtained from scattering theory, but it can
be also reached by linear-response theory? and the time-energy uncertainty relation
approach to the electric conductance.® This approach is rooted in the origin of the quantum
conductance and its relationship with the time-energy uncertainty principle. Bartra*®
derived the expression of Go by applying the uncertainty relation to the case of a free
electron crossing a monodimensional conductor under the action of a finite bias voltage,
AV. A generalization to interacting electrons subjected to the external potential created

by the nuclei in a molecule gives rise to the following expression,®

(2)

where, Age« represents the net electronic charge transferred between electrodes upon the

action of a bias voltage and E{2) is the second order electrostatic energy. To get both



quantities, the difference between the electron density in the electrically perturbed and

unperturbed states (0*") has to be obtained. Eqns (S3) and (S4) provide expressions of
AQee and E,.. in terms of p®, the latter including also higher order terms which are

expected to be unimportant.

AQe ¢ = ef p™ (F)IF (s3)

E® ~ By = ef p* (FV(F)dF (S4)
It was proven that Eq (S2) can be transformed into Eq (S1) by expressing 0°¢ with the so-
called electron deformation orbitals (EDOs).® For a system perturbed by a constant
electric field, EDOs can be obtained by diagonalization of the electron deformation
density matrix. The electron deformation density matrix is defined as,

D* =p'-D° (S5)
where, D' and D° are, respectively, density matrices for the perturbed and unperturbed
systems on the basis of the unperturbed molecular orbitals. Then, the EDOs represent the
eigenfunctions of D%, each with its corresponding eigenvalue. Denoting the eigenvector

matrix by U and the set of unperturbed molecular orbitals by {7i}, each EDO is given by,
& = Z Ui X (S6)

i
They represent the eigenchannels for the electrically induced electron transport in
molecules and are grouped in pairs of eigenfunctions with the same absolute eigenvalue

but opposite sign. Positive and negative EDOs of a given pair, & and &, are,

respectively, electron and hole functions within the same electron transport channel,

which is mathematically represented by the 2x2 matrix @,

_ e[ é 0



Thus, the total electron deformation density can be obtained from the traces of the ®

matrix products,

Ney

Ap = 2Y Tr@0,) (S8)

Combining Egs (S2), (S3), (S4) and (S6) leads, after some algebraic manipulations,® to

the following expression for the electric conductance,
2¢? .
with the elements of the matrix t given by,

t, = (j Tr(@#'e, Jz[ Tr(@tjﬁ)j)dz')m (S10)

In Eq (S8), # represents the position operator scaled to the distance, d, between the two
points where the bias voltage is applied and the second integral on the rhs is restricted to

the electrode region.

Since the EDOs are constructed as linear combinations of MOs, the role played by
occupied and virtual orbitals on the electron transport can be analyzed. Moreover, the
electron and hole densities associated with a given transmission channel can be

represented in real space.

1.2 Multideterminant wave functions
For multideterminant wave functions, like the wave function obtained from the

configuration interaction (CI) method,

Yo =D 6", (S11)



where ‘¥, represents one of ND possible determinants constructed from the combination
of N electrons in n occupied and virtual Hartree-Fock spin orbitals, the electron density,

p, may be expressed with the natural orbitals, y,, and the corresponding occupation

numbers, ni.

NNO

/6| lPc|> = Z Ny (S12)

P = <‘PCI*

These natural orbitals are the eigenvectors and eigenvalues of the electron density matrix.
EDOs and electron transport channels given in Eqs (S6) and (S7) can then be constructed
with these natural orbitals in the same way as in the single determinant case with occupied
and virtual MOs. This does not imply any extra computational cost in the subsequent

calculation of the electrical conductance.

2. Electrical conductance in open-shell singlet, triplet and broken-symmetry states
First, we show here how the electric conductance for open-shell singlet (OS), triplet (T)

and broken symmetry (BS) states converge to the same value for perfect diradical chains.
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Fig. S1 Pictorial representation of the two BS states in a diradical chain with n+2
repeating units.

In Fig. S1, we can see a pictorial representation of the two possible BS states in a given
diradical chain. To form these two BS states, the unpaired spin up and spin down

electrons, localized at the chain ends, are exchanged, so that forming two degenerate

states. Let’s label these degenerate BS states as qu; (ain Fig. S1) and ‘PBf (b in Figure



S1). They are not eigenstates of the spin operator squared, S2. Spin adapted configurations
for the OS and one of the T states may be built from linear combinations of them.’

w, =22 |wl - wd v, = 22wl s v (S13)
These states are then eigenstates of S? and cannot be represented by just one single Slater
determinant but the two determinants of the BS states. Alternatively, we can also

represent the BS states as linear combinations of ¥ and ‘¥,

wlv = 2y, 4 ] vl = 27w, — v ] (S14)
We can go on with any of the two BS states represented above, both will lead us to the
same result. Applying the density operator on state qu; and considering the
orthogonality of OS and T states, we have,

N*
<LPBS

N

Blwl) = 22 |wy A v (s15)

L)+ (W
which tell us the electron density of the BS states is the average of the OS and T electron

densities. We can then obtain the electron density of the OS state, which is not accessible

from a single determinant DFT calculation, indirectly from the T and BS states.

A

pls) = 2wl |5

IP|§si> - <\PT*

B, (516)

(s
In the case of the T, we cannot obtain the state given in Eq (S13) but any of the other two
degenerate states with two spin up or spin down electrons, respectively, from a single
determinant unrestricted DFT calculation.

The one-electron density matrix for the OS can be represented on the basis of the so-
called magnetic orbitals from the BS state or the spin-orbitals from the T. Using the

former, the one-electron density matrix for the OS is given by,

Ds = 2DBS - OEI'%BSDTOT»BS (817)



where O, _ g is the orbital transformation matrix from the T spin orbitals to the BS

magnetic orbitals. With the density matrix before and after the application of the
perturbation, we can proceed with the calculation of the electrical conductance following
the method explained in section 1.1. However, in strongly diradical chains, where the
overlap between the spin up and spin down magnetic orbitals is negligible,? the
differences in the electron density and the energy of the OS, T and BS states are also
negligible. As proof, we have represented in Fig. S2 the electrical conductance for the BS
and T states in the series of dimethylene polyphenylene, dimethylene polyfuran and

dimethylene polythiophene.
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Fig. S2 Electrical conductance vs the number of aromatic units for the BS (solid lines)
and T (dashed lines) states of dimethylene polyphenylene (orange), dimethylene
polyfurane (grey) and dimethylene polythiophene (blue) chains.

As can be observed, the conductance profiles are identical for long chains with strong

diradical character. Taking into account that BS-UKS-DFT performs well in these cases,



we have analyzed in the body of the letter directly the electrical conductance in the BS

state instead of the OS.

3. Energy gaps between different spin states

In this section, the energies of the closed-shell singlet (CS), BS and T states are compared
in three different tables for the organic polymeric (Table S1), quinoid-cumulenes (Table
S2), and graphene strips (Table S3). For perfect diradical chains the BS-T energy gap is
negligible. This happens in dimethylene polyphenylene with n > 4, dimethylene
polyfurane with n > 7 and dimethylene polythiophene with n > 8, in agreement with the
conductance curves represented in Fig. S2. In quinoid-cumulenes, the diradical character
is significantly lower but the BS is the lowest energy state for all the chains. In graphene
strips with N = 5, no BS state was found and the T state is significantly less stable than
the CS. In strips with N = 7 and N = 9, the BS state is always more stable than the CS,
and an almost perfect diradical character is reached for chains with n > 10 and n > 5,
respectively.

Table S1. Energies for the closed-shell (CS), broken-symmetry (BS) and triplet (T) lower
energy states in dimethylene polyphenylene (Phenyl), dimethylene polyfurane (Furan)

and dimethylene polythiophene (Thiophene) chains. Absolute energies in Hartrees are
given for CS, whereas those of BS and T are relative to CS and given in eV.

Phenyl CS BS T
3 -1311.04796 -0.390 -0.351
4 -1542.01020 -0.728 -0.722
5 -1772.97874 -0.910 -0.909
6 -2003.95141 -0.986 -0.986
7 -2234.92569 -1.014 -1.017
8 -2465.90061 -1.030 -1.030
9 -2696.87559 -1.038 -1.038
10 -2927.85094 -1.044 -1.044

11 -3158.82605 -1.047 -1.047



12 -3389.80151 -1.051 -1.051

Furan
3 -1304.58508 -0.004 0.301
4 -1533.43531 -0.125 -0.015
5 -1762.28692 -0.301 -0.260
6 -1991.13987 -0.461 -0.445
7 -2219.99457 -0.589 -0.583
8 -2448.85093 -0.669 -0.666
9 -2677.70845 -0.725 -0.724
10 -2906.56670 -0.759 -0.759
11 -3135.42553 -0.776 -0.776
12 -3364.28440 -0.795 -0.795
Thiophene
3 -2273.55860 -0.001 0.390
4 -2825.39958 -0.051 0.106
5 -3377.24151 -0.179 -0.115
6 -3929.08406 -0.324 -0.297
7 -4480.92749 -0.457 -0.446
8 -5032.77213 -0.563 -0.558
9 -5584.61809 -0.635 -0.633
10 -6136.46511 -0.679 -0.678
11 -6688.31276 -0.706 -0.705
12 -7240.16078 -0.719 -0.719

Table S2. Energies for the closed-shell (CS), broken-symmetry (BS) and triplet (T) lower
energy states in quinoid-cumulenes with phenyl (QDC) and anthracene (AC) as central
aromatic units. Absolute energies in Hartrees are given for CS, whereas those of BS and
T are relative to CS and given in eV,

QDC CS BS T
1 -841.68742 -0.060 -0.004
2 -993.83739 -0.074 -0.031
3 -1145.99180 -0.084 -0.051
4 -1298.14791 -0.092 -0.067
5 -1450.30477 -0.095 -0.079

AC




1 -1148.62190 -0.008 0.113
2 -1300.77173 -0.018 0.069
3 -1452.92592 -0.028 0.041
4 -1605.08179 -0.037 0.018
5 -1757.23845 -0.045 0.000

Table S3. Energies for the closed-shell (CS), broken-symmetry (BS) and triplet (T) lower
energy states in armchair graphene strips with N =5 (Naphthalene), N = 7 (Anthracene)
and N =9 (Tetracene). For N =9 and n < 8, absolute energies in Hartrees are given for
CS, whereas those of BS and T are relative to CS and given in eV. For N =9 and n > 8,
calculations of CS did not converge and the data for BS correspond to absolute energies
given in Hartrees, whereas those of T are relative to BS and given in eV.

Naphtalene CS BS T
2 -769.4602 0.000 1.877
3 -1152.9990 0.000 1.401
4 -1536.5381 0.000 1.162
5 -1920.0774 0.000 1.023
6 -2303.6166 0.000 0.934
7 -2687.1559 0.000 0.873
8 -3070.6952 0.000 0.831
9 -3454.2346 0.000 0.801

10 -3837.7739 0.000 0.778
11 -4221.3132 0.000 0.762
12 -4604.8525 0.000 0.749
13 -4988.3918 0.000 0.739
14 -5371.9311 0.000 0.732
15 -5755.4705 0.000 0.726
16 -6139.0098 0.000 0.722
17 -6522.5491 0.000 0.718
18 -6906.0884 0.000 0.715
19 -7289.6277 0.000 0.713
20 -7673.1671 0.000 0.712

Anthracene
2 -1075.5767 0.000 0.829
3 -1611.5864 -0.021 0.330

4 -2147.5985 -0.106 0.055



5 -2683.6120 -0.201 -0.123
6 -3219.6265 -0.287 -0.249
7 -3755.6420 -0.358 -0.340
8 -4291.6581 -0.415 -0.405
9 -4827.6749 -0.457 -0.452
10 -5363.6921 -0.488 -0.485
11 -5899.7097 -0.510 -0.508
12 -6435.7275 -0.525 -0.524
13 -6971.7455 -0.536 -0.535
14 -7507.7636 -0.543 -0.543
15 -8043.7818 -0.549 -0.549
16 -8579.8000 -0.553 -0.553
17 -9115.8183 -0.556 -0.556
18 -9651.8366 -0.559 -0.559
19 -10187.8550 -0.561 -0.561
20 - - -
Tetracene

2 -1381.6923 -0.063 0.233
3 -2070.1767 -0.293 -0.221
4 -2758.6668 -0.464 -0.443
5 -3447.1602 -0.562 -0.555
6 -4135.6555 -0.613 -0.611
7 -4824.1518 -0.640 -0.639
8 -5512.6486 -0.655 -0.655
9 -6201.1700 0.000
10 -6889.6673 0.000
11 -7578.1646 0.000
12 -8266.6619 0.000
13 -8955.1593 0.000
14 -9643.6566 0.000
15 -10332.1539 0.000
16 -11020.6512 0.000
17 -11709.1485 0.000
18 -12397.6458 0.000
19 -13086.1432 0.000



20 -13774.6402  -0.008

4. Diradical character in graphene strips from CASSCF(2,2) calculations

In this section, the diradical character in the different graphene strips is compared using
minimal active space CASSCF calculations with the help of the pseudo-r approach.® The
pseudo-rt approach exploits the one-to-one symmetry correspondence between the =«
orbitals of an sp2-carbon structure and the o orbitals in an equivalent hydrogen structure.
In practice, the carbon atoms in a geometrically optimized sp2-carbon structure are
replaced by hydrogens speeding up considerably the calculations. The resulting pseudo-
7 structure has MOs with the same symmetry properties as the = MOs of the real carbon
structure.

The number of effectively unpaired electrons (Nu)*° measures the radical character, being
comprised between 0 and 2 in the case of partially diradical structures. This index is
obtained from the occupation numbers, ni, of the natural orbitals within the active space,

AS, in a CASSCEF calculation.

Ny = > nf(2-n) (S17)

icAS
In Table S4, the Ny values for the pseudo-= structures of the graphene strips are collected.
They clearly reflect there is no diradical character in the strips with N = 5, whereas strips
with N = 9 are strongly diradical even in relatively short chains. Strips with N = 7
represent an intermediate situation. All of this is in agreement with the BS-UKS-DFT

energy gaps shown in the previous section.



Table S4. Ny values obtained at the CASSCF(2,2) level using the pseudo-= approach for
the armchair graphene strips with N =5 (Naphthalene), N = 7 (Anthracene) and N =9
(Tetracene).

Naphthalene Anthracene Tetracene

2 0.06 0.06 0.32
3 0.06 0.05 1.52
4 0.06 0.03 1.89
S) 0.06 1.05 1.97
6 0.06 1.86 1.99
7 0.01 1.94 2.00
8 0.06 1.97 2.00
9 0.06 1.99 2.00
10 0.06 1.99 2.00
11 0.06 2.00 2.00
12 0.06 2.00 2.00
13 0.06 2.00 2.00
14 0.00 2.00 2.00
15 0.00 2.00 2.00
16 0.00 2.00 2.00
17 0.00 2.00 2.00
18 0.00 2.00 2.00
19 0.00 2.00 2.00
20 0.00 2.00 2.00

5. Tetraphenyl cumulenes
In this section, we present calculations carried out for the tetraphenyl cumulenes depicted

in Fig. S3.
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Fig. S3 Tetraphenyl cumulene chains studied in references 11 and 12 C4 (n=1), C6 (n=2)
and C8 (n=3).

The electron transport in these systems has been studied experimentally using STM,
obtaining an unexpected increase of the electrical conductance with the length of the
cumulene chain.**? Transmission calculations using NEGF-DFT reproduce the
experimental behavior.!11? Herein, we have first investigated if this behavior is connected
to diradical character. In Table S5, the energies of the CS, BS and T states are collected.
CS state is significantly more stable than T state in all cases, so that the calculations for
the BS state converge to the CS. Therefore, these systems do not seem to display a
perceptible diradical character and the increase of the electrical conductance with the

length may be associated with other electronic or geometrical features.

Table S5. Energies for the closed-shell (CS), broken-symmetry (BS) and triplet (T) lower
energy states in the tetraphenyl cumulenes depicted in Figure S4. Absolute energies in
Hartrees are given for CS, whereas those of BS and T are relative to CS and given in eV.

CS BS T
C4 -1953.4640 0.000 1.019
C6 -2029.5845 0.000 0.656




C8 -2105.7080 0.000 0.464

Herein, the electrical conductance obtained for the same chains using EDOs is depicted
in Fig. S4. The calculations were performed on geometrically optimized chains attached
by the sulphur atoms to clusters containing twenty gold atoms. The bond distances
between sulphurs and the apical centers of the clusters were also optimized as well as the
S-Au-C bond angles. As can be observed, a small increase of the conductance with the

length of the central cumulene chain is also predicted using EDOs.
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Fig. S4 Electrical conductance calculated at a voltage of 100 mV for the tetraphenyl
cumulene chains depicted in Fig. S3 attached to clusters of 20 gold atoms. The
conductance is given relative to the quantum conductance Go using a logarithmic scale.
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