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Abstract

The recent accomplishment in the design of molecular nanowires characterized by
an increasing conductance with length have embarked the origin of extraordinary new
family of molecular junctions referred to as "anti-ohmic" wires. Herein, this highly
desirable, non-classical behavior, has been examined for the longer enough molecules
exhibiting pronounced diradical character in their ground state within the unrestricted
DFT formalism with spin and spatial symmetry breaking. We demonstrate that highly
conjugated acenes signal higher resistance in open-shell singlet (OSS) configuration as
compared to their closed-shell counterparts. This anomaly has been further put to
proof for experimentally certified cumulene wires, which reveals phenomenal modula-
tion in the transport characteristics such that an increasing conductance is observed
in closed-shell limit, while higher cumulenes in OSS ground state yield a regular decay

of conductance.

1 Introduction

Molecular nanowires mediating long range charge transport are desirable for their potential

applications in future molecular scale circuitry.! Most of the conventional molecular wires



suffer from an exponential decay of conductance (G) with wire length (L) as G = Ae "L,
wherein positive § value signifies a decay of conductance. However, in recent years, molecu-
lar wires with unusual attenuation factors, such as =0 (i.e., G independent of L)% or even
negative [ values (i.e., G increasing with L) have become sparkle in the eyes of research
community.® " Such extraordinary wires exhibiting negative 8 values in phenomenological
violation of the classical Ohm’s law are called as anti-ohmic nanoconductors. This reversed
exponential decay of conductance with length was first reported by Tada and Yoshizawa for
nanographenes with zigzag edges.® Subsequently, the molecular wires based on porphyrin
derivatives were presented with low attenuation factors®!® which was later endorsed by an
experimental achievement by Leary et al.!! Afterwards, several guiding principles were for-
mulated to explain the non-trivial reversed conductance/length trends. Tsuji et al. suggested
that if the bond length alternation of molecule is reversed, 8 will be negative.'? Mandado
and coworkers proposed an example of quinoid wires with exceptional anti-ohmic behavior. '3
Other correlated factors including captodative substitution and effect of aromaticity have
also been employed to enhance conductivity.11?

Another commonly employed method to achieve the reverse conductance-length trend
is to design wires with diradical character, following the SSH model for 1D topological
insulators.%® The concept of diradical character is associated with the open-shell nature of
polycyclic aromatic hydrocarbons (PAHs) and is qualitatively understood by the increasing
contribution of open shell resonance forms to the ground state electronic structure. An
argument relating the transmission probability to the weight of diradical resonance structures
in the resonance hybrid of the molecule was also given by Hoffmann et al.'” Accordingly, the
diradicals can have large transmission around the Fermi energy if and only if the positions of
contacts to the electrodes are chosen on carbon atoms on which radical centers can localize.
Alongside, using restricted DF'T based methods, Stuyver et al. connected the anti-ohmic

behavior to the increasing diradical character.'® Contrastingly, in the framework of multi-

reference calculations, Mandado et al. observed a regular decay of conductance.® Followed



by this, unrestricted DFT calculations taking into account the spin-symmetry breaking also
revealed a decrease in conductance with length for the alleged anti-ohmic wires.?® Thus,
putting a question mark over the relation between diradical character and conductance.
With these ongoing trial and error debates on the feasibility of anti-ohmic wires, we
undertook a theoretical investigation of length-dependence of the conductance in molecular
wires exhibiting pronounced diradical character in their ground state. In the context of
diradical character, the highly conjugated polyacenes, consisting of linearly fused benzene
rings, have been widely debated in literature.?1?? Using unrestricted B3LYP calculations,
Bendikov et al. established that smaller acenes (up to hexacene) have a closed-shell singlet
(CSS) ground state, while higher acenes are predicted to be in open-shell singlet (OSS)
ground state. This OSS state was found to be diradical in nature, consisting of two singly
occupied molecular orbitals (SOMOs), each one localized on one of the two long edges
with an anti-ferromagnetic coupling of unpaired electrons localized on the opposite edges.??
Afterwards, numerous experimental?»?® and theoretical?6 3! reports aimed to validate the
OSS ground state of higher order polyacenes. Employing a density matrix renormalization
group (DMRG) algorithm by performing a full m-valence space CASSCF calculations, Chan
et al. reached the same conclusion with OSS ground state for higher acenes (n >7).%
Followed by this, Jiang et al. also establised OSS ground state (n >7) based on spin-
polarized generalized gradient approximation (GGA) calculations.?” However, the later two
studies claimed that higher acenes (beyond n =12) are polyradical in nature, with more than
one unpaired electrons accumulating on each of the edge. Indeed the corresponding natural
orbital (NO) occupation numbers also turned out to be fractional, not only for the frontier
highest occupied natural orbital (HONO) and lowest unoccupied natural orbital (LUNO),
but also for the next nearest orbitals, i.e., HONO-1 and LUNO+1. Lately, particle-particle
random-phase approximation (pp-RPA) calculations by Yang et al. gave the same qualitative
answer, however, pushing the CSS to OSS crossover to larger acenes from n = 10 onwards.?’

By means of Quantum Monte Carlo (QMC) methods, Dupuy et al. also found that the



polyacenes exhibit a weak diradical character at least until n = 9.3° Using symmetry-broken
DFT methods, Malrieu et al. demonstrated the evolution of OSS state from n =7 onwards,
while the appearance of second spin symmetry breaking for n = 13 with four unpaired
electrons centered at edges, thus presenting a simple picture compatible with the conclusions
of best computations.3! In nutshell, different quantum chemistry methods used till date
to understand the electronic structure of polyacenes have demonstrated different threshold
length at which the CSS to OSS conversion takes place, however all of them agree to the
same qualitative picture with open-shell diradical or polyradical character which increases
progressively with the increasing length of polyacene series.

Proceeding towards the conductance calculations, the transport characteristics of acenes
with increasing length have been examined by numerous theoretical reports,3? 3¢ while the
effect of spin polarized nature of higher acenes on the electron transport has been rarely
considered.?” Assuming the non-magnetic ground state, Visontai et al. found that conduc-
tance of the acene series is an oscillatory function of length due to quantum interference
(QI) effects.®® In an experimental study, Kaliginedi et al. observed an exponential decay of
conductance for lower acenes with positive 3 value.?® While a recent computational study
by valdiviezo et al. claimed that acenes with meta connection to electrodes exhibits reversed
exponential decay of conductance with length. % Thus, the length dependence of conductance
for acenes has remained a persistent puzzle.

On the other hand, poles apart from polyacenes, there had been many speculations
about 1-D linear chain of sp-hybridized carbon atoms, which potentially exist in two forms:
polyynes with alternate single and triple bonds and cumulenes with consecutive double
bonds.**? Among the two series, cumulenes have seen the light of the day with an exper-
imental observation of negative 3 values.*>* Notwithstanding, the synthesis of polyynes
has been extensively reported, culminating with the isolation of [22]polyyne, however, due
to dramatic increase in reactivity, [9]cumulene is the longest derivative studied to date. %+

This increased reactivity of [n]cumulenes itself points towards the open-shell character in



longer cumulenes. However, the open-shell nature of cumulenes has not been reported hith-
erto. Here, in this work, we sought to re-examine the contradictory length dependence of
molecular conductance for the acene series suspended between two gold electrodes. To fur-
ther simulate the experimentally validated anti-ohmic behaviour in cumulene wires,** phenyl
substituted cumulene wires are chosen. The electrical conductance has been explicitly de-
termined within the Landauer formalism using restricted closed-shell wavefunction for lower
members in the series. While, broken symmetry (BS) wavefunction in an unrestricted formal-
ism with spin and spatial symmetry breaking is used for higher members with OSS ground

state.

2 Computational Methodology

Geometry optimization of isolated dithiolated molecules are first performed by applying
B3LYP/def2-TZVP*"4® method in two distinct electronic states, i.e., closed shell singlet
(CSS) and broken symmetry open shell singlet (OSS) state in ORCA* quantum chemical
code. OSS states are treated using spin-unrestricted broken-symmetry Kohn-Sham (UKS-
BS) method within the DFT framework, while spin-restricted (RKS) wavefunction is used
for CSS states. Resolution of the identity (RI) approximation in conjunction with auxiliary
basis set def2/J and chain of spheres (COSX) numerical integration is used to accelerate the
calculations without losing its accuracy.?® Tight convergence limits and increased integration
grids (grid5) are used throughout. The molecular junctions are then constructed by placing
the optimized isolated dithiol molecules between two gold electrodes after removing the
terminal hydrogen atoms of thiol groups and forming the S-Au bonds. The gold electrodes
are approximated by nine-atomic gold clusters, arranged in hexagonal closed-packed fcc Au-
111 surface. The Au-Au distance is set to 2.88 A and Au-S distance is fixed to 2.40 A, which
is similar to our previous reported works. %52

The electron transport calculations are performed using Non-Equilibrium Green’s Func-



tion combined with DFT (NEGF-DFT) as implemented in Artaios®® using B3LYP exchange
correlation functional in combination with LANL2DZ basis set. Accordingly, the model used
in transmission calculations is divided into three regions: central (C) scattering region formed
by the di-thiolated molecule, and the left (L) and right (R) electrode consisting of Aug clus-
ters. The transmission function is computed in the spirit of Landauer-Biittiker®® formalism
using equation

T,(E) = Tr(L'rGT,GT), (1)

where o represents the spin up/down electrons. G/GT indicates the retarted/advanced
Green’s function of the central region. The coupling of central region to the electrodes is
taken into account using self-energies, which are calculated by imposing a wide-band limit
approximation® which assumes a constant density of states, independent of energy. A
constant value of 0.036 ev!, taken from literature is used for the DOS of electrode.®

The zero bias conductance in CSS limit is obtained as

2e?
G = TT(EF> (2)

For spin-polarized systems in OSS state, transmission for spin-up (73,) and spin-down
(Taown) are different, therefore, the conductance in OSS state at Fermi energy is computed

as
2

G = = (Tup(Er) + Taoun(Er)) (3)

It is worth mentioning that while BSLYP functional is routinely employed for conduc-
tance calculations, however it tends to underestimate the HOMO-LUMO gap as compared
to the fundamental gap (calculated as difference between ionization potential and electron
affinity).>” This is reflected in the form of overestimated conductance (by about 1-2 orders
of magnitude) as compared to the experimental values. This limitation can be addressed by
using a range-separated hybrid (RSH) functionals, which have been demonstrated to predict

better HOMO-LUMO gaps®® and provide realistic conductance estimates.?*® Interestingly,



the calculated conductance using CAM-B3LYP, an RSH functional (SI, Section 7) yields
similar qualitative trends as of BSLYP with improved conductance values, but at the cost of

severe spin contamination in OSS state.

3 Results and Discussions

3.1 Electronic structure of isolated molecules

While the CSS ground state for lower acenes and cumulenes is well recognized in literature,
but there is no clear consensus on the higher members of the series, yet. Thus, to establish
the size-dependent onset of open-shell nature, ground state electronic properties are first
examined for the isolated acenes and cumulenes, shown in insets of Figure 1. The relative
energy difference between the OSS and CSS states, reveals that upto n=6 acene (Figure 1a)
and n=12 cumulene (Figure 1c), OSS solutions converge to CSS state and yields AEpgs_css
~ 0, indicating that CSS state is ground state for the lower members of both the series. For
n=7 acene, AEpss_css = -65 meV marks the transition in ground state from CSS to OSS
state. The increasing AE upto -650 meV for n=12, ultimately outstrip the CSS behavior
of the system for higher acenes. The emergence of OSS ground state, for n > 7, is in
complete agreement with previous DFT calculations on higher acenes.?*3! Interestingly, the
similar kind of build-up of OSS character is also observed for cumulenes from n=14 onwards
(Figure 1c). Although, AEpgs_css for cumulenes is significantly lower than acenes, however
a maxima of AEpss_css = -138 meV for n=24 cumulene clearly reveals an OSS ground
state for the higher cumulenes as well.

To further validate the OSS character, spin-squared value <S?> in BS state and rad-
icaloid character (y), which are used as the descriptors of diradical character of a molecule®!:2
are presented in Figure 1b and Figure 1d. The diagnostic value of <S%> in BS determinant
should be 1.0. Any deviation from the expected <S?>pg =1 indicates spin contamination

due to contributions from other low lying excited spin states. Here, <S%> =0 upto n=5
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Figure 1: (a,c) Relative energy difference (AEpss_css) in meV calculated at B3LYP /def2-
TZVP level using unrestricted broken-symmetry DET for OSS state and restricted DET for
CSS state for (a) n = 1 to 12 acenes, (c¢) n = 4 to 24 cumulenes. (b,d) Computed <S5%>
values in BS state at UB3LYP/def2-TZVP level and radicaloid character (y) for (b) acenes,
(d) cumulenes, blue curve denotes variation in <S5?>pgg values and orange curve represent y
values. The negative AEpgs_cgg, increasing <S?> and y > 0.6 indicates that OSS state is
favoured as a ground state from n = 7 acene and n = 14 cumulene onwards.

acene and n=10 cumulene indicates CSS ground state. Afterwards, the <S%> value shows
a regular increase with the increasing n for both the series. For intermediate members,
i.e., n=6 acene and n=12 cumulene, <S%>pg ~ 0.17 indicates the preferential existence of
molecule in CSS ground state. Thereafter, <S2?> g starts approaching towards 1.0 indicat-
ing diradical ground state for n > 7 for acenes and n > 14 for cumulenes. However, for
the higher members, the spin contamination in OSS becomes large with <S%> = 1.69 for
n=12 acene and 1.26 for n=24 cumulene pointing towards the mixing of low-lying triplets.
Qualitatively, similar trends are also found in radicaloid character (y), which classify singlet
molecular systems into three categories: (i) closed- shell (y = 0), (ii) intermediate diradical
(0 <y < 1), (iii) pure open-shell (y = 1) systems.% The increasing radicaloid character with
increasing length, i.e., y > 0.6 from n=7 acene and n=14 cumulene onwards confirms that

OSS spin polarized state supersedes the CSS state as the ground state (SI, Section 3).



3.2 Evolution of transport characteristics for Acenes

With such an understanding for the ground state electronic properties, we proceed to in-
vestigate the behavior of molecules with OSS ground state in molecular devices. To do so,
acenes and cumulenes are placed between two gold electrodes consisting of two Aug clusters
via thiol anchoring groups, as shown in Figure 2a and Figure 3a.

Before proceeding, let’s make the discussion more concrete by focusing on the elemental
factors that influence the conductance.® The argument embarks on the familiar zeroth order
Green’s function® derived in the Caroli-Combescot-Landauer (CCL) formulation employing
Pariser-Parr-Pople (PPP) Hamiltonian% (not stemming from NEGF formulation) written

as

C * C C*
GmOZ(E): LLHOMO T,HOMO+ LLUMOYr LUMO (4)

Ir

E — exonmo E —ervmo

where Cy/, nonmo and Cj,. rumo are the MO coefficients of the HOMO and LUMO at the
connecting sites { and r and e gono,Lumo are the HOMO/LUMO orbital energies. According
to Eq 4, the following two factors drive the conductance. First, is the alignment of frontier
HOMO and LUMO orbitals w.r.t Fermi energy. The smaller HOMO-LUMO gap leads to
smaller energy offset between the frontier MOs and Fermi level of the electrode, and results
in higher conductance. Thus, a wire should possess a decreasing HOMO-LUMO gap with
length. The second dominant factor is the numerator of Eq. 4, i.e., orbital coefficients at
the contact sites which control the electrode-molecule coupling strength and should remain
substantial with increasing length. Thus, the strong orbital localization at the contact sites
and narrowing of HOMO-LUMO gap with length can commute an efficient electron transport
with a plausible anti-ohmic behavior. Apart from these two factors, the delocalization of
orbital over complete molecular backbone also provides an efficient conduction pathway and
has been demonstrated to play a significant role in controlling the conductance.%:57 A link

between the electron delocalization patterns and the normal or reverse decay of conductance



with length was also established by Mandado et al.%
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Figure 2: (a) Junction schematics showing para (p) and meta (m) connected acenes sus-
pended between two Aug clusters via thiol anchoring groups. Calculated transmission spectra
(b) for n = 1 to 6 p-acenes and m-acenes, (¢) n = 7 to 12 p-acenes and m-acenes. The calcu-
lated transmission in CSS and OSS state is denoted by blue and red curves, respectively with
blue/red arrows depicting frontier orbital energies in CSS/OSS state. The vertical dotted
line denotes the position of Fermi level.

The transmission characteristics for n = 1 to 12 acenes in both CSS and OSS state is
presented in Figure 2. As for polyacenes, we have previously reported that acenes with
meta connection to electrodes lead to suppression of conductance as compared to their para
connected analogs due to destructive quantum interference (DQI), which further intensify
with increasing molecular length.®! Thus, taking into consideration the fundamental role
played by QI effects, we have examined acenes with both para and meta connections to Au
electrodes (Figure 2a). Figure 2b shows the transmission spectra for n = 1 to 6 acenes in
CSS state and OSS state, wherein the frontier orbital energies are marked with arrows. The

evolution of transmission spectra and frontier orbital energies reveals several trends with
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competing effects on conductance. The first is shifting of frontier orbital energies and the
corresponding transmission peaks towards the Fermi energy with increase in n. Thereby, de-
creasing the energy gap between frontier peaks (¢) with increasing molecular length, which
acts to increase the conductance. The second is the increase in number of resonant peaks
appearing in conductance spectra with the increment of the length which also favours the
increase in conductance. This is in line with the increase in density of MOs with increas-
ing n, as illustrated in orbital energy diagram plot (Figure S9 in SI). The other competing
factor is the broadening of the frontier resonant peaks (7), which results from the coupling
of molecular states to the extended states of the electrode.® Although, the two factors,
i.e., energy gap between frontier peaks (¢) and level broadening (7) associated with the
strength of coupling are correlated to each other. Stronger the coupling between electrode
and molecule, more the HOMO and LUMO resonance peaks move towards the Fermi energy
and vice versa. However, for the described acene series, the two aforementioned factors play
a contradictory role in controlling the conductance with increasing molecular length. With
increasing n, the HOMO and LUMO resonances are moving closer to the Fermi energy,
which is a consequence of the decrease of molecular HOMO-LUMO gap with the increasing
length. Along with the HOMO-LUMO gap, the width of HOMO and LUMO resonances
(1) also decreases simultaneously along the series. This can be directly inferred from the
spatial distribution of MOs (Figure S3 in SI) which reveals that orbital coefficients falls off
quickly at the terminal connecting sites with increasing length which eventually results in
weak coupling with electrodes. The decrease in energy gap (¢) acts to increase the conduc-
tance, while the decrease in width of frontier peaks (7) acts to decrease the conductance.
The interplay between ¢ and 7 was also used by Yelin et al.” to explain the conductance-
length trends for acene series, wherein the conductance is described using a single-Lorentzian
model : G = Go/[(e/7)* + 1]. With these competing factors, the conductance, determined
by the magnitude of transmission coefficient at the Fermi energy, reveals an evident decrease

with the increasing molecular length. All these trends including the decrease in conduc-
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tance and evolution of frontier orbital energies are robust for both p-acenes and m-acenes.
However, as compared to p-acenes, m-acenes shows sharp dips near Fermi energy owing to
DQI effects associated with the phase difference between electron waves traversing across
the molecule.?>™" Noteworthy, since the electronic structure calculations in OSS state for
n = 1 to 6 acenes converges to CSS ground state with AEpgs_css = 0 (Figure 1a), so does
the transport calculations with identical transmission spectra and frontier orbital energies
for closed shell and open shell calculations.

For higher acenes with OSS ground state, the transmission spectra for n = 7 to 12 in CSS
and OSS ground state is shown in Figure 2c. In CSS state, the frontier transmission peaks
near Fermi energy are shifted towards Fermi energy. Thereby, decreasing the energy gap with
increasing n to ~ 0.70 eV for n= 12 acene. But in OSS state, the frontier peaks are held in
fixed positions, thus saturating the energy gap at ~ 1.60 ¢V from n= 7 to 12 acenes. This
gap saturation is consistent with HOMO-LUMO gap for isolated acenes, which saturates to
a constant value of ~ 1.76 eV in OSS state, but shows a steady decrease in CSS state (Figure
S1 in SI). Similar gap stabilization for higher acenes was also reported by Pilevarshahri et
al.3” and Wilhelm et al. using GW-based methods.™ Apart from the gap saturation, the
other competing factors, i.e., number of resonant peaks and width of frontier resonant peaks
also infuse to a constant value in OSS state. These saturation factors are accompanied by
a significantly decreased transmission near Fermi level in OSS state as compared to CSS
state which now appeared irrespective of para/meta configuration. For meta configuration,
conductance shows an evident decrease up to n = 12, while for para configuration it saturates
at n = 8. It is worth mentioning that CSS solution is indeed appropriate for smaller acenes
with CSS ground state while for higher acenes with OSS ground state, the use of CSS solution
is merely a computational artifact which leads to artificially enhanced transmission. Thus,
the use of unrestricted solution for molecules bearing diradical character is mandatory for

accurate estimation of conductance.
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3.3 Validation for Cumulenes

To bring the observed contrasting features of transmission spectra in CSS and OSS state
on more solid ground, we calculated the transmission spectra for another genre of molecular
wires, i.e., cumulenes, shown in Figure 3. To simulate the experimental data, both the ends of
cumulene molecules are substituted with phenyl groups, which enhance their stability.*® The
phenyl-substituted cumulenes are then placed between two Aug clusters using thiol linker
atoms (Figure 3a). Interestingly, corroborated with previous theoretical™ and experimental
measurements,*3 cumulene wires provide us an example with desired anti-ohmic behavior.
The comparison of computed conductance with experimentally reported values*® from C4
to C8 (Table S14) reveals that B3LYP values overestimate the conductance by upto 2 orders
of magnitude, while CAM-B3LYP yields conductance within 1 order of magnitude of the
experimental values. Nonetheless, BSLYP produces a negative 3 value of -0.136 which is
in fair agreement with the experimental value of -0.120 from C4 to C'8. The transmission
characteristics for the lower members exhibiting CSS ground state (Figure 3b), indicates
that the frontier transmission peaks approach towards Fermi energy with a decreasing energy
gap in CSS state, while OSS converge to CSS with a slight variation for C'12. For higher
cumulenes in OSS ground state (Figure 3c), frontier resonance peaks in CSS state feature a
contracting energy gap to 0.57 eV for C'24, while transmission peaks in OSS state do evidence
a gap saturation at ~ 1.55 eV from C'14 to C'24 cumulenes. In addition to this, OSS state
yields lower transmission peak heights than those of CSS state. This results in significantly
decreased transmission near Fermi energy in OSS state as compared to CSS state. Notably,
apart from the frontier transmission peaks residing near Fermi energy, all the transmission
features away from the Fermi energy are nearly identical in CSS and OSS state, implying
that spin symmetry breaking effects are negligible for those states.

It is now tempting to correlate the decay coefficients, 3, in CSS and OSS state. Figure 4a

shows the evolution of conductance as a function of n for p-acenes and m-acenes. It outlines

13



(a) %\ (c) HH &,L

Cumulenes ~— X
a% 10’ vy | ¥
SNPA |
Ph / "8
PhH .
HC:CH 10 = (CSS state H L Ci4
Ph * Yn gf = OSSsatqMy | YL |
/ / 10 T Y
'y n=2x 1
H L
v )
|— CSS state
|— 0SS state,
1
107 T 4
| PLI | | % |
10° [ A
A / :
10” L C6

E-E(eV) E-E (eV)

Figure 3: (a) Junction schematic showing phenyl-substituted cumulene (C4) suspended
between two Aug clusters via thiol anchoring groups. Calculated transmission spectra as a
function of energy for (b) lower cumulenes (C4 to C'14), (c) for higher cumulenes (C'14 to
C24). The calculated transmission in CSS and OSS state is denoted by blue and red curves,
respectively with blue/red arrows depicting frontier orbital energies in CSS/OSS state. The
vertical dotted line denotes the position of Fermi level.

an overall trend of decreasing conductance with increasing molecular length, which is indeed
unchanged in both CSS and OSS state. However, the decay is much steeper in OSS state
than that in CSS state, as can be inferred from decay constant values, i.e. § = 0.216 in CSS
state, whereas it increases to 0.768 in OSS state for p-acenes. Similarly, m-acenes yield g =
0.312 in CSS state and 0.563 in OSS state. This implies that in OSS state, longer molecules
lead to even higher resistance. On contrary, for cumulenes (Figure 4b), inverted attenuation
factors are observed. In CSS state, an increase in conductance is observed from n = 4 to
24 with negative 3 value of 0.099. The origin of anti-ohmic behavior of cumulenes is rooted
in to the frontier MOs (Figure S5 in SI) which are delocalized over the complete molecular

backbone providing an efficient conducting pathway. More importantly, the delocalization of
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MOs is further extended to the terminal connecting sites which facilitates strong electrode-
molecule coupling. This is in contrast to polyacenes where orbital coefficients diminish
quickly at the terminal benzene rings. The substantial weight of the conducting frontier
MOs on the terminal contact sites together with decreasing HOMO-LUMO gap in cumulenes
engender both the factors in Eq. 4 to favour an increase in conductance. However in OSS
state, which is ground state for higher members, yields positive g values of 0.134 with
regular decay of conductance. Overall, the conductance increases upto a maximum wherein
the lower members of the series with CSS ground state persist in anti-ohmic regime, in
contrast, the emergence of OSS ground state for the higher members, provokes a regular
decay of conductance. This indicates that anti-ohmic behavior do exists for lower cumulenes
with CSS ground state, however if a restricted wavefunction is wrongly imposed to higher
cumulenes with OSS ground state, it results in incorrect prediction of empirically negative 3
values. A similar transformation from the length increasing conductance to normal decay of
conductance was also oberved by Mandado et al. when BS-UKS-DFT was employed instead
of RKS-DFT for a series of polymeric chains.?° Thus, indicting that the suggested positive

correlation between diradical character and conductance'®™

is not as uni-equivocal.

To further understand the electronic structure governing the contrasting 8 values in CSS
and OSS state, the spatial distribution of frontier HOMO and LUMO orbitals and their
energy gaps is shown in insets of Figure 4. The different behavior of electron transport
in closed shell and broken-symmetry state was explained by Mandado et al. based on the
spatial symmetry of frontier molecular spin orbitals.?° Accordingly, in unrestricted broken
symmetry ground state, a molecule is subjected to spin-symmetry breaking which produces
different spin-split orbitals for « and (3 electrons. As illustarted in Figure 4(a) for acenes,
frontier orbitals are localized on both zig-zag sites of the central benzene rings in CSS
state, while in OSS state, spin-split degenerate HOMOs, i.e., a-HOMO is localized on the
hydrogenated C-atoms at one edge of the molecule, while S-HOMO is localized on the other

edge with a disjoint character. The spin-split degenerate LUMOs also reveal the similar
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Figure 4: (a) Molecular conductance (in units of Gy) v/s number of benzene rings (n) in
CSS state (black curve) and OSS state (red curve) for p-acenes and m-acenes. Both CSS
and OSS state shows a regular decay of conductance along the series with large positive 3
values in OSS state. (b) Conductance versus number of C-atoms (n) for phenyl-substituted
cumulenes. CSS state yields a negative  value with an increasing conductance, while OSS
state reveals a decay of conductance for higher cumulene members. Spatial distribution of
frontier HOMO and LUMO orbitals and HOMO-LUMO energy gaps are shown in insets for
n = 10 acene and n = 20 cumulene.

disjoint character. Similarly, for cumulenes in OSS state, spin-symmetry breaking enforces
the a-HOMO and S-HOMO to localize at opposite ends, thereby decreasing the delocalized
character of frontier MOs in OSS state. Apart from the symmetry breaking, OSS state
witnesses a higher HOMO-LUMO gap as compared to CSS state (Figure S1 and S2 in SI).
As discussed above, in CSS state the HOMO-LUMO gap approaches towards gap closure
with the increasing length, while in OSS state, the gap is an exchange gap between the spin-
split orbitals which is not strongly length dependent and saturates to a finite value. The
decrease in delocalized nature of spin-split orbitals integrated with an increase of HOMO-

LUMO gap in OSS state inhibits the efficient contact coupling in junction. This results in an
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emphatic decrease in conductance with the increasing diradical character along the series.

3.4 Multi-configurational nature of Acenes

Besides this, when going to higher order polyacenes, the increasing near degeneracy of fron-
tier orbitals (see Figure S9 and S10 in SI), induces strong electron correlation effects. Such
molecular systems with high static correlations possess inherent multi-configurational char-
acter, which is well reflected from the <S?>pg values (Table S5 in SI). The mean value of
S? operator for the unrestricted m, = 0 BS determinant should be 1.0, however < S? >pgg
values exceeding 1.0 from n =8 onward indicates the contribution from the components of
higher spin multiplicities and hence reflecting the multi-configurational character.3%"® More-
over, the fractional occupation numbers of BS-UHF based natural orbitals (Table S7 of SI)
used to compute the radicaloid character, reveals that the occupancy of frontier HONO and
LUNO orbitals tends to approach one instead of two for n >7 acenes.%® Thus indicating
the presence of two nearly singly occupied frontier orbitals and hence the open shell singlet
character, which is well taken into account by the BS-UKS calculations. Apart from the
HONO and LUNO, the similar trend is present to a lower degree for next nearest orbitals,
i.e., HONO-1 and LUNO+1, with an increasing occupation number of LUNO+1 and a de-
creasing of that of HONO-1. For n = 11, the occupation numbers of HONO-1 (1.29) and
LUNO++1 (0.70) indeed support the idea of tetra-radical character, with four nearly singly
occupied open shells. Nevertheless, the ground state remains open shell diradical in nature.
In the context of increasing polyradical character for higher order acenes, a DMRG study
by Chan et al. represent a deepest study of static correlations in acenes by performing a
full m-valence space CASSCF calculations.? Within the DMRG formalism, this work also
established singlet diradical ground state with the plausible evolution of polyradical ground
state beyond n=12, which corroborates well with our predictions of BS-UKS DFT as well
as previously reported by Malrieu et al.3! More recently, Gagliardi et al. also presented

the use of multiconfgurational pair density functional theory (MC-PDEFT) to include the
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dynamic electron correlations beyond that captured within a DMRG wavefunction, in a
two-step procedure called DMRG-PDFT to compute the singlet-triplet gaps, however the
study was rather limited to n=7 acenes.”” Thus, although, multi-reference methods give
better insights in to the electronic structure calculations of strongly correlated molecules.
However, the electron transport through a molecular junction is pre-dominantly governed
by spatial orientation of molecular orbitals acting as the conduction channels.® While, it
does not matter whether the electronic states lying near the Fermi energy are filled, empty
or partially occupied, as accurately predicted by multi-reference methods. On the other
hand, individual orbital picture provided by DFT is more robust, which is a pre-requisite
for transport calculations. Apart from the accurate orbital picture, BS-UKS method fairly

describes the ground state open shell diradical configurations for lower order acenes.

4 Conclusion

In conclusion, the findings in this work add new prospective on the debate concerning the
feasibility of anti-ohmic wires. The origin of anti-ohmic electron transport is rooted in to
the intrinsic electronic structure of the molecule wherein the decreasing gap between frontier
electronic states and its localization at the terminal connecting sites of junction drives a
nanowire into anti-ohmic regime.®% The current study put forth the preferential existence
of the molecule in CSS state as another guiding rule to observe the desirable increase in
conductance. We demonstrate that for acenes, decreasing orbital coefficients results in a
regular decay of conductance in both CSS and OSS state, accompanied by a larger resistance
in OSS state. On the other hand, cumulenes display a priori all of the features required to
be a anti-ohmic wire. However, clouds over this horizon appear with the evolution from CSS
to OSS state upon increasing length. For large enough molecules, the CSS state becomes
unstable and undergoes spin-symmetry breaking which enforces o and 3 electrons to localize

at the opposite ends of the molecule. This dramatically reduces the delocalized nature of
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frontier /3 channels yield a consequent decay of conductance as compared to their CSS
counterparts. It is worth mentioning that CSS solution is indeed appropriate for lower
members of the series with CSS ground state while it does not represent a physical state
for higher order members with OSS ground state. The restricted CSS solutions results
in enhanced transmission for higher members with incorrect prediction of small or even
negative 3 values. Thus, the use of unrestricted OSS solutions for molecules bearing diradical
character is mandatory for accurate estimation of conductance. Overall, the findings in this
work highlight that the inherent transition of intrinsic electronic structure from CSS to
OSS ground state with increasing length enforces the molecule to yield a regular decay of
conductance. Thus, emphasizing the existence of a molecule in closed-shell state along with
the two pre-requisites of decreasing HOMO-LUMO gap and substantial orbital localization

at connecting sites to observe the desired increase in conductance.
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