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In a classical electronic resistor, conductance decays as the device length increases according to Ohm's
Law. While most molecular series display a comparable exponential decay in conductance with
increasing molecular length, a class of single-molecule device series exists where conductance instead
increases with molecular/device length, a phenomenon called reversed conductance decay. While
reversals of conductance decay have been repeatedly theoretically predicted, they have been far more
difficult to demonstrate experimentally. Previous studies have suggested that theoretical multi-
reference(static) correlation errors may be a major cause of this discrepancy, yet most single-molecule
transport methods are unable to treat multireference correlation. Using our unique multireference
transport method based on non-equilibrium Green's function and multiconfigurational pair-density
functional theory (NEGF-MCPDFT), we examined a previously predicted case of reversed conductance
decay in systems of linear chains of phenyl rings with varying lengths and electrode designs. We
compare our NEGF-MCPDFT results to those of non-multireference NEGF methods to quantify the
exact role of static correlation in conductance decay reversals and clarify their relative importance to
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1. Introduction

Single-molecule devices display excellent potential both as
electronic components and as a platform for investigating
electron transport in molecules more generally."™ A key draw
of these single-molecule devices is their non-classical transport
characteristics. By virtue of their molecular character, conduc-
tance through single molecules is affected by a wide variety of
quantum properties such as electronic spin, vibrational inter-
actions, and electronic interference. The recent rise of quantum
electronics, in particular, has led to renewed efforts to develop
molecular devices for a variety of applications including qubits
and molecular quantum sensors.”®

One such unique quantum transport property can be seen in
molecular wires/resistor series. For a typical molecular series
such as alkane chains, conductance can be expected to decay
exponentially as molecular length increases acting analogously
to a classical resistor.” These devices, however, do not work on a
traditional length scale with their conductance governed by
Ohm’s Law, but rather on a quantum one. Therefore, it is
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geometric and electrode design/coupling considerations.

possible to create a reverse in the exponential decay of the
conductance, a phenomenon most commonly referred to as
reversed conductance decay. This non-classical transport effect
has seen a surge in interest recently due to its potential to create
molecular wires that enable long-range charge transport.®>!
While it was historically more difficult to demonstrate it experi-
mentally than would be expected from theoretical predictions, in
recent years experimentalists have made notable strides in design-
ing molecular series that demonstrate the phenomena.®*>?* One
key question that remains unaddressed is the relative importance
of multireference correlation in predicting conductance decay
reversals theoretically. Considering that a major design element
of most molecular wire series with predicted conductance decay
reversals is the presence of degenerate orbitals close in energy to
the electrode Fermi level, it is reasonable to suspect that multi-
reference correlation could play a role in predicting conductance
decay reversals. A series of studies by Mandado and collaborators
between 2019 and 2021 gave a compelling demonstration that
multi-configurational electronic structure effects could play a key
role in determining whether a molecular wire series will display
non-exponential conductance decay behaviors with increasing
length.'¢*®

While these studies strongly demonstrate that multi-
configurational effects are important when modeling conduc-
tance decay reversals, a key follow-up question is the relative
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importance of multi-configurational effects as compared to
other proposed determining factors such as molecule-electrode
coupling.’ When assessing whether a theoretical trend will
be replicated experimentally, this is a vital consideration as
electrode-molecule coupling is well-known to be critical in
determining transport patterns in general and potentially
for conductance reversals in particular. To examine the
relative importance of multireference effects in creating con-
ductance decay reversals, we employ Multiconfiguration Pair
Density Functional Theory (MC-PDFT) combined with non-
equilibrium Green’s function theory (NEGF) the combination
of which is referred to as NEGF-MCPDFT. This methodology
allows for the inclusion of multireference effects through its
use of complete active space (CAS) and dynamic correlation
outside of the active space through a translated density
functional.?*>* A key advantage of this approach is its ability
to include electrode-molecule coupling and NEGF-style model
electrodes alongside a balanced description of both types of
electron correlation. For this study, we utilize this ability to
examine model oligophenyl chains with branched and linear
electrodes which were previously established as an effective test
system for theoretical evaluation of conductance reversals."®'”°
We first examine the previous 1-layer electrode models as a test
for NEGF-MCPDFT and then examine new multi-layer versions
of the electrodes to quantify the relative importance of multi-
reference character in determining conductance decay reversals.

2. Computational methods

Linear chains with between 1 to 5 phenyl rings were examined
for this study and will be referred to as X-ring (ex. 5-ring)
systems throughout. Each chain was paired with an electrode
on each side consisting of either a single aluminum atom (pP)
or a branched electrode consisting of two aluminum atoms
bonded to a methylene carbon (pX2). The electrode lengths of
1, 2, 4, and 6 layers were examined. Aluminum was chosen in
place of gold used in the previous studies to avoid the use of
effective core potentials which had not been verified to work
with MC-PDFT at the time of this study. Geometry optimiza-
tions for both the five pP and the five pX2 systems were
performed using the Q-Chem quantum chemistry software
package.”” The molecular geometries were optimized using
the B3LYP functional and a 6-31G basis set. In addition, a
five-ringed pX2 system optimized to the higher energy twisted
ring state was included to examine the relative importance of
molecular conformation. To assist with the convergence of the
larger systems, the optimizations were done with hydrogen
atoms on the single-layer electrodes, which were removed
post-optimization. OpenMolcas was used to perform all of the
MC-PDFT calculations, which used a T:PBE functional and the
ce-pVDZ basis set.”® Both (8,8) CAS (8 electrons in 8 orbitals)
and (12,12) CAS (12 electrons in 12 orbitals) active spaces were
used for the 1-layer electrode systems and an (8,8) CAS was used
for the 2-6 layer systems. Pictures and occupation numbers for
active space orbitals for all calculations can be found in the
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ESI.{ DFT calculations using a PBE functional and the cc-pvVDZ
basis set were done using OpenMolcas to compare the results
to that of MC-PDFT.***° Transmission and conductance calcu-
lations were performed using the non-equilibrium Green’s
functions (NEGF) formalism implementation within the Rowan
University Quantum Transport (RUQT) code available on
GitHub.>" All NEGF calculations used a metal wide band limit
approximation for the electrode coupling and a fixed Al Fermi
level of —4.42 eV estimated from the HOMO-LUMO energies of
a separate linear aluminum chain calculation using PBE/cc-
pVDZ.** The extended molecular and electrode region Green’s
functions are created by partitioning the effective Hamiltonian
and overlap matrices for the entire system.

3. Results and discussion
3.1 Single layer pP vs. pX2 electrodes

3.1.1 Active space. When examining MC-PDFT conduc-
tance trends across a wide range of molecular lengths a key
consideration is the stability of the active space. For NEGF
methods, the character of the HOMO-LUMO orbitals is of
particular importance as they are typically close to the electro-
de’s Fermi level and can play an outsized role in determining
transport values.*® For NEGF-MCPDFT, it has been previously
observed that the HOMO-LUMO-like orbitals (as determined by
orbital occupational numbers) likewise play an outsized role in
determining current and conductance. Pictures of these orbitals
for the 1-, 3-, and 5- Ring systems with pP and pX2 electrodes can
be found in Fig. 1 and 2 respectively. As can be seen in Fig. 1 and
2, the HOMO-LUMO-like active space orbitals between the pP
and pX2 systems show clear differences. For the pP electrodes,
these orbitals generate orbital pairs that are mostly localized
on the electrode regions of the devices. This preference
for electrode-centered orbitals when starting from SCF guess
orbitals was noted previously for the benzyne radical.'® A key
variance seen is with the 3-Ring system where some additional
molecule-centered orbitals are occupationally degenerate with
the electrode-centered orbitals. In contrast to the pP orbitals, the
orbitals for the pX2 systems change depending on the chain
length and display a greater contribution from the phenyl rings.
It is also notable that for the pX2 electrodes, the 3 and 5-ring
orbitals display a greater degree of delocalization across the
molecule compared to the pP electrodes.

When compared to the DFT HOMO-LUMO orbitals from
the 2019 paper by Gil-Guerrero et al. using gold electrodes, a
few notable differences emerge.'® Compared to the gold pX2
electrodes where gold contributes d-like atomic orbitals to the
LUMO/HOMO orbitals, Al contributes a p-like orbital. This
leads to increased orbital delocalization across the entire
electrode structure due to pi-bonding between the aluminum
atoms and the linking carbon atom.

3.1.2 Occupation numbers. The orbital occupancy of the
CAS orbitals is a well-known metric for evaluating the degree of
multireference character. The occupancy of the active space
orbitals in the (12,12) and (8,8) CAS pP systems was consistent

Phys. Chem. Chem. Phys., 2024, 26, 6696-6707 | 6697


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp01110k

Open Access Article. Published on 29 January 2024. Downloaded on 3/9/2026 7:29:56 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

View Article Online

Paper

et P ter N YeZens | | | sqesenetsl

1-Ring pX2 Orbitals (occ: 0.08)

1-Ring pX2 Orbitals (occ: 1.87)

3-Ring pX2 Orbital (occ: 1.21)

9:90 Ipria!

3-Ring pX2 Orbital (occ: 1.21)

5-Ring pX2 Orbital (occ: 0.98)

5-Ring pX2 Orbital (occ: 1.02)

Fig. 1 Occupation and orbital trends for the pX2 series using a (12,12) active space.
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Fig. 2 Occupation and orbital trends for the pP series using a (12,12) active space.

across all chain lengths showing limited multi-configurational
character. For all (12,12) CAS pP electrode systems, the HOMO-
like orbitals have an occupancy of 1.87 and the LUMO-like
orbitals have an occupancy of 0.07 which is relatively close to
the single-reference SCF values of 2.0 and 0.0 respectively. The
occupancies of the active space orbitals of the pX2 systems in
contrast display increasing degeneracy as the molecular length
increases going from nearly identical occupancies to the pP
electrodes for the 1-ring chain (1.87 & 0.07) to almost perfectly
degenerate occupations (1.02 & 0.98) for the HOMO-LUMO like
orbitals. The occupation numbers also indicate an increasing
degree of degeneracy and diradical character for the pX2 systems
as the number of phenyl rings increases. This finding is con-
sistent with the previous results for these 1-layer electrode
oligophenyl chains.">"” Increased diradical character in particu-
lar has previously been associated with decreased occurrence of
conductance decay reversals when edge state density is not
maintained as system length increases.>'® This is the behaviour
observed for all systems studied so we can expect increasing
diradical character to result in fewer occurrences of non-
exponential conductance decay.

3.1.3 Transmission. The results of the transmission calcu-
lations for the 1 electrode layer pP and pX2 systems using both
MC-PDFT (12,12) CAS and PBE are displayed in Fig. 3. In the pP
systems with 1-layer electrodes, the trend for the peaks near the
Fermi level is similar with both MC-PDFT and DFT with all
peaks being off-resonant with the Fermi level. The MC-PDFT
method predicts both notably lower overall transmission and
less peak alignment with the Fermi level consistent with its
previous behavior for the benzyne radical.®®> Each method
predicts a cluster of peaks near —2 and 2 eV but the gap

6698 | Phys. Chem. Chem. Phys., 2024, 26, 6696-6707

between the peak clusters is significantly wider for MC-PDFT
compared to PBE. For both methods, the cluster of peaks
between —2 and —1 eV peaks show the expected progression
toward the Fermi level as the number of rings increases but all
systems remain highly off-resonant. For the pX2 systems, the
predictions of PBE and MC-PDFT differ with the PBE predicting
a cluster of peaks near the Fermi level. The MC-PDFT method
in contrast gives two different peak behaviors depending on
molecular length with the 1- and 2-ring systems having peaks
close to the Fermi level and the peaks for the 3+ phenyl ring
chains being again clustered between —1 and —2 eV below the
Fermi level. This is likely due to the shift in the character of
HOMO-LUMO-like orbitals with molecular length as the more
electrode-centered orbitals of the 1 and 2-ring systems generate
the peaks near the Fermi level. The behavior is thus somewhat
but not entirely active space dependent as seen in Fig. 4 where
the (8,8) CAS MC-PDFT results show very similar behaviors to the
(12,12) CAS but with the location of 1 and 2 ring peaks near the
Fermi level exchanged. Overall, the MC-PDFT and PBE transmis-
sion results show reasonable agreement in the 1-layer pP elec-
trode case and stronger variance in the 1-layer pX2 electrode case
with the PBE showing a greater degree alignment with the Fermi
level overall as well as cases of increased transmission with
molecular length. This is in keeping with previous findings that
adding additional electron correlation effects (multireference or
dynamic) typically results in an increase in peak spacing com-
pared to that of many DFT functionals.**™”

3.1.4 Conductance. The conductance trends with the num-
ber of phenyl rings at 0.5 and 2.0 V for both PBE and (12,12)
CAS MC-PDFT using 1-layer electrodes are displayed in Fig. 5.
For a typical molecular resistor, conductance can be expected to
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Fig. 3 Transmission functions for DFT-PBE (A) and (C) and MC-PDFT (12,12) CAS (B) and (D) for pP (A) and (B) and pX2 (C) and (D) type electrodes

centered at the Fermi level.
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Fig. 4 MC-PDFT (8,8) CAS transmission functions for pP (A) and pX2 (B) type electrodes centered at the Fermi level.

decay as an exponential function when compared to molecular
length, G(x) = Ae "* where x is the number of repeating units,
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resulting in a linear decay trend on a semi-log plot. As expected,
based on their transmission functions, both methods exhibit
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Fig. 5 Estimated conductance values in quantum of conductance per number of phenyl rings at 0.5 V (a) and 2.0 V (b). The lines represent the

exponential fits for each curve.

the expected exponential conductance decay with increasing
molecular length for the pP electrode systems at 0.5 V with f§
coefficient values of 1.6 for PBE (r* = 0.99) and 2.1 for MC-PDFT
(r*=0.88). For the pX2 electrodes, however, the trend predictions
for the two methods differ. The MC-PDFT method predicts
continued exponential decay overall but with increased variance
(r* = 0.71) and a beta coefficient of 2.1. This is likely a result of
the previously noted difference in active space orbitals and
transmission peak between the 1- and 2-ring systems and the
3-5 ring systems which leads to increased conductance for the
1- & 2-ring systems. The PBE method, in contrast, predicts a beta
coefficient of 0.5 (+* = 0.97) indicating non-exponential decay as
molecular length increases. This is likely due to the difference in
the location of the transmission peaks closest to the Fermi level
due to variance in the energetic active space orbitals as the
molecular length increases.

In Fig. 5(b), we examine the same systems at 2.0 V. In their
original 2019 study, Gil Guerrero et al. noted that the pX2
systems had a multi-configurational character and showed a
rise in conductance with the molecular length at 2.0 V. While the
quantitative predictive power of a non-self-consistent wideband
limit NEGF approach is limited at such high voltages, the high
voltage results are still valid for electronic structure method
comparison (PBE and MC-PDFT) and examining how their
relative peak locations can be expected to impact conductance.
At 2.0 V, the predicted conductance shows increasingly non-
exponential decay behaviors with increasing molecular length
compared to the 0.5 V case allowing transported charges to
access them at higher voltages. While the MC-PDFT 2.0 Volt pP
results are consistent with the 0.5 V results and similar expo-
nential conductance decay values (ff = 1.9), the 5-ring PBE pP
system displayed greater conductance than the 4-ring PBE pP
system at 2.0 Volts, displaying a reversal of the conductance
decay and resulting in a numerical failure of the exponential fit.
This result is likely due to the transmission peaks for the PBE
being ~1 eV closer to the Fermi level than those of MC-PDFT.
The pX2 systems in contrast exhibit an increased degree of non-
exponential conductance decay for both methods. Again, we can
see that the tighter transmission peak spacing of the PBE
method leads to a nearly flat conductance trend, particularly
for the pX2 electrode at 2.0 V beyond 2 Rings with a small
reversal seen at the 5-ring system for the pP configuration.

6700 | Phys. Chem. Chem. Phys., 2024, 26, 6696-6707

MC-PDFT on the other hand continues to exhibit a conductance
decay at 2.0 V with a low degree of linearity (> = 0.70 for pX2 and
r? = 0.85 for pP) in the semi-log plots which are relatively close to
the 0.5 V values (+* = 0.76 for pX2 and r* = 0.88 for pP). This is
again a result of the larger peak spacing and lower Fermi level
alignment predicted by MC-PDFT as well as the variance in active
space orbitals with system size.

This finding agrees with the follow-up papers to the original
2019 study which found it is more likely that proper multi-
configurational corrections would act to decrease conductance
and reduce predicted non-exponential decay behaviors rather
than increase as originally predicted.'”'® This is due to an
increase in the relative transmission peak spacing a finding
which is also consistent with previous results contrasting the
impact of including GW electronic correlation corrections in
NEGF-DFT calculations.**** While the orbital degeneracies can
be expected to be both more prominent and well-described when
multi-configurational methods are employed, this does not
necessarily translate to tighter peak spacing and Fermi-level
alignment in transmission function. This aligns with the ten-
dency of simple GGA DFT functionals such as PBE to under-
estimate the HOMO-LUMO gap which typically requires further
correction (ex. long-range functionals or scissor corrections) to
properly describe.***® Our 1-layer can be seen as largely consis-
tent with the previous findings of other studies when taken as a
whole and shows that active space size alone is not likely a major
determining factor. This suggests that increasing the quality of
the multi-configurational description alone is not enough to
properly describe conductance decay reversals.

3.2 Multi-layer electrodes

3.2.1 Conductance vs. electrode size. For all NEGF meth-
ods and molecular junction transport methodologies more
generally, it is well-known that both electrode configuration
and the quality of electrode description play a large role in
determining conductance.**' This is even evident in the
initial test systems where changing to a different electrode
configuration results in a significant difference in the displayed
conductance patterns. To quantify the relative importance of
electrode length versus multi-configurational character when
determining transmission and conductance decay patterns we
examined pX2 and pP type electrodes with 1,3, and 5 additional
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layers of Al atoms added on. In the NEGF calculations, the
original 1-layer electrodes are included in the extended mole-
cular region with the new layers forming the electrode regions.

3.2.2 Transmission with electrode length. The transmis-
sion functions for the pP and pX2 systems with multi-layer
electrodes are shown in Fig. 6 and 7 respectively. We examined
2-, 4-, and 6-layer electrodes to contrast with the single-layer
electrodes previously studied. From Fig. 6 we can see for the
multi-layer pP-type electrodes, the primary difference from the
1-layer case is a decrease in the transmission for the 1-ring
system. Otherwise, only a small decrease in the gap between the
transmission peaks on either side of the Fermi level is seen as
electrode length increases. This would not be expected to
impact conductance significantly due to all peaks being highly
off-resonant. Fig. 7 in contrast shows significant changes in
predicted pX2 transmission spectra as electrode length
increases. A large number of resonant peaks move near the
Fermi level, and all 2+ ring systems show a large peak at or near
the Fermi level. This result is quite striking when compared to
the relatively minor difference seen between the different size
active spaces for the one-layer pX2 electrodes. While the specific
peak alignments shifted when the active space shifted, the
overall transmission peak structure did not noticeably change
as was previously observed for NEGF-MCPDFT calculations.*?

In contrast, the transmission peak character and locations for
the pX2 systems significantly change as electrode size increases
with the net effect being a large increase in Fermi level-
transmission peak alignment. These results suggest that elec-
trode size rather than active space composition or size is likely
going to be a more important factor in determining transmis-
sion for multiconfigurational transport methods. Considering
the well-known dependence of NEGF methods (and charge
transport methods more broadly) on electrode description this
is not an entirely surprising result. This can be considered a
benefit for the NEGF-MCPDFT method as it is capable of
describing much larger model electrodes than any similarly
advanced multiconfigurational transport methodology.

3.3.3 Conductance with electrode length. As can be
expected based on the NEGF methods used, the conductance
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results align with the transmission analysis. As seen in Fig. 8,
the overall trends for the pP electrode systems at both voltages
are roughly consistent with the one-layer results although the
rate of decline in conductance is lessened (ff = 0.78 — 0.83 at
0.5 V). While there is some increased variance between the
different lengths, by four or six electrode layers the conduc-
tance patterns have mostly converged to the same rate of decay.
The 2.0 V pP electrode results are largely consistent with 0.5 V
results in contrast to the 1-layer PBE predictions (f = 1.39 —
0.80). For the p2X electrodes (Fig. 9) the addition of electrode
layers causes the rate of decay to decline as the electrode length
increases with beta values going from 2.18 (1-layer) to 0.16
(6-layer) at 0.5 V. At 2.0 V, we again see increasingly nonlinear
conductance decay patterns (f = 1.4 — 0.003) and even an
increase in conductance for the 5-ring system with 6-layer
electrodes matching the previous PBE result for the one-
layer electrodes. In this case, the lessening of the decay rate
shows that the increased peak spacing caused by the multi-
configurational character of the pX2 systems was effectively
overwhelmed by the increase in electrode-molecule interac-
tions. This brings the NEGF-MCPDFT predicted conductance
trends for pX2 back to a qualitative agreement with the 1-
layer PBE results, especially at 2.0 V. This contrasts with the
pP electrodes where a significant difference in overall conduc-
tance values is maintained as the number of electrode
layers increases and no similar convergence between results
is seen.

What this suggests is that the electrode description is the
more important of the two factors when determining conduc-
tance trends. Failing to provide an optimized electrode model
will limit the reliability of the conductance trend prediction
regardless of the quality of the electronic structure method used
or improvements to the correlation recovery characteristics. It is
notable though that the results tend to converge as electrode
length increases which is an encouraging finding. This suggests
that if the model electrode is of sufficient length and quality a
definitive theoretical statement about the conductance trends
for a multiconfigurational molecular series can be made. With
improvements to the electrode descriptions of multiconfigurational
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Fig. 6 Transmission functions for pP electrodes that are 2(A), 4(B), and 6(C) aluminum atoms long.
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Fig. 8 Estimated MC-PDFT conductance values for all pP-type electrodes in quantum of conductance per number of phenyl rings at 0.5V (a) and 2.0 V
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Fig. 9 Estimated MC-PDFT conductance values for all pX2-type electrodes in quantum of conductance per number of phenylrings at 0.5V (a) and 2.0 V

(b). Lines represent the exponential fits for each curve.

transport methods, multiconfigurational contributions to
conductance decay reversals can potentially be consistently
characterized.*

3.4 Variations in trends with orbital and transport region
selection

It is well-known that active space selection can play a major role
in property prediction for active space methods like CASPT2
and MC-PDFT. By extension, one might expect it to important

6702 | Phys. Chem. Chem. Phys., 2024, 26, 6696-6707

contributing factor to the previous transmission and conduc-
tance results. However, in the previous investigation of alkane
chains and benzyne, active space selection did not prove to be
highly important and the energetic criteria proved to be
equivalent for treating transport properties when compared to
a custom-designed active space which was designed to increase
the presence of molecule-centered orbitals.’® This was because
the systems studied displayed a strong preference for specific
types of HOMO-LUMO-like orbitals which play an outsized role
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in determining charge transport at low bias voltages. These
preferred HOMO-LUMO-like orbitals were typically centered on
the electrodes. This behavior was maintained across a range of
active space sizes and orbital reordering attempts. In contrast
to the current study, the impact of increasing both electrode
and molecule size was not considered. As seen in Fig. 1 and 2,
when a small, fixed electrode is used maintaining reasonable
active space consistency in terms of the HOMO-LUMO-like
orbitals across molecular size increases can be achieved as
previously observed. This becomes more challenging, however,
when the electrode size is also increased as this alters the
relative importance of orbital contributions from the metal
atoms in compared to the those of the molecular atoms. When
using a localized Gaussian basis set, this results in localized
orbitals that struggle to describe the increasingly mixed orga-
nometallic system as electrode size increases, yielding varia-
tions in active space orbitals and potentially property trends.
This is principally seen in a tendency for increasingly electrode-
centered orbitals and increased potential for more fragmentary
orbitals as system size increases. We examined two potential
fixes to this issue the first being an expansion of the extended
molecular region so that additional electrode-centered orbitals
are included in the transport region and the second being a
reoptimization of the active orbitals to include more molecule-
centered orbitals rather than using the energetic criteria. For
these tests, we reexamined the pX2 systems with the longest
electrodes (pX2-6) as they displayed the most orbital fragmen-
tation and variance from the energetic orbital set.

To increase the size of the extended molecular region for the
pX2-6 systems, we recalculated the transmission and conduc-
tance using only a single pair of aluminum atoms in the
electrode region instead of having all aluminum atoms in the
electrode region. This means that for the pX2-6 electrodes, the 2
atoms in each electrode region matching the pX2 electrode and
previous studies. For the active space optimization test, we
aimed to create a balanced active space that maintained con-
sistent molecular and electrode orbitals across the entire series
with 4 electrode-centered and 4 molecule-centered orbitals in
the active space. Another key goal was to make the HOMO-
LUMO-like orbitals molecule centered as was seen in the one-
layer electrode case in the previous section. This proved to be
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only partially achievable with the current basis set due to the
tendency of the individual orbitals to fragment and localize into
multiple equivalent orbitals as the system size increases. As can
be seen in Fig. 10 and the complete orbital sets in the ESI,{ the
pX2-6 systems using the energetic active space displayed
increasingly fragmentary orbitals that centered on the electro-
des as the size of the molecules increases. This proved to be
only partially reversible by rotating in new orbitals to the active
space and re-optimizing in an attempt to achieve the desired
mix of molecule- and electrode-centered orbitals. As seen in
Fig. 10, rotating in molecule-centered orbitals did result in
HOMO-LUMO-like orbitals that were centered on the mole-
cules for the 1-ring (and 2-ring) systems. At three or more rings,
attempts to include molecule-centered and non-fragmentary
orbitals resulted in limited changes to the preferred HOMO-
LUMO-like orbitals. However, overall the new active spaces have
an increased number of molecule-centered orbitals when com-
pared to the energetic active spaces, and most of the unpaired
fragmentary orbitals were removed or joined by an appropriate
orbital pair (see ESIt for all active space orbital pictures). As in
the previous NEGF-MCPDFT study, we find a tendency for
electrode-centered HOMO-LUMO-like orbitals to be particu-
larly dominant and difficult to rotate out of the active space
an optimization behaviour pattern which appears to become
stronger as the size of the electrode increases. It should also be
noted that orbital degeneracy patterns are maintained when
the active spaces are reordered with more variation being seen
when the HOMO-LUMO-like orbitals are changed as is the case
for the one-ring system which shows modestly fewer degenerate
occupations when the fragmentary electrode centered orbitals
are replaced with molecular-centered orbitals. Both active
spaces also show similar trends in their diradical predications
with both predicting diradical behaviour for pX2 system with 3
phenyl rings or more.

The transmission curves for both tests can be seen in Fig. 11.
Considering the transmission curve for the reoptimized active
space, two points of interest appear. The first is that when
compared to the original energetic active space for the 3+ ring
systems the overall shape and number of peaks are not heavily
changed however their locations are highly shifted. This is very
much in line with the previous NEGF-MCPDFT study where
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5-Ring pX2-6 Energetic (occ: 1.00)

) BB 00000000 00 B
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Fig. 10 Occupation number and orbital trends for the HOMO-LUMO-like orbitals of the 1, 3, and 5 Ring pX2-6 series using a (8,8) CAS active space.
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changes in active space that maintain the same HOMO-LUMO-
like orbitals tended to result in similar transmission peaks but
with potentially widely shifted transmission energies. The one-
ring pX2-6 case in contrast reverts to a single broad peak
similar to the (12,12) CAS pX2 1-ring system. This is likely
due to the return to more molecule-centered orbitals over the
fragmentary electrode orbitals seen in the (8,8) CAS energetic
orbital set.

Considering the effect of increasing the size of the extended
molecular region, overall transmission is decreased and peaks
are heavily shifted in transmission energy relative to the Fermi
level and decreased in magnitude. This is likely due to the
removal of active space orbitals near the Fermi level from the
electrode region and placing them into the extended molecular
region. This increases the alignhment between the electrode and
extended molecule orbitals since it places a transmission peak
right at the Fermi level for all systems.

The effect that both transport orbital changes have on
conductance can be seen in Fig. 12. Considering the expanded
molecular region first, we can see that at 0.5 V the a nearly flat
and linear conductance trend with a nearly identical decay rate
compared to the standard pX2-6 case (f = 0.18 vs. 0.16). Going
to 2.0 V in contrast increases the nonlinearity of the curve,
decreases the conductance, and increases the decay rate over
pX2-6 (ff = 0.39 vs. 0.003). This relatively stable conductance can
be expected as the transmission graph showed a cluster of
small peaks near the Fermi level with the remaining peaks
heavily decreasing in magnitude or shifting away. This means
that at low voltages you would expect relatively high and
consistent conductance due to resonant transport through
the aligned transmission peaks.

The conductance of the re-optimized active space orbitals
shows a more interesting result. As noted in the transmission
results, there was a degree of inconsistency in the peak trends
which corresponds to changes in the active space orbitals.
Based on the past results for the benzyne diradical, we would
expect conductance inconsistencies to emerge only when the
HOMO-LUMO-like levels change which did occur for the reopti-
mized active space to a greater degree than for the energetic
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0.24
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View Article Online
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active space. This observation is also borne out in the conduc-
tance plots where the energetic active space’s prediction of a
near reversion to PBE results at 0.5 V voltages and a slight
reversal of conductance decay/flat conductance at 2.0 V are both
reverted to exponential decay with length (5 = 0.89 vs. 0.5 V and
p = 1.02 at 2.0 V) with increased variability in the overall
conductance trend. As noted above, this increased variability is
likely due to changes in the HOMO-LUMO-like orbitals as
molecular length increases. This reinforces that picking an active
space that represents the actual transport orbitals (particularly
the HOMO-LUMO-like orbitals) is a key factor for describing
transport trends. When combined with the previous results for
electrode length, this shows that to predict conductance trend
reversals and capture multireference effects consistently both an
electrode of sufficient size and a well-chosen set of active space
orbitals should be employed. This is an ongoing challenge as
there are no active space design principles that currently exist for
ensuring a consistent description of charge transport in mole-
cular junctions as few active space methods are commonly used
for molecular electronics calculations.

3.5 Role of molecular conformation

Alterations to the molecular configuration are another well-
known contributor to conductance trend behaviors. The impor-
tance of molecular configuration can be seen in recent efforts
to utilize topological states to create conductance decay
reversals.® Generally speaking, for phenyl ring-based systems,
the alignment of phenyl rings tends to increase conductance,
and a potential cause of the increased conductance for pX2
model systems conductance is that the pX2 electrode configu-
ration energetically favors a completely flat ring system over the
twisted rings seen in the pP electrode systems. This offers a
straightforward check of the relative importance of the mole-
cular configuration by comparing our previous results against
those of the twisted pX2 system and those of the p1 systems. As
an illustrative example, we examined the twisted five-ring
system at multiple electrode lengths. For these calculations,
we used the twisted 5-ring geometry from the p1 electrode
calculations and then replaced the p1 electrodes with their pX2

Transmission (arb. units)

-1

[— 1Ring 2-Ring —— 3-Ring —— 4-Ring —— 5-Ring|

0 1 2
ev

Fig. 11 MC-PDFT (8,8) CAS transmission functions centered at the Fermi level for pX2-6 electrodes with the energetic active space and an enlarged
extended molecular region (A) a reordered active space (B) and the energetic active space (C).
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Fig. 12 Estimated MC-PDFT conductance values for pX2-6 electrodes using an enlarged extended molecular region (px2-6EX) and a reordered active
space (pX2-6RE) in quantum of conductance per number of phenyl rings at 0.5 V (a) and 2.0 V (b). Lines represent the exponential fits for each curve.

equivalents. The transmission results are shown in Fig. 13. We
can see from the results that pairing the twisted ring system
with the pX2 results in transmission functions that are a mix of
the p1 and pX2 results. They display overall increased align-
ment with the Fermi level compared to the p1 electrodes but
with similar overall peak shapes. There is a notable difference
in peak alignment between the 4/6 length electrodes and the 1/
2 length electrodes. This confirms that a key factor in the pX2
electrode model’s conductance reversals at high voltages was
the energetic favoring of a flat phenyl ring alignment over a
twisted one. This also again confirms that to properly predict
conductance decay reversals character a model must at mini-
mum account for all three factors (electrode description, multi-
reference character, and molecular configuration) correctly.

4. Conclusions

In this study, we sought to clarify the relative importance of multi-
reference/static correlation in determining the appearance of con-
ductance decay reversals in molecular wire series. We examined a
model system known to provide a clear case of conductance
reversals based on electrode design. Our results match the findings
of other groups for the 1-layer model systems and show that NEGF-
MCPDFT is consistently capturing multireference correlation effects

144
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@ =

Transmission (arb. units)
o
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for these systems. We also showed that this multiconfigurational
character is not alone enough to determine conductance decay
reversals and that geometric considerations such as electrode
configuration and molecular conformations are likely more impor-
tant. This demonstrates that one needs a robust electrode model
paired with a well-designed extended molecular region to make a
definitive statement about whether a particular system will display
the effect. As shown by the active space test there is also a great need
to develop active space design principles for multireference trans-
port methods to ensure that the correct transport orbitals are being
used as well as to implement less localized basis sets for use with
active space methods. We also find that multireference correlation
should be treated as a correction to prevent the miss prediction of
conductance decay reversals when other factors (ex. topological
states) are in favor of the effect. We hope this provides some
guidance for future investigations of the phenomenon. We hope
that our findings will aid in the discovery of new devices with
enhanced conductance as providing a comprehensive treatment of
these factors is particularly important when designing novel systems
without experimental guidance.
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