Chemical
Science

rsc.li/chemical-science

ISSN 2041-6539

ROYAL SOCIETY EDGE ARTICLE

Hyungjun Kim et al.

OF CH EMISTRY Diverse quantum interference regimes in intramolecular

singlet fission chromophores with thiophene-based linkers

Volume 15

Number 43

21 November 2024
Pages 17705-18208




#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Diverse quantum interference regimes in
intramolecular singlet fission chromophores with
thiophene-based linkers+

i ") Check for updates ‘

Cite this: Chem. Sci., 2024, 15, 17823

8 All publication charges for this article
have been paid for by the Royal Society

of Chemistry Jonghwan Lee, ©2 Sungsik Eom? and Hyungjun Kim @ *2°

An array of thiophene-based m-conjugated linkers in covalently linked pentacene dimers allow us to access
diverse quantum interference (Ql), modulating nonadiabatic coupling (NAC) in the singlet fission (SF)
process. Simulations show that structural isomerism in terms of S atom orientation substantially alters
NAC with relatively marginal impacts on energies. Extended curly arrow rules (ECARs) reveal sensitive
dependence of Ql on SF linker topologies and connectivity, categorizing regimes of constructive,
destructive, and previously unrealized in SF research, shifted destructive Ql. Drastic NAC changes in
terms of S atom orientation are rationalized based on the nature of Ql. Our results from nonequilibrium
Green's function calculation using density functional theory corroborate the classification of Ql regimes

based on ECARs. Moreover, we found that the extent of charge resonance contribution in electronic
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Accepted 2nd October 2024 states relevant to multiexciton formation and the appearance of optically allowed charge transfer
excitation strongly depends on the operative QI regime. Notably, the magnitude of NAC effectively

DOI: 10.1035/d4sc03546a captures this influence. Our findings show that QI can rationalize and semi-quantitatively correlate with
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Introduction

Singlet fission (SF) is an intriguing photophysical process where
two independent triplet excitons are generated from a high-
energy singlet state.” It is generally accepted that a multi-
exciton (ME) state consisting primarily of coupled triplets
mediates this process,>® and meeting the thermodynamic
requirement is highly desired for efficient exciton multiplica-
tions. By utilizing the thermally wasted part of high-energy
photons to promote electronic excitations in neighboring
chromophores, this phenomenon has the potential to signifi-
cantly enhance the theoretical efficiency limits of single-
junction photovoltaic devices, known as the Shockley-
Queisser limit."® However, the details of the mechanism remain
under debate.™ In solid-state SF, structural heterogeneity limits
mechanistic understanding."*® As an alternative approach,
intramolecular SF (iSF) systems have been explored, where SF
chromophores are covalently connected by a small molecule,
linker. This allows definitive characterization of exciton
dynamics on a single molecule level.**
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NAC for the multiexciton formation step in the SF process.

Numerous studies have shown that linkers play an integral
role in modulating SF dynamics rather than simply holding
chromophores together.** Extensive investigations of iSF have
elucidated how different linking topologies modify SF
phenomena. Key discoveries demonstrate that the linkage
pattern,® conjugation type,*>* distance,**** arrangement/
packing structure,*?***3* and extent of through-bond/
through-space coupling®**** alter triplet quantum yields,
triplet lifetimes and SF rates. Such systematic linking strategies
offer vital design guidelines to optimize iSF in acene dimers. In
particular, chromophores attached at the phenylene linker in
ortho, meta, and para positions show distinctive SF kinetics.">**

In molecular science, the communication between mole-
cules is important. In particular, quantum interference (QI) has
played a pivotal role in explaining conductance in molecular
electronics.**** The function of various linkers has also been
examined across research areas including electron transfer,
spin coupling, and SF, revealing intriguing parallels.?® QI proves
instrumental in analyzing SF kinetics.*>** By examining iSF in
pentacene dimers connected by various acene linkers, Campos
et al. revealed that QI significantly impacts SF kinetics.* Based
on their proposed graphical model, they categorized these
linking patterns into constructive and destructive QI, CQI and
DQI, respectively. This rationalizes the previously observed
dependence of SF kinetics on the attachment sites of chromo-
phores at acene linkers.'>%%2¢

In this work, we employed an array of thiophene-based
linkers to access diverse QI regimes through slight structural
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modifications, which surprisingly resulted in the tuning of
electronic coupling over a wide range. Musser et al. recently
showed that bithiophene linkers accelerate ME formation
(MEF) versus phenylene linkers.** As a five-membered ring, the
thiophene allows us to probe how QI manifests in nonbipartite
linker topologies. Furthermore, cis/trans isomerism for the
sulfur atom enables exploring previously unrealized shifted
destructive QI (SDQI) in MEF kinetics. We rationalize the
nonintuitive structure-function trends obtained from quantum
chemical simulations using extended curly arrow rules (ECARs)
that categorize topological motifs featuring CQI, DQI, and
SDQL

ECARs are an effective method for predicting electron
transmission in molecular electronic devices, developed as an
advance to the original curly arrow rules (CARs).”** CARs use
organic chemistry's curly arrow notation to predict electron
transmission in alternant hydrocarbons, and ECARs expand
this approach by considering electron-withdrawing and
electron-donating groups. This improvement allows ECARs to
predict the nature of QI in a wider range of molecules, including
structures with cross-conjugation, heteroatoms, and/or non-
alternant structures where the applicability of CARs is limited,
thus offering a more comprehensive tool for understanding
molecular conductance.*® Combined with high-level quantum
chemical simulations and a molecular electronics model, we
revealed that subtle structural modifications of the linkers can
selectively control electronic couplings between chromophores.

Results
Model system and theoretical background

We designed a series of model systems of 6,6'-trimethylsilyl-
pentacene (TMS-Pc) dimers connected via thiophene deriva-
tives (Fig. 1A and S1f). We used an index f#X or nf#X to
encode key topological details of the linkers, where f denotes
fused, nf specifies nonfused chains, # indicates the number of
repeating units, and X represents the relative sulfur atom
orientation: cis (C) for the same direction, and trans (T) for the
opposite direction (Fig. 1B). We performed restrictive active
space with spin-flip (RAS-SF) calculations**™® to obtain SF-
relevant energetics, in particular, focusing on the MEF rate
using a three-state kinetics model,>*** and wavefunction

A) (B)
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decomposition.”® We also conducted nonequilibrium Green's
function (NEGF) calculations using density functional theory
(DFT) to describe electronic transmission through linkers.
Further details regarding quantum chemical simulation are
described in the ESLf

A deeper understanding into MEF kinetics is pursued based
on quantum chemically computed nonadiabatic coupling
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Fig. 2 Singlet fission kinetics and relevant electronic properties. (A)
Logarithm of multiexciton formation rates relative to 1, (B) thermo-
dynamic driving force for multiexciton formation (AEmgr), (C)
nonadiabatic coupling (NAC) of chromophores having nonfused
thiophene chains (triangles) and fused thiophene derivatives (circles) as
a function of the number of repeating units. Color scheme: monomer
(red), dimer (orange), and trimer (green).
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Fig. 1 Structure of TMS-Pc and linkers. (A) Equilibrium geometry of the trimethylsilyl-pentacene (TMS-Pc) dimer linked by the thiophene
monomer, 1. Color scheme: hydrogen — white, carbon — gray, oxygen — red, silicon — sky blue, and sulfur — yellow. (B) Chemical structure of
thiophene-based linkers. Unless otherwise specified, TMS-Pc moieties are attached at the carbon atom next to the sulfur atom in terminal
thiophenes.
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(NAC) and thermodynamic driving force (AEygr) (Fig. 2 and
Table S1f). We quantified AEygr as the electronic energy
difference between a ME and the lowest optically allowed
transition state. As suggested by Krylov et al., the norm of the
reduced one-particle transition density matrix (||y||) can be used
to approximate NAC.>*>¢

> ()’ = Dol qwre))?

vl

rq

= Z<<;CL¢Lp+q|Zc£¢£>>2

2
=D <ZCLC£<¢L|P+Q¢£>>
rq ur
where ¢}, and ¢} are the expansion coefficients of initial and final
RAS-SF adiabatic states (¥; and Wy). p* and q are the one-particle
creation and annihilation operators, respectively. The magni-
tude of NAC can be calculated with the ||y| and energy differ-
ence between respective states (|AE|) given in eV.

[l
NAC = —-
|AE|

Singlet fission kinetics

Before discussing the details, we would like to highlight the
reliability of our theoretical approach. In previous experimental
studies, Musser et al. measured MEF dynamics through the
femtosecond transient absorption spectrum for /-2-T and nf-2-T.
Experimentally determined time constants for MEF are 0.7 ps
and 7 ps for nf-2-T, which further accelerates to 0.3 ps and 3.6 ps
for f-2-T.*' Our simulations predict 3.2 times faster MEF rate for
f-2-T compared to nf2-T, which is comparable to experimental
rate enhancements of 2.3 and 1.9. Moreover, the RAS-SF
approach has been successful in describing relative changes
in MEF kinetics of structurally similar systems.*** Krylov et al.
conducted a comparative analysis between MEF rates from RAS-
SF simulations and the experimental rates for a series of per-
ylenediimide dimers, which shows a high correlation between
them. This lends more confidence to the reliability of our
simulations.

RAS-SF calculations reveal that the magnitude of NAC varies
significantly, with the maximum value (0.39 eV for 1) being
approximately 22 times larger than the minimum value (0.018
eV~ for £3-CC) (Fig. 2 and Table S17). In contrast, the change in
AE\gr is comparatively small, with a 26% difference between
the minimum (—0.44 eV for 1) and maximum (—0.55 eV for f-3-
CC) values. The substantial variation in NAC dominates over the
influence of energy in determining the relative rate, and NAC is
crucial for understanding the kinetics of the SF process, as
established by various studies.>**>*” Among the investigated
thiophene derivatives, the monomer, 1, exhibits the strongest
electronic coupling due to its shorter length compared to all
other linkers, despite being thermodynamically unfavorable. As
the number of linkers increases, the spatial separation between

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the pentacene chromophores expands, resulting in a highly
anticipated decrease in NAC. Remarkably, the NAC value of f-2-
T, the highest among dimers, is predicted to be of nearly the
same magnitude as that of 1. The nonfused analogues (nf-2-T
and nf-2-C) display similar values and exhibit inferior perfor-
mance due to the rotatable single bond impeding conjugation
between thiophene units, with f-2-C demonstrating the weakest
NAC among the dimeric linkers. For the trimeric linkers, f3-TT
manifests the strongest electronic coupling, while the incor-
poration of even a single cis sulfur atom orientation induces
a significant decline: 0.23 eV~ for £3-TT, 0.05 eV " for £-3-TC,
and 0.02 eV~ ! for £3-CC. The NAC values of nonfused moieties
(nf-3-TT, nf-3-TC, and nf-3-CC) lie approximately in the middle of
the range observed for their fused counterparts. These findings
lead to several key conclusions: (1) the overall trend of NAC with
respect to the number of thiophene-based linkers follows the
order: monomer > dimer > trimer; (2) the fused group exhibits
a larger variation in NAC compared to the nonfused series; and
(3) the presence of even a single cis sulfur atom orientation in
fused linkers results in a significant deterioration of electronic
coupling.

To elucidate this phenomenon, we initially sought to inves-
tigate the correlation between NAC and structural features. We
hypothesized that increased interchromophoric distances
would result in diminished NAC values. However, upon exam-
ining the relationship between NAC trends and geometric
descriptors, such as the distance, in-plane angle, and dihedral
angle between the chromophores (Fig. S4 and Table S27), the
estimated structural features were insufficient to fully ratio-
nalize the observed trends. Subsequently, we considered the
bridge resonance effect proposed by Campos et al., which posits
that energetic coherence between the frontier molecular
orbitals of the chromophores and those of the bridge facilitates
triplet pair formation, even for extended bridge lengths, ulti-
mately enhancing the SF process.***® Notably, f2-C and f-2-T
exhibit comparable offset values, defined as the difference in
frontier molecular orbital energies between pentacene and the
thiophene-based linker, of 0.13 eV (Table S31). Moreover, the
offset values for the fused trimeric systems range from 0.07 eV
to 0.18 eV, further indicating that the bridge resonance effect
alone is insufficient to account for the observed variations in
NAC. The comparable offset values within linkers containing
the same number of repeating units indicate that the bridge
resonance effect alone cannot fully explain the observed
decrease in NAC upon the incorporation of cis-oriented thio-
phene moieties. In light of these findings, a robust and
consistent theoretical framework is necessary to interpret the
simulation results and provide a comprehensive understanding
of the factors governing NAC and SF dynamics in these systems.

Quantum interference

QI offers a compelling explanation for the stark difference in
NAC between f-2-T and f-2-C. We have applied ECARs to map the
QI natures of representative thiophene linkers (Fig. 3). By
replacing anchors (here, chromophores) with donor(D)/
acceptor(A) groups and evaluating possible electron transfer

Chem. Sci., 2024, 15, 17823-17830 | 17825
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Applications of extended curly arrow rules to our systems mediated by fused linkers. (A) f-2-T, (B) f-2-C, (C) f-3-TT, (D) f-3-TC, and (E) -

3-CC. The number in the parentheses presents the available SDQI pathways.

pathways, ECARs predict whether wire will show CQI, DQI, or
SDQIL.** Applying ECARs to f-2-T reveals that this linker features
CQI. Quantum chemical simulations predict 76% drop in NAC
of f2-C relative to f2-T. There is no continuous conjugated
pathway for electron transfer between TMS-Pcs in f-2-C.
However, the thiophene can function as a donor, enabling
mediated electronic communication between TMS-Pcs. Based
on ECARs, f2-C falls into the SDQI regime which is less
conductive than CQI, nicely accounting for the computed NAC
decrease. Further investigation into the fused thiophene
trimers unravels additional interesting findings. We found that
f3-TT has the largest NAC of 0.23 eV~ ', readily understood by its
CQI topology. The other structural isomers, f-3-TC and f-3-CC,
both feature SDQI mediated by donor-like thiophene. Yet, this
alone is insufficient to explain their ~3-fold NAC difference.
Closer inspection reveals that f3-TC provides more pathways
for SDQI than f-3-CC does. While both central thiophene and
adjacent thiophene in cis orientation can participate in medi-
ating electronic communication in f3-TC, only the central
thiophene can mediate electron transfer between chromo-
phores in f-3-CC.

This demonstrates the utility of ECAR analysis for both
rationalizing NAC trends based on linker topology and semi-
quantitatively discriminating variations in NAC magnitudes.

In addition to the pen-and-paper model predictions, the QI
regime can be elucidated through the analysis of the computed
electronic transmission. Quantum transport simulations yield
the results that closely aligned with our expectations (Fig. 4).
The f-3-TT linker exhibits a broad transmission curve above the
Fermi energy level, which can be attributed to the CQI char-
acter. In contrast, both f-3-TC and f-3-CC linkers display masked
Fano resonance peaks near 1.5 eV. These peaks likely originate
from the presence of different transfer pathways that disrupt
electronic communications between the electrodes, contrib-
uting to the appearance of SDQL® The simulated results

17826 | Chem. Sci, 2024, 15, 177823-17830

demonstrate the robust predictive capability of ECARs and
validate the QI characteristics derived from these rules, thereby
reinforcing their reliability in predicting electronic transport
properties.

Extended array of thiophene linkers

We have investigated the relationship between the magnitude
of NAC and the operative QI character for an expanded array of
thiophene-based linkers, including benzodithiophene (BDT)
and its quinone derivative (BDTQ) (Fig. S6 and Table S1t). The
NAC of trans-BDT is 2.63 times higher than that of cis-BDT,
a phenomenon that can be rationalized using the ECARs model.
ECAR analysis reveals that trans-BDT exhibits CQI, while cis-
BDT corresponds to SDQ], in agreement with the observed NAC
values and the rate of the MEF step. In contrast, trans-BDTQ and
cis-BDTQ exhibit DQI and SDQI, respectively. This observation
is further corroborated by the NAC values, which are nearly
negligible at 0.026 eV ' for cis-BDTQ and moderate at 0.084

Transmission

E - E; (eV)

Fig. 4 Transmission functions of pentacene dimers linked by fused
trimers. Calculated transmission coefficients of Au-linker-Au junctions
of f-3-TT, f-3-TC, and f-3-CC.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ev ! for trans-BDTQ. The consistent trends observed in both
NAC and QI characters across this extended array of thiophene
derivatives validate the generality of our proposed correlation
between these two critical molecular properties.

To further explore the generality of our findings, we have
expanded the chromophore set to include 6,6’-TMS-tetracene
(Tc) and 2,2’-TMS-pentacene (2,2'-TMS-Pc). The inclusion of
6,6'-TMS-Tc allows us to investigate whether our proposed
correlation between NAC and QI characters remains valid for
endothermic/isoergic MEF processes (Fig. S7 and Table S47).
Furthermore, the incorporation of 2,2’-TMS-Pc enables us to
examine the influence of the linkage pattern between chromo-
phores and linkers on our conclusions (Fig. S7 and Table S57).
Remarkably, for both chromophore systems, the overall trends
in NAC and MEF rates closely resemble those observed for our
original model system, 6,6'-TMS-Pc. Notably, the enhancement
of NAC values in fused systems as the number of trans sulfur
atom orientations increases is consistent with our main
conclusion that fused linkers composed solely of trans S
orientation exhibit a CQI character, resulting in large NAC
values. While the energetic changes associated with different
linkers are not significant for 2,2’-TMS-Pc, with differences less
than 0.15 eV, the endo/exothermicity of the MEF process in the
Tc-based systems appears to be dependent on the nature of the
linker.

Bryce et al. conducted a study investigating the influence of
varying the structural orientation of the anchoring group on the
phenyl ring of 1-phenylpyrrole and biphenyl molecular wires,
from para to meta positions.”> By employing ECARs, DFT
simulations, and molecular conductance measurements, they
showed that the meta positioning of the anchoring group led to
a considerable deterioration of the electron transport pathway
compared to the para orientation, strongly suggesting the
manifestation of the DQI character. As implied by the electronic
transmission study, for a QI-mediated mechanism, MEF
kinetics should also be highly sensitive to subtle changes in the
linkage between chromophores and linkers, as these modifi-
cations can completely invert the operative QI domain, for
example, shifting from CQI to DQI, or vice versa. To validate this
impact, we modified the bonding position of the chromophore
attachment to the adjacent carbon atom in the cases of nf-2-T,
nf-2-C, and f2-T, which typically present CQI nature according
to the ECARs (Fig. 5 and Table S61). Generally, shifting the
chromophore attachment site slightly favors AFEyge, but
substantially reduces NAC since it shuts down CQI, leaving only
the mediated pathway. The modification of the chromophore
attachment position leads to a dramatic attenuation of NAC in
both nonfused and fused systems. For nf-2-T and nf-2-C, the
NAC values reduce by 81% and 88%, respectively, when the
chromophore is connected to the adjacent carbon atom of the
linker. Similarly, in fused systems, the NAC experiences
a substantial 87% reduction upon altering the chromophore
attachment site. Collectively, these examples demonstrate that
MEF dynamics in thiophene-linked pentacene chromophores
are principally dictated by the QI character determined from the
linker topology, rather than energetics.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Impact of shifting linkage site on electronic couplings. (A)
Chemical structures of TMS-Pc dimers with three thiophene-based
linkers attached at different positions, and (B) nonadiabatic coupling
(NAC) between the pentacene chromophores as a function of the
thiophene linkage site.

Discussion

The physical origin of NAC variation can be understood based
on the contribution of the charge resonance (CR) component. In
the field of SF, it is widely recognized that the CR state plays an
essential role in connecting the lowest excited singlet state (S,)
which usually has a local exciton (LE) character and the multi-
excitonic spin-correlated triplet pair state (TT).****” The CT
electronic configuration can be coupled to both the local exciton
and TT exciton via one-electron disposition, which facilitates
the MEF mechanism. Mazumdar et al. employed the Pariser-
Parr-Pople Hamiltonian and found that the para-connected SF
chromophore exhibits a higher contribution of CR in both the
lowest optically allowed singlet state and triplet-triplet ME
states.’”®® A similar observation was reported based on the
symmetry characters of molecular orbitals.** Our RAS-SF adia-
batic wavefunction decomposition also reveals an enhanced
contribution of CR components for the pentacene dimers con-
nected by fused thiophene linkers composed solely of trans-
oriented sulfur atoms, in both the lowest optically allowed
singlet excited state and ME states (Fig. 6 and Tables S7-S97).
For the former state which corresponds to S, in the current
model systems, the CR contribution of f3-TT is 26.8%, which is
5.4 fold higher than that of f3-CC. Also, in the ME adiabatic
state, the CR ratio of f-3-TT surpasses that of ~3-CC by 3.6-fold.
This substantial mixing of CR diabats into LE and ME adiabatic
states facilitates the MEF step by enhancing electronic coupling.
To further elucidate the role of one-electron coupling, we

Chem. Sci., 2024, 15, 17823-17830 | 17827
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Fig. 6 Wavefunction decomposition analysis. Composition of the
lowest optically allowed singlet excited state (S;) and the multiexciton
state (ME) from RAS-SF calculation.

performed an electron-hole correlation diagram analysis
calculated by time-dependent density functional theory
(TDDFT) for the lowest optically allowed singlet excited state
(Fig. 7 and S8t). For all cases, we observed a significant LE
character within each chromophore, as evidenced by the strong
correlation signatures at the bottom-left and top-right corners
of the electron-hole correlation diagram matrix. Remarkably,
the variations in charge-transfer (CT) elements are strikingly
apparent across the series of molecules As the number of trans
sulfur atoms increases, the color representing the CT ratio
becomes more intense, indicating a rise in the CT contribution
(bottom-center, middle-left, middle-right, and top-center
regions of the matrix). For instance, f-3-TT, which exhibits
CQI, displays much stronger CT contribution between the
chromophores and the linkers compared to f~3-CC. Moreover, as
noticed by Campos et al, we also found the relationship
between the ground state absorption to an odd-parity CT state
and the nature of the linker. We confirmed the presence of an
optically allowed CT transition through our RAS-SF calculations
(Tables S7-S91). While the transition with the dominant CR
character is completely forbidden in f3-CC (i.e. zero oscillator
strength), it becomes slightly accessible in f3-TC, and f3-TT
exhibits the brightest CR state among the f-3 series. The extent
of CR contribution is strongly associated with the operative QI
mechanism.

0.10

electron

hole

=0.00

Fig. 7 Electron—hole correlation diagrams. Fragment-based excited
state analysis within the lowest optically allowed singlet state for the
TMS-Pc dimers connected via fused thiophene trimers investigated in
this work. Rectangular boxes represent electron—hole correlation
between three fragments: TMS-Pc, linker, and TMS-Pc (from left to
right, and from bottom to top). To better highlight the variations of CT
between the chromophores and linkers, the color scale in the plots has
been intentionally limited to a range of 0.0 to 0.1.
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Subsequently, we aim to establish the correlation between
the contribution of CR and the magnitude of NAC. The deriva-
tive coupling, a one-electron operator, can only couple the states
whose wavefunctions are connected through one-electron exci-
tation. The ME configuration differs by two-electron excitation
from the local excited states, but they can be related by one-
electron excitation through the CR components.* Krylov et al.
computed NAC by fully analytic formulation for several model
SF systems, and compared trends.>»* In their work, they
remarked that the norm of one-particle transition density
matrix can serve as a useful tool for analyzing the trends in
coupling. Therefore, NAC successfully captures the contribution
of CT/CR components in the MEF mechanism.******%%7 This
provides a more profound understanding of the intricate
interrelationship between the linker topology, QI regime, CR
component, and the magnitude of NAC.

Conclusions

In summary, this study advances comprehension of NAC
control over iSF via QI. RAS-SF simulations of pentacene dimers
linked with diverse thiophene derivatives enable comprehen-
sive investigation into impacts of subtle structural modifica-
tions and linking pattern changes of conjugated linkers on MEF
dynamics. Diverse QI regimes are accessed, categorizing motifs
exhibiting CQI, DQI, and previously unrecognized SDQI in the
METF step, via ECARs. The rate of MEF is largely determined by
the substantial effect of NAC, with energetics playing a relatively
minor role in comparison. Drastic NAC variation up to 4-fold
and 13-fold in dimeric and trimeric thiophenes can be under-
stood with different operative QI regimes. The fully trans-
configured f-3-TT exhibits the highest NAC magnitude of 0.23
eV !, whereas introducing even one cis oriented thiophene unit
reduces NAC to 0.052 eV~ ' in the £3-TC. When both thiophene
units adopt a cis orientation, the NAC further diminishes to
0.018 eV, effectively approaching zero. NEGF calculation
using DFT also corroborates the findings from ECARs. The
calculated transmission function features a broad curve and
a stark dip, which corresponds to CQI and SDQ]I, respectively,
thus supporting the assignment of QI nature by ECARs. We
extended our investigation to an expanded array of thiophene
derivatives linkers and different chromophores, and confirmed
that the structural isomerism of thiophene moieties in BDT and
BDTQ profoundly changes QI properties and resulting MEF
dynamics. In addition to pentacene, we included the tetracene
chromophore to examine the influence of a nearly endothermic/
isoergic MEF step on our proposed correlation between QI and
NAC. This inclusion allowed us to assess the robustness of our
argument under different energetic regimes. Furthermore, we
modified the linkage patterns between pentacenes and linkers
from the 2,2’ positions to the 6,6’ positions, and realized that
our key observation holds for various chromophores.

Having established the relationship between the nature of QI
and the magnitude of NAC, we tried to unveil the physical origin
of this observation. Our RAS-SF simulations revealed that the
linkers exhibiting CQI demonstrate a significantly higher
degree of CR character compared to the moieties indicative of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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DQI, with intensifications reaching up to 5 times higher in the
lowest optically allowed singlet excited state and up to 4 times
higher in the ME state. Moreover, these linkers feature an
optically allowed CT transition, which is absent or significantly
suppressed in linkers with DQI or SDQI regimes. Being a one-
electron operator, approximate NAC can effectively capture
the contribution of the CR component. Overall, QI determined
by linker structures and linking patterns predominately dictates
MEF kinetics over thermodynamic or geometric factors in these
systems. The presented framework enables judiciously modu-
lating electronic communication through engineered molecular
connectivity and linker topology, delivering rational design
principles for strategic control over the mechanism.
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