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Ab initio parametrization of a generalized
Hubbard model in a molecule displaying
chirality-induced spin selectivity
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Chirality-induced spin selectivity (CISS) refers to the interplay betweenmolecule handedness and the
electron spin. Despite ample experimental evidence, the mechanism leading to CISS is not fully
understood yet. In this work, we present an ab initio study of a chiral molecule that exhibits CISS upon
photoinduced electron transfer. Using DFT and TD-DFTwe obtain good agreement with experimental
absorption spectra, revealingweakelectronic couplingbetweendonor, chiral bridge, andacceptor. To
accurately capture electronic correlations, we develop a novel approach to derive a multi-orbital
Hubbard model describing the chiral bridge, where all parameters are obtained from ab initio CASCI
calculations. This offers a versatile framework that can be extended to other molecular systems.
Beyond electronic effects, we explore the role of low-energy vibrations, assessing their impact on the
inter-site Hubbard parameters and simulating the system’s time evolution via unitary dynamics. Our
results indicate that electron-vibration coupling leads to a non-negligible spin polarization,
highlighting its potential relevance in the CISS mechanism.

Chirality-Induced Spin Selectivity (CISS), first reported in 19991, is the
preferential transmission of electrons with a specific spin orientation
through a chiralmedium, andhas since attracted significant attention across
diverse research fields. Arguably, it has an impressive potential for inno-
vative applications in spintronics2 and quantum information3, offering new
perspectives for technological advancements. But CISS may also be the key
to understand spin-selective processes in biology4, it can offer strategies for
the real-timemonitoring of chemical reactions5, and for enantioseparation6.
CISS was first observed in photoemitted electrons through a DNA-coated
gold substrate1. Since then, it has beendetected across a broad range of chiral
materials, including single molecules, biomolecules and polymers, sug-
gesting that, to some extent, CISS occurs largely independent of the specific
system involved, as long as it is chiral. A major step towards technological
application of CISS was achieved when the spin-selective transport was
observed for bound electrons passing through a chiral medium, positioned
between metallic or semiconducting leads. Further electron transport
experiments elucidated how CISS is affected by the thickness of the chiral
medium or length of the chiral molecule, its relationship with optical
activity, the role of the leads, etc…6 In all these fundamental studies the

experimental setup relies on complex interfaces obtained by coupling the
chiral system to (often magnetic) leads, or metallic substrates, leaving open
the question if CISS is actually made possible by the presence of heavy-
atoms, with their characteristic large spin-orbit coupling (SOC). Only
recently, CISS was observed in photoinduced electron transfer (PET) in
isolated organic chiral molecules by transient electron paramagnetic reso-
nance, proving that CISS emerges also without a metallic substrate7,8.

A major challenge in the field amounts to bridge the gap between
experimental observations and theoretical models. The ideal theoretical
model for CISS should yield high spin polarization with a realistic set of
parameters, but should also be general enough to describe a wide variety of
diverse systems, including amminoacid chains,DNA, polymers and organic
π-conjugated molecules. SOC is an obvious requirement for CISS9–11.
However, SOC alone cannot explain experimental evidences, particularly in
organic systems where SOC is very weak, and cannot justify, by itself, the
large spin polarization observed in experiments. Accordingly, microscopic
mechanisms for SOC amplification must be proposed and tested. It has
already been pointed out that electron correlations, in addition to SOC, can
significantly contribute to the emergence of CISS in transport by amplifying
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the spin polarization through electron-electron interactions12. Moreover,
several studies have demonstrated that temperature and electron-vibration
interactions play a significant role in amplifying CISS, suggesting the
importance of nuclear degrees of freedom and electron-vibration
coupling13,14. In a recent work15 some of us applied a many-body
approach to investigate microscopic mechanisms for CISS in PET pro-
cesses and showed that strong electron-electron correlations can indeed
induce a sizable spin polarization. This regime corresponds to a generalized
Hubbard model characterized by hopping integrals much smaller than
Coulomb repulsion, as typically occurs in molecules such as DNA. In other
classes of systems, like conjugated molecules, a different hierarchy of
interactionsmay emerge, often requiring additional mechanisms to achieve
large spin polarization values as experimentally observed. Additionally, the
development of ab initio methods, properly incorporating many-body
effects, is essential for advancing understanding in this field6.

In this context, we address electron correlations in the charge transfer
molecule designed by Wasielewski and coworkers, where CISS was first
detected in a PETexperiment (Fig. 1a)7. Themolecule, dubbed here PNN, is
formed by the electron donor peri-xanthenoxanthene (PXX), a chiral
bridge, i.e., an axially chiral dimer of naphthalene-1,8-dicarboximides
(NMI2), and the electron acceptor naphthalene-1,8:4,5-bis(dicarboximide)
(NDI) (Fig. S1).

The paper is organized as follows: in Section “Molecular Electronic
Structure”, we validate against spectroscopic data a first principle approch
that will then be exploited to address the electronic structure of PNN. The
mainfindinghere is that PNN is composedofweakly coupled subunits. This
result sets the basis for a discretizedmodel wheremolecular fragments have
well defined localized orbitals to be mapped into an effective Hubbard
model. Specifically, in Section “ModelHamiltonian”, we adopt a generalized
Hubbard Hamiltonian to describe NMI2, the chiral bridge of PNN, and
propose an original strategy to extract relevant parameters from ab initio
calculations. In Section “The role of SOC and correlation” we critically
address the role of electron correlations in PNN, showing that, according to
the so-obtained generalized Hubbard model, they actually play a marginal
role. In Section “The role of molecular vibrations: assessing low frequency
modes”, we address the nuclear degrees of freedom of PNN, focusing our
attention on the conformational degrees of freedom. This allows us to
estimate their impact on specific parameters defined in the Hamiltonian

used to model the chiral bridge. The novel strategy proposed here to
parametrize the generalized Hubbard model for the chiral NMI bridge is
general and can be safely applied to parametrize effective Hubbard models
for unbound or weakly bound dimers and larger aggregates. Examples
include null aggregates showing symmetry-breaking charge separation16, or
systems exhibiting singletfission and triplet-triplet annihilation17, where the
interplay between excitonic, localized, and charge resonance states of dif-
ferent spin multiplicity is crucial to the photophysics of interest.

Results and discussion
Molecular electronic structure
The system under investigation, PNN, exists as two enantiomers, (R)-PNN
and (S)-PNN. In this work, all calculations refer to (R)-PNN (from now on
simply PNN), but the discussion applies to both enantiomers. The Kekulè
structure of PNN is shown in Fig. 1a, the structures of the PXX, NMI2 and
NDI fragments are shown in Fig. S1, and highlighted in different colors
in Fig. 1a.

The molecular geometries of PNN and its molecular fragments were
optimized using density functional theory (DFT), as described in Section
“Methods”. Figure 1b shows the energies of the frontier molecular orbitals
(MO) and the isosurfaces of selectedMOs relevant to PXX, NMI2, andNDI
and the entire PNN molecule. In Fig. 1c the relevant MOs for PNN are
depicted. These calculationswere performedusing theLC-ωPBE functional,
as described later in this section for the time-dependent DFT (TD-DFT)
calculations, with the ω parameter set to 0.196 a0. A similar version of the b
and c plots, generated using the B3LYP functional, is shown in Fig. S3. This
comparison highlights the qualitative consistency of the conclusions
reported in this paragraph for both functionals. Data in Fig. 1b–c reveal a
clear behavior: theMOs arewell localizedon the different fragments of PNN
and the energy levels can be safely ascribed to the separate components. This
observation supports treating each fragment separately, as discussed in
Sections “Model Hamiltonian” and “The role of molecular vibrations:
assessing low frequencymodes”. Consistentwith thedonor-bridge-acceptor
architecture of PNN, the highest occupied molecular orbital (HOMO) is
predominantly localized on the donor unit while the lowest unccupied
molecular orbital (LUMO) resides on the acceptor. The chiral NMI2 bridge
can be further fragmented into two identicalNMIunits, so thatHOMOand
HOMO-1 (LUMO and LUMO+1) of NMI2 are approximately symmetric

Fig. 1 | Frontier MOs of PXX, NMI2, NDI, and PNN. a Kekulè structure of PNN
and its partition into donor (PPX), chiral bridge (NMI2), and acceptor (NDI)
fragments. b The energy levels of frontier MOs, calculated using DFT at the LC-
ωPBE/6-31G(d) level of theory (ω = 0.196 a0). On the left, the energy and the iso-
surfaces of selected orbitals are shown, as calculated for PXX, NMI2, and NDI

fragments. On the right the MOs energies of PNN are shown. The energy levels
corresponding to the MOs are color-coded to show how the orbitals from the
isolated fragments map onto the orbitals of PNN. The HOMO-LUMO gap of PNN
4.24 eV is also shown. cThe frontierMOs of PNN. The isovalue of all the isosurfaces
is 0.02Å−3.
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and antisymmetric combinations of the HOMOs (LUMOs) of interacting
NMI fragments, as illustrated in detail in Section “Frontier orbitals of NMI
and NMI2” of the Supporting Information.

Optical absorption spectra of PNN, PXX, NDI and NMI2 collected in
toluene at 295 K are reported in ref. 7 and offer the opportunity to validate
the picture emerging from first principle calculations. To such an aim, we
performed gas phase TD-DFT calculations (Tamm-Dancoff approxima-
tion) on PXX, NMI2, and NDI fragments, as well as on PNN. To predict a
wide range of states, including localized and charge-transfer states, we
employ the optimally-tuned range-separated hybrid functional LC-ωPBE.
In this functional the amount of the exact exchange varies with the inter-
electronic distance, as defined by a range separation parameter, ω, which is
optimized for each system at hand as described in ref. 18, to best simulate
ionization potential and electron affinity. A detailed comparison of our
simulations with experimental data is provided in Section “TD-DFT cal-
culations” of the Supporting Information, highlighting the excellent
agreement achieved, with errors in the predicted transition energies ranging
from 0.03 eV to 0.26 eV for themolecular fragments. More to the point, the
PNN experimental spectrum can be safely rationalized as the superposition
of the absorption spectra of thePXX,NMI2, andNDI fragments. This result,
fully confirmed by TD-DFT calculations, strongly supports the fragmen-
tation of the PNN molecule discussed above, relying on the MO analysis.

Model Hamiltonian
Recent developments suggest that electron correlations beyond mean-
field play a major role in CISS12,13,15,19,20, thus limiting the applicability of
mean-field approaches, including theHartree-Fock andDFTmethods. The
Hubbard model21–23 and the analogous Pariser-Parr-Pople model in the
chemistry community24,25 have been successfully adopted to account
for strong electron correlations in many different systems, including
molecular crystals26,27, conjugated polymers28, π-conjugated dyes29,30, stable
radicals31,32, and molecular nanomagnets33–35. Recently, Chiesa et al.15 pro-
posed a Hubbard model for electron transfer through a chiral bridge, that
yields sizable spinpolarization in aphotoexcited charge transfer system.The
model accounts for nearest neighbor hopping, next-nearest neighbor SOC
and strong on site electron-electron correlation with very largeU/t ratio for
best results. A reliable parametrization of the Hubbard model is therefore
needed to validate CISS models. In this section, we propose an original
strategy for the ab initio parametrization of a generalized Hubbard model
for molecular systems that can be decomposed into (nearly) disjoint frag-
ments, allowing for the assignment of individual site orbitals to each frag-
ment. We illustrate this strategy using the chiral bridge, NMI2 (Fig. S1 and
Fig. 1a), given its significance in CISS, as discussed in ref. 15. For our
purpose, the NMI2 is divided into two equivalent fragments, each repre-
senting a distinct NMI unit and corresponding to a site in the Hubbard
model (Fig. 2). On each unit, only two MOs are accounted for, a good
approximation for the system at hand. The proposed approach is however
more general and can be extended to address larger active spaces (Eq. S1).
Hence, we propose a generalizedHubbardmodel describingNMI2 in terms
of two identical sites, eachbearing twosite orbitals as schematically shown in
Fig. 2. The relevant Hamiltonian reads:

H ¼
X
I;i;σ

εin̂Iiσ �
X

I;i;j;σ
tijĉ

y
Iiσ ĉ�Ijσþ

þ 1
2

X
I;i;j;σ

Uijn̂Iiσ n̂Ij�σ þ
1
2

X
I;i≠j;σ

Uij � Jij
� �

n̂Iiσ n̂Ijσþ

þ 1
2

X
I;i≠j;σ

Jijĉ
y
Iiσ ĉ

y
Ij�σ ĉIi�σ ĉIjσþ

þ 1
2

X
I;i;j;σ;σ 0

Vijn̂Iiσ n̂�Ijσ0þ

þ
X

I;i≠j;σ;σ 0
J ðexcÞ ĉyIiσ ĉI�iσ ĉ

y
�Ijσ 0 ĉ�I�jσ 0

ð1Þ

where the upper case indices run on the two sites, lower case indices run on
site orbitals, and σ is the spin label, so that ĉyIiσ , ĉIiσ and n̂Iiσ are the creation,
annihilation, andnumber operators for the σ-spin electron in the i-th spatial
orbital of the I-th site. Barred indexes indicate theother possible value for the
site, orbital or spin. The first line in Eq. (1) collects the one-electron terms of
theHamiltonian,where ϵi is the energy for the i-th site orbital (equal onboth
fragments), and tij is the hopping integral between the i-th and j-th orbitals
(on different fragments, on-site hopping integrals do vanish). The second
and third lines of Eq. (1) collect the on-site two electron terms, with Uij

measuring the repulsion between two electrons residing on the same site in
the same or in different orbitals, and Jij is the on-site exchange coupling. The
fourth line of Eq. (1) describes inter-site electrostatic interactions. The fifth
line in Eq. (1) introduces exciton coupling, a two-electron term that
describes the interaction between on-site transition dipole moments,
parameterized by the exciton coupling energy J(exc). This term does not
appear in the standard versions of the Hubbard model, but should be
accounted for when several orbitals are present on each site. The derivation
of this term and its relevance are discussed in the Section “Exciton coupling
in Hubbard-like models” of the Supporting Information.

For the parametrization of the Hubbard Hamitonian, we rely on the
complete active-space configuration interaction (CASCI) approach, widely
adopted as a starting point formore refined computational techniques, such
as RASCI and CASSCF. CASCI offers several advantages, such as size-
insensitivity and comparatively well-behaved potential energy surfaces36.
Moreover, it was successfully adopted to describe electronic excitations in
dimers, a problem somehow relevant for our aim37. Specifically, we adopt
CAS-sr-DFT, a variant of CASCI, to effectively account for dynamic cor-
relation, by incorporating short range electron-electron interactions in a
DFT framework38. Thebasis set for theCASCIandCAS-sr-DFTapproaches
are the electronic configurations, i.e., the states obtained populating the
active orbitals with the proper number of electrons. The CASCI or CAS-sr-
DFT eigenstates are obtained upon diagonalization of the relevant Hamil-
tonian matrix, that explicitly accounts for one- and two-electron terms.
Specifically, in CAS-sr-DFT a range separation parameter is defined (we set
it to 0.2 a0 to best fit the experimental excitation energy of NMI) on the
electron-electron distance, so that two-electron terms are calculated using
DFT in the short range and wave function theory in the long range.
Additional computational details can be found in Section “Additional
results” of the Supporting Information, together with calculations for a
larger active space including additional virtual orbitals (Table S10).

We adopt CAS(2,2)-sr-DFT calculations to describe each NMI frag-
ment, i.e., including twoorbitals, theHOMOandLUMO, and two electrons
in the active space. Analogously, NMI2 is described in CAS(4,4)-sr-DFT,

Fig. 2 | The extended Hubbard model. Schematic representation of the Hubbard-
like model for NMI2, described in Eq. (1), and HOMO and LUMO orbitals of NMI
fragments, labeled 1 and 2, respectively.
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accounting for 4 orbitals, HOMO-1,HOMO, LUMOand LUMO+1, and 4
electrons. As a first step, we run an HF calculation (6-31G(d) basis set) on
the isolatedNMI fragment andon aNMI⋯ NMI system, corresponding to
twoNMI fragments set to a large distance ( ~ 20Å). This procedure allowed
us to verify that the pair-degenerate canonical orbitals of NMI⋯ NMI do
coincide with the canonical orbitals of the isolated NMI, so that all intersite
interactions can be safely neglected in the NMI⋯ NMI pair. The energy of
the configurations Ei (the basis state of the CAS-CI calculation) can be
obtained rotating the eigenvalues of a CAS(4,4)-sr-DFT calculation on
NMI⋯ NMI on the configuration basis, as follows:

Ei ¼
X
a

jciaj2ϵa ð2Þ

where i anda runon the configurations and eigenstates, respectively, cia is an
element of the eigenvector matrix, and ϵa is the a-th CAS-CI eigenvalue.
Once the energies of the configurations are known, the on-site parameters
(Uij, tij, Jij in Eq. (1)) can be easily obtained, as described in Section
“Extraction of on-site parameters” in the Supporting Information.

Inter-site model parameters (tij, Vij, J
(exc)) rely on CAS(4,4)-sr-DFT

calculation on NMI2 and are extracted adjusting the inter-site model
parameters of theHamiltonian in Eq. (1) as to best fit the ab initio transition
energies, while maintaining the on-site parameters fixed to the values
obtained from NMI ⋯ NMI results. Results are listed in Table 1. A good
agreement is obtained in terms of the energy (RMSE of ~0.045 eV) and of
the nature of the states, estimated in terms of theweight of charge resonance
states on the CAS(4,4)-sr-DFT states compared to the Hubbard states
(Table S7).

Results in Table 1 show that the inclusion of the exciton coupling term
in our Hamiltonian marginally affects the global quality of the fit, while it
definitely improves the the description of the lowest-lying excited states (i.e.,
the pair of local triplet states and the pair of local singlet states), suggesting
that the exciton coupling is required for a reliable description of the low
energy excited states. Moreover, accounting for exciton coupling does not
significantly affect inter-site parameters with the only exception of t22, that
goes from ~80meVif the exciton coupling is disregarded, to ~30meV if it is
accounted for.

Overall, Hubbard eigenstates are a good approximation of CAS-sr-
DFT eigenstates. Minor deviations can be ascribed to twomain sources: (1)
the MOs of NMI2 that enter the active space in the CAS(4,4)-sr-DFT cal-
culation are not exactly linear combination of the same on-site orbitals that
enter the CAS(2,2)-sr-DFT calculation on the NMI dimer, and (2) some of
the two electron integrals that enter theCASCI calculations are not included
in the neglect differential overlap approximation adopted in the Hubbard
model22,23.

Eq. (1) allows to tackle the many-body nature of the states of homo-
dimers, as needed, e.g., to address spectroscopy, however SOC interactions
must be properly accounted for to describeCISS. The general expression for
the one-electron SOC Hamiltonian reads:

HSO ¼
X
iσ;jσ0

hiσjĥSOjjσ 0îcyiσ ĉjσ 0 ð3Þ

Where i and j indexes run on site orbitals, while σ and σ 0 run on spin.
Therefore the definition of the SOC operator amounts to the determination
of the one-electron integrals hiσjĥSOjjσ 0i. Towards this aim, we perform a
DFT calculation onNMI2 (B3LYP/6-31G(d), ORCApackage39,40) to extract
the one-electron SOC operator written on the basis of DFT orbitals. By
visual inspection (Fig. S7) and relying on symmetry considerations, the
NMI2 frontierMO can be approximated as linear combinations of theNMI
orbitals as follows:

jHOMO-1 i � 1ffiffi
2

p jhomoai þ jhomobi
� �

jHOMO i � 1ffiffi
2

p jhomoai � jhomobi
� �

j LUMO i � 1ffiffi
2

p jlumoai þ jlumobi
� �

j LUMO+1 i � 1ffiffi
2

p jlumoai � jlumobi
� �

8>>>>><
>>>>>:

ð4Þ

where upper and lower case letters refer to the MO of NMI2 and NMI,
respectively, and a and b refer to the twoNMI sites. A straightforward basis
rotation then allows to obtain the desired SOCmatrix elements (SOCMEs)
on the basis of the NMI site orbitals. Not surprisingly, the estimated SOC
values are fairly small (Fig. S5). The largest contribution to SOC is due to its
component aligned along the charge transfer axis (the long axis in our
reference frame). Specifically, the hlumoajĥSO;zjlumobi integral is 1.1 cm−1,
with a SOC-to-hopping ratio ~0.005, a small number that is however
surprisingly large for organic molecules. As expected, the information on
chirality of the system is encoded in the sign of SOC, as shown in Fig. S6,
where two out of the three cartesian components of SOC change in sign
upon changing the enantiomer.

The role of SOC and correlation
SOC interactions, although typically weak in π-conjugated organic systems,
are essential to achieve spin polarization. Often, when modeling chiral
systems as Hubbard chains with one orbital per site with nearest-neighbor
(NN) hopping, a next-nearest-neighbor (NNN) SOC is included13,15,19.
Historically, this approach stems from the influential model by Kane and
Mele for spin polarization in graphene41. From a symmetry standpoint,
purelyNNSOCandhopping terms lead to spin-independentHamiltonians,
so that the introduction of aNNN term (hopping, SOC, or both) is required
to achieve non-negligible spin polarization. Whenmultiple orbitals per site
are considered, like in themodelpresented in Section “ModelHamiltonian”,
the connectivity of the hopping and SOC operators effectively leads to
different channels for SOC and hopping.

While the form of hopping and SOC operators in principle may lead
to non-negligible spin-polarization for the NMI2 bridge modeled as in
Section “Model Hamiltonian”, this does not guarantee that high spin
polarizations can be achieved. Indeed, theoretical approaches based on
single-electron models consistently failed to quantitatively reproduce
experiments where high spin polarization is measured. We therefore
investigate the role of correlations in our study. Diagonalizing the model

Table 1 | Generalized Hubbard parameters

Generalized Hubbard parameters

J12 0.22 0.22

U12 3.42 3.42

U11 3.54 3.54

U22 3.41 3.41

ΔE12 3.40 3.40

t11 −0.16 −0.16

t12 −0.14 −0.14

t22 −0.03 −0.08

V11 2.06 2.06

V22 2.21 2.22

V12 2.09 2.10

J(exc) 0.03 -

RMSE 0.05 0.05

RMSE’ 0.02 0.04

Hubbard parameters (eV) extracted as described in Section “Model Hamiltonian”. Parameters in the
first column are obtained using the full Hamiltonian in Eq. (1), parameters in the second column are
obtained neglecting exciton coupling. The last two lines show the root mean squared error
calculated accounting for all transition energies (RMSE) and for the four lowest excited
states (RMSE’).
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in eq. (1) with parameters in Table 1 for a system of four electrons
produces a singlet ground state, where each of the two lowest-energy
orbitals, localized on separate sites, is occupied by two electrons. This
state is separated by a large energy gap of ~3.1 eV from the first excited
triplet (Table S7). In order to simulate PET, we should consider an
additional electron coming from the photoexcited donor. This electron
will travel through the empty orbitals of the bridge, since the energy gap
to involve the occupied orbital is too large (comparable to Δε21 as shown
in Section “Assessing the role of electron-electron correlations” of the
Supporting Information). Accordingly, a significant role of electron
correlations in PET dynamics can be excluded, despite the large values
for the two-electron terms (Uij, Jij, and Vij) found for NMI2. While
electron correlations are not relevant in the NMI2 bridge, J and U play an
important role in amplifying spin polarization in systems where orbitals
are degenerate or separated by small gaps15.

The roleofmolecular vibrations: assessing low frequencymodes
Having excluded a significant role of electron correlation in PET, we
therefore turn our attention to another possible source of amplified spin
polarization, namely low-energy vibrational modes interacting with
electrons13,14. The important role of vibrations in the CISS effect is also
suggested by the increase of spin polarization with temperature observed in
some experiments42.

The DFT analysis of vibrational modes of PNN in its ground-state
geometry shows that low energy modes primarily involve the torsional
motions around the bonds between molecular fragments. Specifically, the
torsion around the donor-bridge bond mainly contributes to a mode with
harmonic frequency 1.2 meV, the torsion between the two NMI fragments
contributes to a mode at 1.76meV and the torsion around the bridge-
acceptor bond contributes to a mode at 3.72meV, as displayed in Fig. S8.
These torsional modes are particularly relevant to PET dynamics since they
modulate the conjugation between the weakly coupled units of the system,
as depicted in Fig. 3. To better investigate their nature beyond the harmonic
approximation, we computed variation of the energy of the system as a
function of the dihedral angle, describing the relative rotation between these
units. Thiswasdone througha rigid scan,where all other atomic coordinates
were kept fixed at their equilibrium values. Figure 3 collects the resulting
rigid energy scans for the selected three conformational modes (the same
scans on a wider range are shown in Fig. S9). Torsions around the bridge-
acceptor bond lead to symmetric and harmonic potential energy scans
(Fig. 3c), indicating elastic behavior and fairly rigid bonds. This is probably
due to strong steric repulsion between the oxygen atoms of the carbonyl
groups. Conversely, the torsion between the NMI units inside the bridge,
shows a marked anharmonicity and asymmetry (Fig. 3b), with the system
favoring twisting towardshigher angles (i.e.,methoxy-groups further apart).

This asymmetry clearly results fromaxial chirality of theNMI2 unit. Finally,
torsions around the donor-bridge bond lead a flat, anharmonic curve
characterized by a double minimum (Fig. 3a and Fig. S9), indicative of
significant thermal conformational disorder, suggesting that, even at low
temperatures, the molecule can explore a large configurational space. This
asymmetry is only apparent: thedonor-bridgebond showsnoaxial chirality.
If all possible conformers were taken into account, symmetric behavior
would be recovered.

Electron-vibration coupling
Electron-vibration coupling is addressed in parametric Hamiltonians, like
the generalized Hubbard model in Section “Model Hamiltonian”, selecting
few relevant vibrational modes and accounting for the variation of models
parameters when moving along the corresponding coordinate. In the
context of site-models, like the Hubbard model or few state models for
electron transfer, often one distinguishes between Holstein modes, that
modulate the site energy, and Peierls modes, that modulate off-diagonal
matrix elements (including the hopping integrals and the SOCMEs), while,
typically, the modulation of two electron terms is neglected. For PNN, in
close analogy with what observed in chemically related TADF dyes43,44, the
twists around the bond connecting two π-conjugatedmoieties are identified
as key Peierls modes. Specifically, in the NMI2 unit, we identify the relevant
Peierlsmode as the torsion around the bond connecting the twoNMI units.
The assessment of electron correlations presented above indicates that
electron transfer through the NMI2 bridge occurs via a single channel, with
electrons hopping between the LUMOs of the NMI units. For this reason,
here we obtain a preliminary estimate on the dependence of the LUMO-
LUMOhopping (tLL) andSOC(hðLLÞSO ) on twists around theNMI-NMIbond
(Fig. 4). A well-established approach to estimate the hopping integral
between degenerate site orbitals relies on the same approximation as in
Eq. (4), considering that LUMO and LUMO+ 1 of NMI2 are symmetric
and antisymmetric combinations of the LUMOs on the NMI sites. In this
approximation, tLL is estimated as half the splitting between LUMO and
LUMO+ 1 of NMI2. The reduced SOCME between LUMOs of neigh-
boring NMI units is obtained as

hðLLÞRSO ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jhðLLÞSO;xj2 þ jhðLLÞSO;yj2 þ jhðLLÞSO;zj2

q
ð5Þ

wherehðLLÞSO;α is theα cartesian componentof the SOCMEbetweenLUMOsof
neighboring NMI units.

Results in Fig. 4 show that tLL strongly depends on the torsional mode,
being almost linear in close proximity to the equilibrium geometry (~100∘,
marked in Fig. 4 with a vertical dashed line. (The equilibrium value of the
dihedral is different than the one marked in Fig. 3 for the PNN complex, as

Fig. 3 | Rigid energy scans for torsions around the PXX-NMI, NMI-NMI, and
NMI-NDI bonds.Top: The Kekulè structure of PNNwith the bonds involved in the
three conformational degrees of freedom are highlighted with different colors.

Bottom: Rigid potential energy scans as a function of the three dihedral angles
connecting the subunits of PNN: a) Donor-Bridge, b) intra-Bridge, and c) Bridge-
Acceptor.
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here the scan is performed on the isolated NMI2). Conversely, h
ðLLÞ
SO is

constant over all the explored range of the torsional motion. Due to the
different dependence of hopping (real) and SOC (imaginary), the phase of
the total complex diabatic coupling ismodulated by twists around theNMI-
NMI bond. Quite interestingly, a similar modulation of the phase of the
diabatic coupling was identified to lead to spin polarization in electron
transport in single-channel one-electron models near conical
intersections45. While this is a promising result, it does not directly apply to
the present study. Here, we explore the effects of modulation by a Peierls
mode of the diabatic phase from a different perspective. Building on the
conclusions of Section “The role of SOCand correlation”, wefind that, upon
excitation of the PXXunit, an electron is injected into theNMI2 bridge. This
reduces the problem to a single electron moving between the two LUMO
levels of NMI2. To describe this process, we consider an effectivemodel that
explicitly incorporates a torsional vibrationalmodebetween theNMI2units.
The Hamiltonian governing this system is given by:

H ¼
X
I¼1;2
σ

εI ĉ
y
Iσ ĉIσ � t0

X
σ

ĉy1σ ĉ2σ þ ĉy2σ ĉ1σ
� �

þ

� t1
X
σ

ĉy1σ ĉ2σ þ ĉy2σ ĉ1σ
� � 1ffiffiffi

2
p ây þ â

� �þ
þ _ω âyâþ 1

2

� �
þ k4

4
ây þ â
� �4þ

� iλz ĉy1" ĉ2" � ĉy1# ĉ2#
� �

þ

� iλx ĉy1" ĉ2# þ ĉy1# ĉ2"
� �

þ h:c:

ð6Þ

where I runs on the two sites of the bridge and σ denotes the spin label. The
first two terms, previously introduced in Eq. (1), now specifically describe
the twoLUMOlevels of the bridge. The third termaccounts for the electron-
vibration interaction, which is modeled as a linear coupling between the
electronic hopping and the nuclear coordinate Q̂ ¼ 1ffiffi

2
p ây þ â

� �
, with ây

and â being the bosonic creation and annihilation operators, respectively.

The coupling strength is determined by the parameter t1. The fourth and
fifth terms define the vibrational Hamiltonian, respectively corresponding
to the harmonic oscillator Hamiltonian with frequency ω and to a quartic
correction. The final two terms incorporate the SOC along z (the charge
transfer direction) and x axes, respectively. The y component of the SOC is
not present, as it is predicted to be zero for NMI2 from ab initio calculations
(Fig. S5 and Fig. S6). The details about the ab initio parametrization of this
Hamiltonian can be found in Section “Parametrizing electron-vibration
coupling”of theSupporting Information.Theab initio extractedparameters
(summarized inTable S8) areℏω = 1.52meV, t0=−79meV, t1 =−53meV,
λz= 0.136meV, λx= 0.082meV, ε1 = ε2. The quartic term k4 serves solely as
a numerical tool to confine the harmonic potential and is set to 0.1 meV.

To verify whether electron-vibration coupling alone can induce a finite
in spin polarization we simulate the unitary evolution of the system starting
from the initial density operator

ρ̂ð0Þ ¼ 1
2
j1;" ih1;" j þ 1

2
j1;# ih1;# j

	 

el

� j0ih0jf gvib: ð7Þ

This is a product electro-nuclear state with electrons occupying the up and
down spin orbitals on site 1 with equal probability, and the void vibrational
state. This unpolarized out-of-equilibrium state naturally arises from the
photoexcitation of an electron into the donor LUMO, followed by an
incoherent transfer to thefirst site of the bridge via a spin-independent jump
operator of the form X̂D ¼ P

σ ĉ
y
1σ ĉDσ þ h:c: To track the spin dynamics,

we define the spin polarization operator on a site I as P̂I ¼ ĉyI"ĉI" � ĉyI# ĉI#.
In Fig. 5, we present the time evolution of hP̂Iit ¼ Tr½ρ̂ðtÞP̂I � turning off (i)
andon (ii) the electron-vibration coupling t1 = 53meV, as extracted fromab
initio calculations (Section “Parametrizing electron-vibration coupling” of
the Supporting Information). In the latter case, we consider both
enantiomers by changing the sign of the SOC in the Hamiltonian.

The simulations highlight the crucial role of electron-vibration cou-
pling in the emergence of spin polarization within the CISS framework in
PET. As expected, for t1 = 0 (case i) the spin polarization is zero, because the
Hamiltonian reduces to a single-channel model in which the SOC can be
traced out via a gauge transformation, eventually leading to a spin-
independent Hamiltonian10,46–48. On the other hand, (case ii) when a Peierls
mode is explicitly included, finite oscillations of the spin polarization are
obtained. Moreover, changing the enantiomer reverses the sign of the spin
polarization, as expected.

Fig. 4 | Hopping and spin-orbit coupling as a function of the NMI-NMI torsion.
Hopping integral (blue, left y-axis) and reduced SOCME (orange, right y-axis)
between on-site LUMOorbitals in theNMI2 dimer as a function of the dihedral angle
between NMI fragments. The atoms used to define the dihedral are highlighted in
red in the Kekulè structure. The dashed gray line marks the value of the dihedral at
the ground state equilibrium geometry.

Fig. 5 | Spin polarization over time in the NMI2 bridge. Spin polarization at site 2
of the bridge obtained from unitary time evolution over 1000 fs. The black line
represents the dynamics without electron-vibration coupling, while the blue and
orange lines include it with a hopping term of t1 = 53 meV for the (S) and (R)
enantiomers, respectively.
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These findings provide key qualitative insights. Typically, models for
CISS rely on a multi-channel configuration (NNN interactions or multiple
orbitals per site) to break the single-channel no-go theorem and obtain spin
polarization. Conversely, here we show that an analogous effect can be
realized by explicitly incorporating vibronic levels and electron-vibration
coupling. Indeed, in this case each site hosts multiple electro-vibrational
states, as illustrated in Fig. S11. In this framework, Peierls coupling intro-
duces non-trivial connectivity and multi-channel behavior, thus establish-
ing oscillations in the spin polarization within the chiral bridge. This is a
necessary condition for spin polarization to accumulate on the acceptor
once additional incoherent relaxation pathways are introduced.

In summary, our preliminary analysis of electron-vibration coupling in
the NMI2 chiral bridge reveals that low-frequency modes strongly coupled
to the electronic degrees of freedom can play an important role in the CISS
mechanism in small molecules, laying the ground for future studies on the
role of electron-vibration coupling in CISS.

Conclusions
In this work, we consider a specific system, PNN, where CISS was observed
upon PET. For this system, we introduce a generalized Hubbard model to
describe the chiral bridge involved in the electron transfer process, i.e., the
NMI2 fragment. Reliable model parameters are obtained through an ori-
ginal procedure (Section 4.3 of the Supporting Information), that exploits
complete active space methods, where dynamic correlations are effectively
taken into account treating short range electron-electron interaction with
DFT. The derivation of the on-site parameters is exact, while intersite
parameters are obtained via an eigenvalue fitting procedure, yielding a good
agreement between the Hubbard model and CAS-CI eigenstates. This
approach could be extended to other homo- and etero-dimers or larger
molecular aggregates. The Hubbard model in Eq. (1), along with its gen-
eralization in Eq. S1, provides a powerful framework for addressing
important problems in materials science, energy conversion, and quantum
information. For instance, it can be applied to study symmetry-breaking
charge transfer in null aggregates16 and singlet fission49,50. In such cases,
understanding the interactions between localized, excitonic, and charge
resonance states with different spin multiplicities is crucial for determining
the photophysics of the system. As for CISS, SOC is predicted to be small in
the NMI2 bridge, as expected for π-conjugated systems. However, strong
correlations are found, with U values that range in the order of 3.4 eV.
Despite this, the large HOMO-LUMOgap of NMI leads to a single channel
for electron transfer, and thus leads to very small spin polarizations. Due to
the limited effect of correlations in the NMI2 bridge, the role of molecular
vibrations is addressed. As expected for largemolecules composed of almost
orthogonal π-conjugated moieties, many low frequency modes can affect
the Hubbard parameters. In particular, torsions around the bonds that
connect π-conjugated molecules are relevant, as they can show strong
anharmonicity and flat potential energy regions, as well as tune the con-
jugation between neighboring π-conjugated molecules, thus significantly
impacting diabatic and spin-orbit interactions that contribute to electron
transfer. The simple model presented in Section “The role of molecular
vibrations: assessing low frequency modes” shows how this kind of mole-
cular vibration can lead to non-negligible spin polarization even in one-
electron systems with NN hopping and SOC, possibly suggesting a
mechanism for CISS in small organic molecules characterized by axial
chirality. These findings open new avenues for exploring the role of low-
frequency vibrations in the mechanism establishing spin polarization.

Methods
Geometry optimizations, TD-DFT, torsional potential energy scans, and
CASCI calculations were performed with the Q-Chem software package
(version 6.1)51. Optimized geometries are provided in Section 8 of the
Supplementary Information. SOC calculations in Sections “Model Hamil-
tonian” and “Electron-vibration coupling”wereperformedusing theORCA
package (version 5.0.2)40. TheDFT calculations presented in Section 3 of the
Supporting Information, calculation of normal modes reported in Section

“The role of molecular vibrations: assessing low frequency modes”, and
torsional potential energy scans were conducted at the B3LYP/6-31G(d)
level. Thenormalmodepresented in Sections “Electron-vibration coupling”
and 6 of the Supporting Information is obtained with the Gaussian package
(version 16 Revision B.01)52 at the def2tzvp-B3LYP level.

Supporting information
The authors have cited additional references within the Supporting
Information38,52–66.

Data availability
The data that support thefindings of this study are available at the following
link https://doi.org/10.5281/zenodo.15268096.
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