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Iteratively solving the static equations: Considering the electronic eigenstate of a
¢,u,s > :z Z,u,n,s

such, the electronic eigenstates are obtained by solving the eigenequation of the electronic

molecule |¢M>, we can expand it on the Wannier basis, that is, n> . As

Hamiltonian, written as:
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Pons =ZZ:M’S fiZ,. 1s the density matrix, where f, (0 or 1) denotes the electron

U

occupation function of electronic eigenstate |¢ﬂ’s> .0 (1', int) =1, if i=int; and O (1', int) =0,
if i#int, where “int” means a positive integer.
On the other hand, by minimizing the total energy of the molecule, we can obtain the

lattice balance equation:

2 1
un+l - un = %Lm nz,; pn,n+1,s - Z pn,n+1,sj (2)

where the fixed boundary is employed. N is the total site number of the molecule.

PDOS calculation: We separately calculate the PDOS of the central D group and terminal

A groups of the molecule by:!

PDOS’™(E)=>2Z,,.Z,, 6(E-¢,) (3)

pn,s = ,n,s
M1,

Z,, ., means the summation for the sites of central D group or terminal A groups, &, the

eigenenergy of the electronic eigenstate |¢ﬂ’s> .

Binding energy calculation for an IEx or IIEx state:
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AE 0 =Erexaey — Eor (5)
AE.=E . —Eg (6)
Ey* =(AE, +AE, )-AE,, (7)
Ey™ =(AE, +AE, )= AEy, (8)

Equation (4) shows the total energy of the system, by which we can separately obtain the

system energy lying in different states, including the ground state energy E , the IEx state

energy E,. , the IIEx state energy E

ey » the positive polaron state energy E.. , and the

negative polaron state energy E,_. “occ” indicates the sum only for the occupied electronic
states, j is the molecular index. Furthermore, we can separately obtain the creation energy

of an IEx state (AE;, ), IIEx state (AE

115 )» @ positive polaron state (AE,. ), and a negative

polaron state (AE,_) by Equations (5) and (6). Finally, the binding energy of an IEx state
(EY™) in a molecule and the binding energy of an IIEx state ( E; ) in different molecular

aggregates is obtained by Equations (7) and (8), respectively.

Dissociation Efficiency Calculation of an IEx or IIEx State: The dissociation efficiency

Mg (M) Of an IEx (IIEx) state at different temperatures (7) is estimated by employing

the approximate formula introduced by Rubel et al.:
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v, represents the attempt-to-escape frequency, z, the average lifetime of an IEx or IIEx

-1

state, k, the Boltzmann constant. According to refs. 2 and 3, we set v,=10" s and

7,=1ps.

Parameter Details: In all simulations, unless otherwise specified, the values of model
parameters are setas 7,=2.5 eV, a=41.0eV/nm, K =2100eV/nm, ¢ =¢=0.05¢V,
t;,=0.1eV, and U =1.5¢eV. The intra-molecular offsite Coulomb interaction strength

V, and the inter-molecular vertical-neighbor sites Coulomb interaction strength V| are

treated as Ohno potentials V, , =U/ \/1+K(I’//< /1) with k=2, r=r, and r=3A

(x 1s the screening factor, 7, = 1.22A the average nearest-neighbor lattice constant, and

r, the inter-molecular distance between vertical-neighbor sites). The inter-molecular
electron hopping integral between vertical-neighbor sites 1is described as
z r
t, =—exp(l--2).
1770 p( 5 )
Here, let's briefly explain how the values of the key parameters for the modeled NFA
molecule are selected. Firstly, the key parameters determining the molecular electronic and

lattice structures are the nearest-neighbor electron hopping integral for a uniform lattice

structure ¢, , the electron-lattice (e-/) interaction constant ¢« , the elastic constant between
the nearest-neighbor sites K, and the average nearest-neighbor lattice constant 7. For the

values of these four parameters, we refer to those chosen for a polyacetylene molecule.* In



order to reflect the unique molecular geometry of the modeled NFA molecule, we further

introduce ¢, ¢, and ¢,.

Especially, to highlight the A-D-A electronic structure of the modeled NFA molecule,
we employ the on-site energy difference (A, + A/ ) between the central D group and the
terminal A groups to describe its electron push-pull ability. Herein, a value range of
0<(A,, +A! )<0.6eV is considered to discuss the effect of the electron push-pull
ability on the molecular electronic structure. Recently, we note a work by Perdigén Toro
etal.,” in which they calculated the intra-molecular electrostatic bias potential of the typical
NFA molecule (Y6) and obtained that the value can reach up to 1.1 eV. In view of this, the
value range of 0< (A, +A! )<0.6eV does not overestimate the contribution of the
electron push-pull ability of an actual NFA molecule.

Using these parameters, we first compare the energy gap of the modeled NFA
molecule with that of some typical NFA molecules (obtained to be 1.4-1.6 eV in other

works).5® As presented in Fig. 2, we can see that the HOMO/LUMO levels can be

separately designed by modulating the electron-push ability (A ) of central D group and
the electron-pull ability (A’ ) of terminal A groups. Thus, the energy gap of the modeled
NFA molecule can be effectively modulated by tuning the value of A or A’ . For
instance, we get an energy gap of 1.6 eV when we choose the value of A tobe 0.6 eV.
These findings are consistent with the experimental observations, which confirms the

validity of our model description for an A-D-A type NFA molecule.
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Fig. S1. The central D group structures of our modeled NFA molecule (a) and a simplified

Y6 molecule (b), where the green describes the conjugated skeleton including 16 sites.
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Fig. S2. Optimized molecular geometries for the central D group of the simplified Y6

molecule from top view (a) and side view (b), respectively.

In addition, we compare the lattice structure (i.e., the bond length variation

or,=u,, —u, ) of the central D group in our modeled NFA molecule with that in a

simplified Y6 molecule (see Fig. S1), where a density functional theory (DFT) calculation
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at the ®B97X-D/6-31+G (d, p) level has been carried out (Gaussian 16 program package).”
19 In the Gaussian calculation, the 2-ethylhexyl side chains on the two nitrogen atoms of
the central D group in Y6 are included, while the alkyl side chains on the thiophene units
is replaced by —CH3 groups for simplicity. Fig. S2 demonstrates the optimized molecular
geometries for the central D group of the simplified Y6 molecule from top view (a) and
side view (b), respectively. As such, distribution of the bond length variation along the
central D group is presented in Fig. S3, where the model and Gaussian calculations are
compared. We can see that the lattice structure obtained by our model calculation is
basically consistent with that obtained by the Gaussian calculation. It further confirms the

validity of our model description.
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Fig. S3. Distribution of the bond length variation (i.e. or, =u,,, —u, ) along the central D

group, where the model and Gaussian calculations are compared.
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Impact of the inter-molecular aggregation degree on the Inter-CT character: From
Fig. S4, we can clearly see that the inter-molecular transferred charge quantity in A-to-A
type J-aggregation presents an apparent reduction tendency with the increase of the value
of 7, (7 shows the inter-molecular distance, reflecting the inter-molecular aggregation
degree). Thus, we can improve the Inter-CT intensity in NFA molecular aggregates by

strengthening the inter-molecular aggregation degree.
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Fig. S4. The inter-molecular transferred charge quantity 0O, in A-to-A type J-
aggregation as a function of the inter-molecular distance r, , where the value of A is

fixed to be 0.6 eV
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