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S1 Duschinsky Effect

The Duschinsky effect1 arises when the normal modes in the excited and ground states are different.2 The

normal modes for the two electronic states are connected by the Duschinsky rotation matrix D as

Qn,α = Tn,α +∑
β

Dn,αβ Qβ , (1)

where Qn,α denotes the normal mode in the Sn state, Tn,α is an element of the displacement vector connect-

ing the minima of the parabola of the Sn and S0 states, and Dn,αβ is the matrix element of D. The quadratic

VCCs in the Sn state is defined by

Wn,αβ =

⟨
Ψn(r,R0)

∣∣∣∣∣
(

∂ 2H
∂QαQβ

)
R0

∣∣∣∣∣Ψn(r,R0)

⟩
. (2)

The normal modes and their frequencies in the excited states can be obtained by the diagonalization of the

quadratic vibronic couplings:

∑
β

Wn,αβ Qn,β = ∑
β

ω2
n,αδαβ Qn,β (3)

Now, we introduce the quadratic VCC difference between the Sn and S0 states defined by ∆Wαβ :=Wn,αβ −

W0,αβ . Using the first order perturbation approximation, the normal mode in the excited state is given by

Qn,α = ∑
β ̸=α

∆Wn,αβ

ωβ −ωα
Qβ . (4)

Therefore, the off-diagonal matrix elements of D is written as

Dn,αβ ≈
∆Wn,αβ

ωβ −ωα
(β ̸= α) (5)

The quadratic VCC difference ∆Wαβ is expressed as the integration of the product of the quadratic potential

derivative wαβ and electron-density difference wαβ :3

∆Wn,αβ =
∫

wαβ (r)∆ρn(r)d3r. (6)

As is the case with the VCD analysis, we can analyze the Duschinsky effect via the electron-density differ-

ence.

As shown in Figures 3(c) and 6(c), the electron-density differences are strongly localized on the an-

thracene moieties. Therefore the Duschinsky rotation also primarily originates from the anthracene moi-

eties. If the normal modes are localized on the side moieties, the potential derivative wαβ does not overlap

with the electron-density difference. In other words, the Duschinsky rotation matrix element is small.
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In the previous study, we confirmed the Duschinsky effect is negligible in the anthracene.4 The Duschin-

sky effect of the low-frequency mode is rather large, but those of the other modes are small. Since the

off-diagonal and diagonal VCCs of the low-frequency mode are small, the Duschinsky effect does not

significantly affect the vibronic effects in these system.

S2 Off-Diagonal Vibronic Coupling Density Analysis

Figure S1 shows the the maximum-coupling modes of the off-diagonal VCCs. Figure S2 shows the deriva-

tives of the nuclear-electronic potential with respect to the maximum-coupling modes vα . Because the core

moiety of MADN includes a methyl group, the C(13) and C(14) atoms do not stretch along to the C(13) -

C(14) bond, as shown in Fig. S1(a). For this reason, the distribution of vα on the C(13) and C(14) atoms

for MADN is different from that of the other molecules.

The overlap densities between the S1 and S0 states ρ01 are shown in Fig. S3. The overlap densities

are mainly localized on the anthracenylene groups. The distributions of ρ01 in all the molecules are almost

symmetric around the C(9) and C(10) atoms.

The off-diagonal vibronic coupling densities η01,α are shown in Fig. S4. The vibronic coupling densities

η01,α are mainly localized on the anthracenylene groups. The localized η01,α ’s on the anthracenylene

groups come from the localization of ρ01. Cancellations of η01,α occur around the C(9) and C(10) atoms

in the spatial integration of η01,α because ρ01’s are distributed symmetrically on these two atoms. η01,α

around the C(11) - C(14) atoms is large because vα around the four atoms is large.

Figure S5 shows the off-diagonal AVCCs between the S1 and S0 states for the maximum-coupling mode

of MADN, MAT, and TAT, and for the second maximum coupling mode of MAM in the core moiety. For

each molecule, the off-diagonal AVCCs for the C(9) and C(10) atoms are small because of the cancellations

in the spatial integration of η01,α . It is found that the off-diagonal AVCCs for the C(11) - C(14) atoms

are the largest in TAT and MAM because there is cancellation. On the other hand, there exist two large

off-diagonal AVCCs in MAT and MADN: the off-diagonal AVCCs for the C(12) and C(14) atoms are the

largest in MADN, and those for the C(13) and C(14) atoms are the largest in MAT. The off-diagonal AVCC

for the other atoms are small because η01,α ’s are cancelled in the spatial integration around these atoms.

Thus, the cancellations give rise to smaller off-diagonal VCCs for MADN and MAT than those for MAM

and TAT.
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(a) (b)

(c) (d)

Fig. S1 Maximum-coupling modes for MADN, MAT, and TAT, and second maximum coupling mode for MAM: (a)

MADN (ω47 = 666.38 cm−1), (b) MAM (ω88 = 819.81 cm−1), (c) MAT (ω97 = 792.55 cm−1), and (d) TAT

(ω98 = 742.02 cm−1).
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(a) (b)

(c) (d)

Fig. S2 Derivatives of the nuclear-electronic potential with respect to the maximum-coupling modes of the

off-diagonal VCCs for MADN, MAT, and TAT, and to the second maximum coupling mode of the off-diagonal VCC

for MAM: (a) MADN (v47), (b) MAM (v88), (c) MAT (v97), and (d) TAT (v98). The isosurface value is 8×10−3 a.u.

Blue regions are negative; white regions are positive.
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(a) (b)

(c) (d)

Fig. S3 Overlap densities between the S1 and S0 states ρ01: (a) MADN, (b) MAM, (c) MAT, and (d) TAT. The

isosurface value is 2×10−3 a.u. Blue regions are negative; white regions are positive.
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(a) (b)

(c) (d)

Fig. S4 Off-diagonal vibronic coupling densities between the S1 and S0 states: (a) MADN (η01,47), (b) MAM

(η01,88), (c) MAT (η01,97), and (d) TAT (η01,98). The isosurface value is 1×10−5 a.u. Blue regions are negative;

white regions are positive.

1–13 | 8



-5

-4

-3

-2

-1

 0

 1

 2

 0  2  4  6  8  10  12  14

V
A
 (

1
0
-5

 a
.u

.)

A

MADN
MAM
MAT
TAT

Fig. S5 Off-diagonal atomic vibronic coupling constants between the S1 and S0 states for the maximum-coupling

mode of MADN, MAT, and TAT, and for the second maximum coupling mode of MAM in the core moiety.
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S3 Potential Energy Surfaces in the Torsional Distortion

S3.1 Potential energy surface for MADN
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Fig. S6 Potential energy curves for MADN in the twist angle θ : (a) overview; (b) enlarged view for S1; and (c)

enlarged view for S0. The twist angle θ is defined as the twist angle of the side-moieties of the molecules from the

structure in the Franck-Condon state, as shown in Fig. 11. λθ represents the reorganization energy for the twist of the

side group.
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S3.2 Potential energy surface for MAM
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Fig. S7 Potential energy curves for MAM in the twist angle θ : (a) overview; (b) enlarged view for S1; and (c)

enlarged view for S0. The twist angle θ is defined as the twist angle of the side-moieties of the molecules from the

structure in the Franck-Condon state, as shown in Fig. 11. λθ represents the reorganization energy for the twist of the

side group.
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S3.3 Potential energy surface for MAT
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Fig. S8 Potential energy curves for MAT in the twist angle θ : (a) overview; (b) enlarged view for S1; and (c)

enlarged view for S0. The twist angle θ is defined as the twist angle of the side-moieties of the molecules from the

structure in the Franck-Condon state, as shown in Fig. 11. λθ represents the reorganization energy for the twist of the

side group.
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