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S1 Selection Rules

S1.1 Selection rules for transition dipole moment, spin-orbit coupling, and vibronic coupling

The Nth excited electronic state |N,T",y;S,M) is labeled by the quantum number of the spin angular mo-
mentum, S, the quantum number of the z component of the spin angular momentum, M, the irreducible
representation (irrep) I', and y (y = 1,...,dim(I")), which distinguishes the irrep of a degenerate I

The transition dipole moment (TDM) is given by

“N1F1S1—>N2F252 = <N27r27YZ;S27M2“/1’N15F17’}/1;517M1>7 (1)

where f1 is the electric dipole moment operator and the initial and final states are denoted by subscripts 1

and 2, respectively. The electric dipole moment operator is written as

u= Z —er;, 2)

where r; indicates the position vector for electron i. In the case of §; = S5, forbidden/allowed of a transition
depends on the combination of I'; and I';. Otherwise, it is forbidden.

We consider the one-electron term of the spin-orbit coupling as the origin of the intersystem crossing. !
The one-electron term of the spin-orbit integral is given by the matrix element of the one-electron part of

the spin-orbit coupling operator:

CN Ty 51 MTsS, = (N2, T, 1382, Mo |Hso| N1, Ty, v13 1, My ). (3)

3

The spin-orbit coupling operator '3 is written as

2
A 0“2 A
Aso =YY —="lia-8;, 4)
T 2

where r;4 indicates the distance between atom A and electron i, §; and i,-7 4 denote the spin and orbital angular
moment operators, respectively, Z4 indicates the atomic charge, and o is the fine-structure constant. Here,
we replace Z4 by the effective nuclear charge ZA’eff3 to incorporate the two-electron term of the spin-orbit

coupling. Accordingly,

2
a Z eff 4 A
A R 7ZZ<N2,F2,Y2|F—3615,A|N1,F1,7’1> (82, M5 8|Sy, My). (5)
TA i

An intersystem crossing is forbidden if the matrix element of the orbital angular momentum is equal to zero.

Because the one-electron operators of the electric dipole moment g = —ef* and orbital angular momentum
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I are tensor operators, we can derive their selection rules based on their irreps: If a tensor operator belongs

to I'3 irrep and the inclusion relation*
I el xTI (6)

holds, the transition between I'; and I’ states is allowed; otherwise, the transition is forbidden. For the
electric dipole and spin-orbit interactions, we will discuss the allowed or forbidden pairs of irreps for some
point groups later.

In addition to the electric dipole and spin-orbit couplings we discuss the selection rule for the vibronic

coupling. The vibronic coupling constant (VCC) is defined by

(ue)
aQN31“3?’3 Ry

where H denotes the molecular Hamiltonian, On,1;y, denotes the normal coordinate for normal mode

VN]F]71N2F2Y27N3F3')/3 = <N27F27 §%) Nlurlu '}’1> ’ (7)

N3I'373, and Ry denotes the equilibrium nuclear configuration for the reference state>. When we con-
sider the transition NiI'1y; — Na, 12,7 the N1I'17y; state at Ry should be taken as the reference state. The
diagonal VCC with N1 = N,, I'y =1, and y; = 9» gives rise to vibrational relaxation. The off-diagonal

VCC with Ny # N,, I'y # 1I',, or 71 # 7 is a factor of the rate of internal conversion.
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S1.2 Dy,

Table S1: Character table for Dy,.°

G, Gy Oy I o, o, o Base
Ag IS D U T S N R e AfT
B, 1 -1 -1 1 1 -1 -1 xy L
By, -1 1 -1 1 -1 1 -1 x L
B3, -1 -1 1 1 -1 -1 1 yz L
Ay 1 1 1 -1 -1 -1 -1 xyz
By, 1 -1 -1 -1 -1 1 1 zp
By, -1 1 -1 -1 1 -1 1 'y p
Bs, -1 -1 1 -1 1 1 -1 x p
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S1.3 Dy

Character table for D3, is shown in Table S26. The x—, y—, and z— components of the electric dipole
moment operator fI belong to E’, and E’, and A, respectively. The orbital angular momentum operator
components, [y, fy, and [, belong to E”, and E”, and A’, respectively. The selection rules can be obtained
from Table S2. In the case of the selection rule for x- and y— components of electric dipole transition which
transform as the E’ irreducible representation (irrep), the direct product of the irreps for the operator and

each electronic state is decomposed as follows:

E'xA\=E, E'xA,=E E'xA{=E", E xA]=E",

E'xE' =A\+A,+E', E' xE"=A]+A)+E". (8)

Therefore, the pair of irreps for electronic states (A},E’), (A5,E'), (AY,E"), (A5,E"), (E',E'), (E" E") are
allowed for the electric dipole transition in the x- or y- direction. The selection rule in the electric dipole
transition is summarised in Table S3. One sees that the ratio of forbidden irrep pairs are 20 of 36. The
forbidden ratio for D3, is lower than that for D,; (Table 6) although the order for D3, is higher than that
for D,y,. This indicates the importance of the inversion symmetry since D3j;, does not contain the inversion
while D, does.

The selection rule for the orbital angular momentum is summarised in Table S4. The forbidden ratio of
1 is the same as that of r. The Dy, symmetry gives small forbidden ratio, also originating from the lack of

inversion symmetry.

Table S2: Character table for Ds,°

E 2ICs 2C3 o, 3C 30 Base

Al 1 1 1 1 1y —3x%
A1 1 1 1 -1 -1 X —3x07 I,

Al 1 -1 I -1 I -1

A1 -1 1 -1 -1 1 Z Pz
E" 2 1 -1 2 0 0 {zx,zv} {lxaly}
E 2 -1 -1 2 0 0 {x,y} {anpy}
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Table S3: Selection rule for the electric dipole moment operator in the D3;, symmetry.

A/1 A’z A’ll A/ZI E’ E"
Al x z {xy} X
Al z X {xy} X
Af X X x  {xy}
Al X x  {x,y}
E' {xy} 2z
E" {x.y}

Table S4: Selection rule for the orbital angular momentum operator in the D3;, symmetry.

AL A, Al AL E E"
Al x I x X X {L:, 1}
Al x I, x X {L:, 1}
Af x  x AL} X
Al x AL, L} X
E’ [, {L:, 1}
E" [

1-24 |7



S1.4 Dy,

Character table for Dyy, is listed in Table S5°. The x, v, and z components of the electric dipole moment
operator fl belong to E,, and E,, and By, respectively. On the other hand, the orbital angular momentum
operator components, [y, fy, and [, belong to E,, and E,, and Ay, respectively. The selection rules can be
obtained from Table S5. In the case of the selection rule for x- and y— components of electric dipole tran-
sition which transform as the E,, irreps, the direct product of the irreps for the operator and each electronic

state is decomposed as follows:

EyxAyg=E,, E,xAy=EFE, E,xBigz=E, E,XBy=E,,
E, XEg :Alu +A2u + Biu+ By
Eu XAlu:Eg, Eu XAzu:Eg, EMXBlu:Eg, EMXBzu:Eg,

E, x E, :A1g+A2g+Blg+BZg- 9)

Hence, the electric dipole transition in the x-or y- direction is allowed when the pair of irreps for electronic
states (I'1,12) 18 (A4, Ev), (A2g, Ev), (Big, Eu), (Bag, Eu), (A1u, Eg), (Au, Eg), (Biu, Eg), or (B, Eg). Thus,
we can obtain the selection rule for the electric dipole transition in the x-and y- direction. Table S6 is the
summary of the selection rule for the electric dipole transition. Because of the Laporte rule, the ratio of the
forbidden pairs are over 50%; the forbidden pairs are 74 of 100.

The selection rule for the orbital angular momentum is summarised in Table S7. The selection rule of I
is almost the same as that of  except for the difference of gerade and ungerade. Therefore, the same ratio

of forbidden irrep pairs is obtained.
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Table S5: Character table for Dy, 6

E 2C4 C3 2C, 20 I 20Cy o, 20, 204 Base
A 1 1 1 1 1 1 1 1 1 1 22,x°+y?

Ay 1 1 1 -1 1 1 1 1 -1 -1 xy(x*—y?) I,

E,c 2 0 2 0 2 0 0 2 0 0 {xzyz} {1, 1,}
A, 1 1 1 1 -1 -1 -1 -1 -1 -1 xyz(x*—y?)

Ay 11 1 -1 -1 -1 -1 -1 1 1 z Pz

B, 1 -1 1 1 -101 1 -1 -1 1 xyz

By, 1 -1 1 -1 -1 1 I -1 1 -1 z(x*—y?)

E, 2 0 -2 0o -2 0 0o 2 0 0 {x,y} {px,py}

Table S6: Selection rule for the electric dipole moment operator in the Dy;, symmetry.

Alg A2g Blg BZg Eg Ay Ay By By E,

Alg X X x x X X b4 X x  {x,y}
Agg X X X X z X X X {x,y}
Big X X X X X X z {x,y}
By, X X X X Z X {x,y}
Eg x Axyr A{xeyr {xyk {xy}b oz
Aty X X X X X
Ay X X X X
By X X X
Boy X X
E, X
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Table S7: Selection rule for the orbital angular momentum operator in the Dy symmetry.

Alg Ay Big By E; A Aw B By Ey
A, x L x  x {LL} x x x X X
Az, x x  x AL,L} x x x X X
Big x L ALL} x  x  x X X
Bog x AL, L} x X X X X
E, [ X X X X X
Al X L X x AL, 1}
Ary, X X x Al Ly}
By, X L. {1}
By, x Al ly}
E, I
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S2 Theory of Vibronic Coupling Density

Small diagonal and off-diagonal VCCs give rise to suppression of vibrational relaxations and nonradia-
tive vibronic transitions, respectively. Analyses of diagonal and off-diagonal vibronic coupling densities
(VCDs) enable us to design molecules with small VCCs. In this subsection, we summarise the relation be-
tween the VCCs and VCDs. For simplicity, the VCC Vy,1,y,N,a 0,053 18 Written as V,,; o hereafter, where
m=NiI'in, l = NI, and @ = N3I'373.

The diagonal VCC, denoted by V), o with electronic state m and vibrational mode ¢, is given by the

spatial integration of the VCD:’

Vin,a :/nm.‘ad3r, where Ny q = Appve. (10)

Here v, is the potential derivative defined by

va(r) = (a;gz))m, (11)

where u denotes the one-electron nuclear-electronic potential:

ZA€2

u(r):Z—|r_RA|. (12)

Ap,, is defined by the electron density difference: Ap,, = p, — po, where p,, and pg are the electronic

densities, for instance, for the excited state S,, and the ground state Sp, respectively. Within the crude

adiabatic (CA) approximation,” the reorganisation energy in the Franck—Condon (FC) S,, state is written as

AE ZV”%’“ (13)
m = zwa7

where @y denotes the frequency for mode o. The adiabatic transition energy E,, o—o can be written as
Eno-0 = En — AE,, where Ej, is the vertical transition energy. Small AE,, is desirable for small energy
dissipation, because small AE,, means a small Stokes shift or vibrational relaxation.
In contrast, the off-diagonal VCC between the S,, and S; states for mode o, V,y o, is given by the
off-diagonal VCD:?
Vinl o :/nml,acﬁr, where 1,10 := PmiVa- (14)

Here p,,; denotes the overlap density between the S,, and S; states. For the N-electron wave functions of

states m and [, ¥s, and s,

1 *
P (T) = N/---/‘Psl(r(ol,rzwz,...,rNa)N)‘Psm(ra)l,rza)z,...,rNa)N)da)ld3r2da)2---d3rNdwN, (15)
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where r, r;(i = 2,...,N) are space coordinates of electrons, and ®;(i = 1,...,N) are spin coordinates of
electrons.

The VCD analyses enable us to discuss vibronic couplings in terms of electronic structure, Ap,, or P,
and vibrational structure, vy. The diagonal and off-diagonal vibronic couplings are characterised by the
spatial distributions of Ap,, and p,,;, respectively. When the overlap between Ap,, or p,,; and vy is small,
the VCC becomes small. In addition, the symmetrical localisation of Ap,, or p,,; around an atom gives rise
to the cancellation of the vibronic coupling density.”® Following these guiding principles, we can reduce

the VCCs under the control of Ap,, and p,,;.
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S3 Theory of Transition Dipole Moment Density

The oscillator strength is proportional to the square of the TDM. Since the spatial integration of transition

dipole moment density (TDMD) t,,,;® yields the TDM TR

i, = /'rmldsr, where T, := —erpm, (16)

with r denoting the position vector. The TDMD provides an insight into enhancing the TDM. As is the case

for the off-diagonal VCD, the overlap density p,,; also plays an important role in the TDMD analysis. In

our previous study, it was found that widely distributed p,,; leads to large i, 8,10,11
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S4 Fundamental Structure of Anthracene Derivatives

Focusing on the S; — Sy transition, we compared the electron-density differences Ap; and overlap densities
P10 among 1a, 1b, and 1c. Their Ap; and pjo values are shown in Fig. S1. It is found that Ap; and py¢ are
distributed similarly among the three molecules and they do not extend to the alkyl groups.

To evaluate the effect of the alkyl substitution on Ap,, and p,,;, the spatial integration of their absolute
values were calculated. Here we call the unsubstituted unit of 1b and 1c, the unit of anthracene derivative
1a, a fundamental structure, which has higher symmetry than the original structures. The fundamental
structure is defined by the subunit of a molecule where both the electron density difference Ap,, and the
overlap density p,,; are mostly localised. If the fundamental structure has a higher symmetry, we can
discuss the approximate selection rule based on the electronic structure of the fundamental structure. The
integrations of |Ap,,| and |p,,;| over all space are defined as Ip and Iy, respectively. The region R is defined
as the space constructed by the Wigner—Seitz cells '? in the fundamental structure. The integrations of |Ap,,|

and |p,,;| over the region R is defined as I and Ig, respectively. The definitions are summarised as follows:
I = / Apm(®)|dr, IR = /R AP (0)|dPr,
— 3 R._ 3
o = /\pm,(r)yd v, IR= /R [Pt (1) (17)

The ratios Ig /Ip and Ig /Ip between the Sy and S; states are tabulated in Table S8. This table shows that
18 /Ip and Ig /1o are over 98%. The small changes in Ap; and pj( caused by the alkylations lead to almost

the same values of the VCCs and TDMs.

Table S8: Rates of IR /I, and IX /1o, where IR, Ip, I, and Iy are defined by Eq. 17.

1a 1b 1c

IR/Ip 99.49% 99.34% 99.12%
I8/1o 99.98% 99.10% 98.51%
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Fig. S1: Electron density differences Ap; and overlap densities pig: (al-a3) Ap; for 1a, 1b, and 1¢, respectively;

(b1-b3) pyp for 1a, 1b, and 1c, respectively. The isovalues for Ap; and pj¢ are both 0.001 a.u.
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S5  Vibronic Coupling and Transition Dipole Moment Analyses for Pyrene and Its

Derivative

S5.1 Diagonal vibronic coupling constants and densities in the Franck-Condon S, state

(a) (b)

7.0 7.0
6.0 | E 6.0 R
- N
S 50+ = 1 S 50+t .
5 / a=62 5
< 40t . < 40} a=166 -
S (a)
= 30 B : 3.0 F i
S S
— 2.0 E — 2.0 | R
>
1.0 R 1.0 R
0.0 ‘ | [ “ Ll | | | \“ 0.0 ‘\m Ll ‘H | | |
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Fig. S2: Vibronic coupling constants in the Franck—Condon S; state: (a) pyrene 2 and (b) its derivative 2a. The

maximum-coupling modes are indicated by the arrows.

Molecule 2a was designed to have a delocalised electron-density difference, Ap;, in the pyrene unit.
The diagonal vibronic coupling constants (VCCs) in the FC S; state, V) o, were calculated from the force
in the FC S; state with respect to the normal mode in the Sy state. The VCCs of 2 and 2a are shown in Figs.
S2. The maximum-coupling mode for 2a, shown in Fig. S4a, is smaller than that for pyrene 2, shown in
Fig. S3a. Since the VCC of the maximum-coupling mode is reduced, the reorganisation energy AE; for 2a
is smaller than that for 2; the values for 2 and 2a are 0.141 eV and 0.117 eV, respectively.

The reason for the reduction in the VCC for the maximum-coupling mode can be explained by the
diagonal vibronic coupling density (VCD) analysis. The potential derivatives v, for the maximum-coupling
modes of 2 and 2a are shown in Figs. S3b and S4b, respectively. The maximum-coupling mode for 2a is
the C—C stretching modes of the pyrene unit; the normal modes are localized on C4-C5 and C9-C10 bonds.
For this reason, the potential derivative v, for 2a is localised to the pyrene unit as is the same in 2.

The electron-density differences between the FC S| state and the Sy state, Apy, of pyrene and 2a are
shown in Figs. S3c and S4c, respectively. The enlarged view of Ap; is shown in Fig. S5. It is found that

Apq for 2a is withdrawn from pyrene unit by the 1-pyrrolylethynyl groups. In particular, Ap; in the C8—C13
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and C9-C10 bond regions, which are also indicated by the red arrows in the Fig. S5, is reduced. Because
the maximum-coupling mode « is localised to the pyrene unit, the overlap between Ap; and v for 2a is
smaller than that of pyrene.

The diagonal vibronic coupling densities 11 ¢ = v X Ap; for pyrene and 2a are shown in Figs. S3d and
S4d, respectively. Because of the small Ap in the pyrene unit, 7 ¢ for 2a is reduced. Therefore, the VCC

for the maximum-coupling mode for 2a is smaller than that for pyrene. Thus, it is shown that introducing

the 1-pyrrolylethynyl groups to pyrene gives rise to delocalised Ap; and to the small VCCs.

(2) (b)

Fig. S3: Diagonal vibronic coupling density analysis for pyrene 2: (a) maximum-coupling mode g, = 1684.69 cm ™!
with carbon atom labels; (b) derivative of the electronic-nuclear potential vg;; (c) electron-density difference between
the S| and Sg states Apy; (d) diagonal vibronic-coupling density 1 6>; and The isovalues for vgy, Apy, and 7y 62 are

0.01, 0.002, and 1 x 107, in atomic units, respectively.
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Fig. S4: Diagonal vibronic coupling density analysis for pyrene derivative 2a: (a) maximum-coupling mode ®¢6 =
1660.31 cm™'; (b) derivative of the electronic-nuclear potential v;¢6; (c) electron-density difference between the S,
and Sy states Apy; and (d) diagonal vibronic-coupling density 7y 166. The isovalues for vig6, Ap1, and 1,166 are 0.01,

0.002, and 1 x 107, in atomic units, respectively.

Fig. S5: Enlarged view of electron-density differences between the S; and Sy states Ap; for (a) pyrene 2 and (b) its

derivative 2a. The isovalues for Ap; are 0.001, in atomic units.
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S5.2  Off-diagonal vibronic coupling constants and densities between the S| and S states

(a) (b)
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Fig. S6: Off-diagonal vibronic coupling constants between the S and Sy states: (a) pyrene 2 and (b) its derivative 2a.

In order to calculate the off-diagonal vibronic couplings in the internal conversion S; — S, we obtained
the adiabatic state by carrying out the geometrical optimisation in the S; state. The off-diagonal VCCs were
calculated using the normal modes in the S state at the optimised structure for the S; state.

In the adiabatic S state, the off-diagonal VCCs between the Sy and Sy states, Vi ¢, of 2 and 2a are
shown in Figs. S6. The VCC for the maximum-coupling mode of 2a is smaller than that of pyrene. The
suppressed off-diagonal VCCs come from a delocalised overlap density pg for 2a.

It should be noted that the number of active modes in 2a is smaller than that in a molecule with the
same size that has a lower symmetry than D,;. Because the irreducible representation (irrep) of the S state
is By, only by, modes are active in the off-diagonal vibronic couplings between the Sg and S; states. For

pyrene 2, 12 by, modes of all 72 modes are active:
Dvib(Dan) = 13ag +4b1g + Thyg + 1224 + Say, + 12b1, + 12b2, + Tb3,, (18)
for pyrene derivative 2a, 32 by, modes of all 192 modes are active:
Lvib(Dan) = 33ag + 14b1 g + 17byg + 32b25 + 15a, + 32b1, + 32by, + 17b3y,. (19)

From the symmetry viewpoint, internal conversion is suppressed with the small number of radiationless

channels.
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The off-diagonal VCCs are analysed by the off-diagonal VCDs. The maximum-coupling modes for
pyrene 2 and its derivative 2a are depicted in Figs. S7a and S8a, respectively. The maximum-coupling
modes of 2a are localised to the pyrene unit. The potential derivatives vy for 2 and 2a are shown in Figs.
S7b and S8b, respectively. Both of the vy on the C2 and C7 atoms are large because of the localisation of
the normal modes.

The overlap densities between between the S; and Sy states, pyg, of 2 and 2a are shown in Figs. S7c
and S8c, respectively. One can see that 2a has smaller pjo than 2 does. The small pjg in the pyrene unit
originates from the extended 7 conjugation to the 1-pyrrolylethynyl groups. That is, the orbital overlap
density between the HOMO and LUMO, which is the main component of pgp, is delocalised with small
density in the pyrene unit. Because of the small pjq, 110,¢ for 2a is decreased in the pyrene unit, as shown
in Figs. S7d and S8d for 2 and 2a, respectively.

The VCCs V¢ are also decomposed into the atomic vibronic coupling constants (AVCCs), VA,10,a91

Vioa = Y Va.10.a; (20)
A

where A indicates the atoms. The AVCCs of the maximum-coupling modes of 2 and 2a are shown in Fig
S9. It is found that the AVCCs of the 1-pyrrolylethynyl group is small and the main contribution comes
from pyrene group. The absolute value of AVCC for the C2 atom of 2a decreases largely. This is because
the large p1p on the C2 atom of pyrene is reduced by introducing the 1-pyrrolylethynyl groups. Thus, an

extension of 7 conjugation can be one way to reduce the off-diagonal VCCs.
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Fig. S7: Off-diagonal vibronic coupling density analysis for pyrene 2: (a) maximum-coupling mode w9 = 694.61
cm~! with carbon atom labels; (b) derivative of the electronic-nuclear potential vig; (c) overlap density between the
S and Sy states pio; and (d) diagonal vibronic-coupling density 110,19. The isovalues for vi9, p19, and 19,19 are 0.01,

0.002, and 1 x 1073, in atomic units, respectively.
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Fig. S8: Off-diagonal vibronic coupling density analysis for pyrene derivative 2a: (a) maximum-coupling mode
w70 = 687.59 cm ™! with carbon atom labels of the pyrene unit; (b) derivative of the electronic-nuclear potential v7q;
(c) overlap density between the Sy and Sy states pio; and (d) diagonal vibronic-coupling density 719,70. The isovalues

for v70, P10, and 110,70 are 0.01, 0.002, and 1 x 1077, in atomic units, respectively.

Fig. S9: Off-diagonal atomic vibronic coupling constants between the S; and Sy states, in 107> atomic units: (a)

pyrene 2, Vig 19, and (b) its derivative 2a, Vi 70.
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S5.3 Transition dipole moment densities between the S; and S states

The delocalised distribution of overlap density pjo gives rise to a large transition dipole moment (TDM).
The product of overlap density pjg and position vector r yields the transition dipole moment density
(TDMD) 719. Because of the selection rule, x- and y-component of TDMs are zero, and the z-component of
TDMDs can be non-zero.

The z-component of TDMD, ; 19, for pyrene 2 and its derivative 2a are shown in Figs S10. It is found
that the overlap density is polarised in the z-direction. For pyrene 2, 7, 1o on the C1, C3, C6, and C8 atoms
are large, in accordance with the large p;o on these atoms.

On the other hand, large 7, 1o appears on the 1-pyrrolylethynyl groups in 2a. This is because the intro-
duced groups are so distant from the pyrene that the overlap of z-value and pjg. As the result of the spatial
integration of 7,19, 2a has much larger TDM L, 1o than pyrene; The values of 2a and 2 are 4.4465 and
1.9393, in atomic units, respectively. Thus, the delocalised distribution of pj increases the TDMs and then

enhances fluorescence process.

Fig. S10: Transition dipole moment densities in the z-direction between the S; and Sy states 7, 1o: (a) pyrene 2 and

(b) its derivative 2a The isovalue for 7, 19 is 0.01, in atomic unit.
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