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Abstract

Theoretical design principle for enhancement of the quantum yield of light-emitting
molecules is desired. For the establishment of the principle, we focused on the S; states of
blue-emitting anthracene derivatives: 2-methyl-9,10-di(2’-naphthyl)anthracene (MADN),
4,9,10-bis(3’,5'-diphenylphenyl)anthracene (MAM), 9-(3’, 5'-diphenylphenyl)-10-(3",5"-
-diphenylbiphenyl-4”-yl) anthracene (MAT), and 9,10-bis(3"’,5"’-diphenylbiphenyl-4’-yl)
anthracene (TAT) [Kim et al., J. Mater. Chem., 2008, 18, 3376]. The vibronic coupling
constants and transition dipole moments were calculated and analyzed by using the con-
cepts of vibronic coupling density (VCD) and transition dipole moment density (TDMD),
respectively. It is found that the driving force of the internal conversions and vibrational
relaxations originate mainly from the anthracenylene group. On the other hand, fluores-
cence enhancement results from the large torsional distortion of the side groups in the S;
state. The torsional distortion is caused by the diagonal vibronic coupling for the lowest-
frequency mode in the Franck—Condon (FC) S; state, which originates from a small portion
of the electron density difference on the side groups. These findings lead to the following
design principles for anthracene derivatives with a high quantum yield: (1) reduction in the
electron density difference and overlap density between the So and S; states in the anthra-
cenylene group to suppress vibrational relaxation and radiationless transitions, respectively;

(2) increase in the overlap density in the side group to enhance fluorescence.
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1 Introduction

Much interest has been focused on organic light-emitting diodes (OLEDs) =8 because of their
potential applications in full-colour large displays, lighting devices, etc. Considerable effort has
been devoted to the development of red®12, green9’13’14, and blue OLEDs 15720 with desirable
properties such as high luminance efficiency, long operational lifetime, pure colour coordinates,
and high glass—transition temperature. However, the blue OLEDs developed so far!5-2* have
shorter operational lifetime and lower luminance—efficiency than do green and red OLEDs.
Many researchers have developed blue OLEDs from anthracene derivatives !>17-20.21,23.27,

2-Methyl-9,10-di(2’-naphthyl)anthracene (MADN) is a well-known highly efficient blue-emitting

13, Recently, blue-fluorescent molecules of anthracene derivatives, 4,9,10-bis(3’,5’-

materia
diphenylphenyl)anthracene (MAM), 9-(3’,5'-diphenylphenyl)-10-(3”, 5" -diphenylbiphenyl-4"-
yl)anthracene (MAT), and 9,10-bis(3"”’,5”’-diphenylbiphenyl-4’-yl)anthracene (TAT) (Fig. 1),
have been reported to show higher quantum yields than does MADN %3,

These molecules were designed on the basis of the concept of a core moiety and a side
moiety. Anthracene was selected as the core moiety, and bulky groups were introduced as the
side moieties in order to prevent extensively strong 7—7* stacking interactions and to facilitate
the formation of amorphous films.

The photoluminescence (PL) quantum yields of MAM, MAT, and TAT relative to MADN
in solutions were measured?®: MADN (1.00) < MAM (1.22) < MAT (1.25) < TAT (1.39).
Recently, the absolute PL. quantum yields of vacuum-deposited neat films of the four materials
were also measured: the values for MADN, MAM, MAT, and TAT were 0.33, 0.39, 0.45, and
0.61, respectively .

When a molecule in the ground Sy state absorbs a photon, there occurs a vertical excitation

to a Franck—Condon (FC) state. Then, the excited molecule in the FC state undergoes struc-

tural deformation, so-called vibrational relaxation. After the vibrational relaxation, the excited
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state reaches an adiabatic (AD) state. The stabilization energy, or reorganization energy due
to the vibrational relaxation is the origin of the Stokes shift. The relaxation process is usually
so rapid that the steady-state radiative transition comes from the AD state. There also occur
radiationless transitions: internal conversion and intersystem crossing. Quantum yield depends
on the competition between radiative and radiationless transitions. The vibronic couplings play
an important role in the vibrational relaxation and internal conversion.

The vibronic coupling (electron—phonon coupling) is an interaction between an electron
and a nuclear vibration. If the vibronic couplings are large in electron-transporting materials,
the energy dissipation should be large because the hopping electron couples strongly with in-
tramolecular vibrations®°. The electronic part of the vibronic couplings can be represented by
the electronic bases: the diagonal and off-diagonal matrix elements of the vibronic couplings are
defined as the electronic parts of the diagonal and off-diagonal vibronic couplings, respectively.
For a carrier-transporting molecule, the energy dissipation is ascribed to the diagonal vibronic
couplings in its ionization. On the other hand, for a fluorescent molecule, the diagonal vibronic
couplings give rise to the vibrational relaxation and the off-diagonal vibronic couplings drive
the internal conversion. The diagonal vibronic coupling corresponds to a force with respect to a
vibrational mode, and the off-diagonal couplings is an important factor of a transition probabil-

ity between different electronic states>! =34

. Small diagonal vibronic coupling constants (VCCs)
give rise to small vibrational relaxation, or small energy dissipation. In addition, small diagonal
VCCs suppress the internal conversion, as described in Section 2.3. The small off-diagonal
VCCs also contribute to a small transition rate of the internal conversion.

Therefore, small diagonal and off-diagonal VCCs are preferred for a high fluorescence quan-
tum yield. On the other hand, the fluorescence quantum yield is increased by a large transition
dipole moment. Suppression of off-diagonal VCCs and enhancement of the transition dipole

moment would lead to a high quantum yield.

Vibronic coupling density (VCD) gives a local picture of a vibronic coupling®—37. We have
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succeeded in controlling the vibronic couplings for carrier-transport materials on the basis of the
VCD concept. We have theoretically proposed hexaaza|lg|parabiphenylophane (HAPBP) as a
hole-transport molecule with small energy dissipation, or low power loss3? and designed hexab-
oracyclophane (HBCP) as an electron-transporting molecule.>® We also analyzed the vibronic
couplings in the excited state of anthracene derivatives on the basis of the VCD concept.*”
For highly efficient fluorescent materials, energy dissipation, originating from electron—phonon
coupling should be reduced, and therefore reduction of VCCs is crucial. Analysis of the VCD
provides an insight into the appropriate means of reducing VCCs.

Transition dipole moment density (TDMD) is a density form of the transition dipole mo-
ment“*’. The TDMD concept is similar to the VCD concept. Using the TDMD concept,** we
have revealed why chlorinated anthracenes have large transition dipole moments. The combi-
nation of VCD and TDMD analyses enables us to control radiative and radiationless processes
in a molecule.*!

In terms of VCD, we analyze the diagonal VCCs for the excited states in blue-emitting
anthracene molecules and the off-diagonal VCCs between the excited and ground states. We
also analyze the transition dipole moments for the molecules in terms of the TDMD. Our final
goal is to establish a principle for designing fluorescent molecules with high efficiency via the
VCD and TDMD analyses of MADN, MAM, MAT, and TAT.

In Section 2, we summarize the definitions of VCC, VCD, TDMD, and related concepts. We
found that the Duschinsky effect is negligible, as shown in Section S1 of the Electronic Sup-
plementary Information (ESI). We describe the computational details in Section 3. In Section
4.1, we show the calculated transition energies and oscillator strengths for the four molecules
in the FC S; state and the AD S; state. In Sections 4.2 and 4.5, we discuss the diagonal VCCs
for the four molecules in the FC S state and the off-diagonal VCCs between the S and Sy
states, respectively. In Section 4.3, we describe the diagonal VCDs in the FC S| state. The

off-diagonal VCDs between the S; and S states are discussed in Section S2 of the ESI. The
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lowest-frequency modes play a crucial role in the enhancement of radiative transitions. In Sec-
tion 4.4, we present the analysis of the VCD for the lowest-frequency mode in the FC S; state
of TAT. In Section 4.6, we discuss the difference in the transition dipole moments among the
four molecules in terms of the TDMDs between the S| and Sy states. We present the concluding

remarks in Section 5.

2 Theory

2.1 Vibronic Coupling Constant

A molecule composed of M atoms and N electrons in the ground state is assumed to be in an
equilibrium nuclear configuration Rg. We have a set of electronic eigenfunctions {W,(r;Ry)}
for the molecular Hamiltonian A (r,R), where R = (Ry,--- ,Ry4,---Ry) denotes a set of nu-
clear coordinates, and r = (ry,---,r;,---ry) denotes a set of electron coordinates. The matrix

representation of the vibronic coupling for mode « is defined by

S

where O, indicates the normal coordinate for the mode .

an,oc = <le(r7 RO)

‘Pn(r,Ro)> , (1)

The diagonal VCCs are defined as the diagonal elements of the vibronic couplings with
n = m. They are used to calculate the reorganization energy in the FC state. For simplicity, we

omit n for the diagonal VCC as follows:
Vn,oc = Vnn,a- (2)

The off-diagonal VCCs are defined as the off-diagonal elements of the vibronic couplings
with n £ m. A rate constant of the internal conversion is proportional to the product of the
transition probability between initial and final vibronic states and the density of states of the

final vibronic states, as described in Section 2.3.

6

Page 6 of 47



Page 7 of 47 Physical Chemistry Chemical Physics

The off-diagonal vibronic coupling is an important factor of the transition probability be-
tween vibronic states with different electronic states S,, and S,.3! Recently, for example, the
rate constants of the internal conversions for ethylene and azulene have been calculated using
the off-diagonal vibronic coupling constants.3>-3* If the off-diagonal VCC is reduced, the tran-
sition probability is decreased. Therefore, the internal conversion is suppressed and enhance

the fluorescence quantum yield.

2.2 Vibronic Hamiltonian

The vibronic Hamiltonian in the FC S, state within the crude adiabatic (CA) approximation*?

including the harmonic potential is given by

vibro 82 1
H, 7" =E, —|—Z 8Q2 naQa+ aQa ) (3)

where the directions of the normal modes are taken so that the first-order coefficients in QO are
negative. Thus, V,, o is positive. @, ¢ denotes the frequency for mode o. Then, the adiabatic

potential is written as

o
1, < Vi )2 Via
= E + ~w Qg — —= - . 5)
: §{2 ZAC ) v
The reorganization energy for mode ¢ is defined as
V2
Mg = —2 (6)
n,x 20‘)’%(1
The total reorganization energy summed over all the active modes is given by
CA VZ(X
AE, 2o, o 7
Z o — Z 20)’%706 ( )
Within the Born—Oppenheimer (BO) approximation, the adiabatic potential is written as
E,°(R) = (¥y(r,R)|H.(r,R)|¥,(r,R)), (8)

7
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where H, is electronic Hamiltonian including the nuclear—nuclear potential. Note that the BO
bases {¥,(r,R)} depend on the nuclear coordinates, while the CA bases {¥,(r,Ry)} are in-
dependent. Since the electronic wavefunction depends on the nuclear coordinates, calculations
for various nuclear configurations R are required to obtain the BO potential. The reorganization

energy within the BO approximation is given by
AE;® = E(Ry) — Ex(Ry), ©)

where R,, denotes the equilibrium nuclear configuration in the S, state. Thereby, AEE© can be
estimated after the search for the potential minimum of the adiabatic potential surface.

Upon the vibrational relaxation, the non-linear couplings are taken into consideration about
AEPBO_ In other words, AEBO incorporates the non-linear couplings and Duschinsky effect. This
is because the molecules undergo the vibrational relaxations following the adiabatic potential
surfaces within the BO approximation. On the other hand, AE,(EA can be calculated from the
diagonal VCCs and their frequencies using Eq. (7), that is the linear approximation. The low-
frequency modes sometimes overestimate AEnCA within the CA approximation, because the
frequency is small and the linear approximation is imposed, following Eq. (7). The validity
of the CA approximation for the present systems can be examined by the following condition:
AEBO ~ AECA,

In the present study, we use @y ¢ for the excited states, assuming that the curvatures of the
adiabatic potential in the first excited state are almost the same as those in the ground state (see
Section S1 in the ESI). The reorganization energy for the FC S; state AE1CA is abbreviated as

AE or AEc if the explicit description of the CA approximation is needed.

2.3 Rate constant of internal conversion

Here we consider a photoexcited molecule which undergoes the internal conversion from the

S, state to the S,, state. Within the CA approximation, the initial and final states are described
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by vibronic states | D) = [Wn)| Xmi) and [Py j) = |¥s)|Xnj), respectively, where | x,) and |x,;)

denote initial and final vibrational states, respectively. The rate of the internal conversion is then

given by 3443

27 N 2
kifin(ﬂ=7ZPmi(T)5(En—Em—hwu> (Poj|H'|[Pri)| (10)
ij

where P,,;(T) describes the Boltzmann distribution of the initial vibronic states, and ; indi-

cates the angular frequency for a phonon. The matrix elements of the interaction Hamiltonian

SR

The rate constant of internal conversion then becomes

is given by

(P [H'| @i} =} <\Pn(r»R0>

o

lPm(raRO)> <Xn]|QOt|th> (11)

2%
o (T) = FZP""'(” ZﬁVnm,ann,;a (Xnj|Qal Xmi) Xmi| Op| Xnj) 8 (En — Em — Rayj).  (12)
1] o

Eq. (12) is the rate constant of internal conversion within the CA approximation, indicating a
rapid internal conversion occurs when off-diagonal VCCs are large. The diagonal VCCs are
also the key factor to determine the rate constant because the factor (), ;|Qq«|Xmi) depends on
the diagonal VCCs.

We consider the case where a vibrational mode in the S,, state is expressed in terms of
those in the S, state, meaning that the Duschinsky effect is ignored. The matrix element for
vibrational states in Eq. (12) is given by

(Xnj1Qal Xmi) = (M| Qarlner) H <n23|"ﬁ>» (13)
B#a
where ny and nj, indicate the numbers of phonons for mode @ of the initial and final states.

Using the dimensionless VCC gq, the FC overlap integral is expressed as**

/ ng g min|ng, ] P gi&aJrn’afZl
=4/ ——F-e %50 —1)%e"2 , 14
"1alna) 2ty € ;6 =) N(ng —1)!(ng —1)! (14
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where gq is defined by>’
8o = —F—. (15)

Therefore, the nuclear moment is given by

h
(1| Q) = | 5 (Ve Vg lna 1) 4 v/ (e~ 1)) (16)

Accordingly, the nuclear moment is transformed into the FC overlap integrals. Thus, the IC rate
constant strongly depends on the diagonal VCCs.

To understand the dependence of the rate constant of internal conversion on the VCCs, we
consider only a single mode, and we do not consider temperature hereafter. Because the actual
molecule interacts with the surroundings, the broadening of the density of states occurs. When

the Gaussian broadening is assumed, the rate constant of the internal conversion is written as

kIC

e — Vm ; 1 €X
— fi | n 7OCl ’(an|ro|sz>’ \/ﬁ(f p

_ — A )2
bty

202
where o denotes the linewidth. The dependence of the rate constant on the VCC for the single
mode ¢ is shown in Figure 2. The frequency of 1400 cm~! (Fig. 2(a)) and that of 1600 cm™!
(Fig. 2(b)) are given with the off-diagonal VCC V,, ¢ = 3 x 10~* a.u. and with 6 = 300 cm ™!
Note that the dots in Figure 2 show the point with E, — E,,, = h@;;. As shown in Figure 2,
small diagonal VCCs give rise to small rate constant of internal conversion. The fluorescence
quantum yield ®f is given by the rate constants of fluorescence k' (formulated in Section 2.5)

and internal conversion k!C:

K (T)

Pr(T) = KIC(T) +kE(T)

(18)

Therefore, reducing the diagonal and off-diagonal VCCs leads to enhance the quantum yield.

10

Page 10 of 47



Page 11 of 47 Physical Chemistry Chemical Physics

2.4 Vibronic Coupling Density

The nuclear-electronic potential of molecule U,, is represented as the sum of the attracting

potentials u(r;) for electron i:

. N ZAeZ 1
Uen —Zu(rz) —;Z—m, (19)

where Z4 denotes the charge of nucleus A. The attracting potential acting on a single electron u

is expressed as

ZA€2
u(x) =y - A (20)
( ) ; |X N RA|
where x = (x,y,z). The derivative of potential u(x) with respect to Qy is given by
du (x))
Ve (X) = (— . Q1)
200 ),
The diagonal VCD-37 Nn,a (X) in the FC S, state is defined by
M. (X) = Apn(X)ve (), (22)

where Ap, is the difference between the electron densities in the S, state p, and the ground

state po:
APy (X) = Pa(X) = Po(X). (23)

The integral of 1,, ¢ yields V,, o:

Vi = / A (X) v (x)dx = / Mo (X)X (24)

The VCD enables us to discuss the VCC in terms of the electronic and vibrational structures.
The delocalized Ap gives rise to small VCCs.*> When Ap is symmetrically distributed around
atoms, the VCC is small, even if Ap is localized. This is because the positive 1y and negative
N are cancelled in the spatial integration of 1.3 Thus, we can reduce the VCC by using the

VCD concept. The off-diagonal VCD 7y, o (x) between the S,, and S, states is defined by*°

rlmn,oc(x) = Pmn (X)V(X (X)7 (25)

11
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where p,,, is the overlap density (transition density) between the S,, and S,, states. The integral

of Ny, yields Vi o

Vg = / Prun (X)ve (X)d>x (26)

_ / Tn.ce(X)d>x. 27)

The rate of internal conversion depends on the off-diagonal VCCs.

2.5 Transition Dipole Moment Density

The electric dipole moment operator fi is defined by

f=—Y er. (28)

The transition dipole moment K,,, is given by

;u“mn = <\Pm(rvRO)|.a|\Pn(r7RO)> (29)
The oscillator strength f,,, is defined as follows*°:
2m, 2
Jonn = W(En — Em) | (30)

where m, denotes the mass of an electron, and E,, denotes the eigenenergy for the electronic
state S,;,.
Fluorescence decay obeys the formula for the rate constant of spontaneous emission de-

scribed by *3

m%n / da)3 3 Zsz |“nm| ‘ Xn]|xml>| 0(how — Emi"‘Enj): (31)

where i@ denotes a photon energy and | ()| Xmi)|> denotes the Franck—Condon factor, and E,,;
and E,; denote the eigenenergies for the vibronic states. Using Egs. (12) and (31), we can

obtain the formula of the fluorescence quantum yield described by

12
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indicating that the fluorescence quantum yield is large when the rate constant of fluorescence
is large. Thus, a strong transition dipole moment directly enhances the quantum yield.

)40

The transition dipole moment density (TDMD)™" is defined as follows:

Tin = —€X P, (X)- (34)

Note that the origin of position vector x for a transition dipole moment is allowed to be set
anywhere, which is different from the case of a permanent dipole moment. We set the origin of
x at the centre of the charges in the anthracenylene groups in the TDMD analyses.

The integral of 7,,, is equal to the transition dipole moment L,

W, = / Ty dX. (35)

The TDMD provides a local picture of a transition dipole moment. A widespread distribution

of the overlap density can yield a large dipole moment.

3 Method of Calculation

We calculated the electronic structures of MADN, MAM, MAT, and TAT in the So, FC S; and
AD S, states and the vibrational structures of the molecules for the Sy states. The calcula-
tions were performed by employing the B3LYP/6-31G(d) level of theory. The excited states
were calculated using the time-dependent density functional theory (TD-DFT). The Gaussian
09 program47 was used for the computation; VCCs, VCDs, and TDMDs were calculated with

our codes.

3.1 Ground State

We optimized the structures of MADN, MAM, MAT and TAT in the S state. We also confirmed
whether the optimized structures of the molecules are in local minima through vibrational anal-

yses.

14
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3.2 Franck-Condon S; State

The forces in the FC S states were calculated. The diagonal VCCs in the FC S; states were
calculated using the matrix elements of the force matrices and the normal modes obtained from
the vibrational analyses. The VCDs of the maximum-coupling modes for the FC S states were

also calculated.

3.3 Adiabatic S, State

We also optimized the structures for the S; states in order to obtain the AD S; state. The
normal modes employed for the off-diagonal VCC and VCD calculations were obtained from
the vibrational analyses for the Sy state at the optimized structures of the Sy state. We calculated
the off-diagonal VCCs between the S| and Sy states at the optimized structures in the Sy state
from Eq.(27) by using the electronic wavefunctions and the normal modes obtained above.

VCD analyses between the S| and Sy states were applied for the maximum-coupling modes
of the AD S; states.

The transition dipole moments between the S; and Sy states were also analyzed in terms of

the TDMD for the AD S; state.

4 Results and Discussion

4.1 Transition Energies and Oscillator Strengths

The change in the optimized structures of MADN between the S; and S states are shown in
Fig. le, with an illustration of the torsional angles between the planes of the core moiety (2-
methyl-9,10-anthracenylene group) and the side moiety (2-naphthalenyl group), 6; and 6,. The
torsional angles 0; and 6, for the FC S; state are larger than those for the AD S; state. The

torsional angles of the four molecules are summarized in Table 1. The side groups of the four

15
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molecules are twisted after vibrational relaxation in the FC S; state.

The transition energies E and the oscillator strengths f in the FC and AD S; states are listed
in Table 2. The calculated transition energies in the FC S states are in good agreement with the
experimental absorption wavelengths. The calculated transition energies in the AD S; state are
about 10% smaller than the experimental fluorescence wavelengths. It should be noted that the
f values are enhanced after vibrational relaxation, especially for TAT. The calculated f values
in the AD S; state are in the order MAM < MAT < TAT, which is consistent with the order of
the experimental PL. quantum yield for these three molecules. Although MADN has a larger f

than does MAM, the PL quantum yield for MADN is smaller than that for MAM.

4.2 Vibronic Coupling Constants in the Franck—-Condon State

The VCCs in the FC S; states are shown in Figs. 3. The most intense VCC peaks appear at
around 1600 cm~!. The VCCs for the maximum-coupling modes are almost the same. The
maximum-coupling mode for MADN is shown in Fig. 4a, which is similar to that for the other
molecules. The maximum-coupling modes correspond to the C—C stretching mode localized on
the core moiety (9,10-anthracenylene group). This shows that electrons of the four molecules
after the vertical excitation couple strongly with the C—C stretching mode and the structural
deformation along this mode is large. Therefore, the maximum-coupling C—C stretching mode
has large reorganization energy and is the main target to be reduced for efficiency.

Figure 5 shows the reorganization energies AE for MADN, MAM, MAT, and TAT. The low-
frequency modes (below 15 cm™!) correspond to the torsional modes in the plane of the side
moieties. The adiabatic potentials for the torsional modes are not harmonic (see Section 4.4
and Section S3 in the ESI). For this reason, the reorganization energies for these low-frequency
modes are calculated by taking the anharmonicity into consideration. The corrections for AE are
performed by following the potential surfaces along the low-frequency modes. These potential

surfaces are shown in Section 4.4 and Section S3 in the ESI.

16
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The reorganization energy using the CA approximation with the low-frequency mode cor-
rection AEcp, the reorganization energy using the BO approximation AEgo, and Stokes shifts
EStare listed in Table 3. AEcy4 is in good agreement with AEgo, indicating that the harmonic
approximation is valid, except for the low-frequency modes. Although AEc4 is calculated using
the frequencies in the Sy state instead of those in the S; state, it is nearly equal to AEgg. This
suggests that the curvatures at the minimum of the adiabatic potential for the S; state are not
much different from those for the Sy state.

The calculated Stokes shifts were estimated from the reorganization energies. The experi-
mental Stokes shifts are smaller than the calculated ones by around 0.3 eV, as tabulated in Table
3. The calculated transition energies for the FC S state are larger than the experimental absorp-
tion maximum energies by approximately 0.1 eV, and the calculated transition energies for the
AD S; state are smaller than the experimental emission maximum energies by approximately
0.2 eV. As evident from Table 3, the calculated ESt for MAM is the smallest, and the other
calculated ES is almost the same. The calculated reorganization energies are consistent with
the Stokes shifts obtained from the experiment.

From Fig. 5, it is seen that MAM has the smallest AE because of the smallest number of the
active modes. According to the selection rule for a vibronic coupling, the vibronic active modes

are totally symmetric. All the 171 modes are active in MADN because of the C; symmetry:
['(C;-MADN) = 171A (36)

For MAM, which shows D, symmetry, on the other hand, 61 modes among the total 246 modes

are vibronically active:
I'(D,-MAM) = 61A 4 59B; + 63B; + 63B3. (37)

The number of active modes in MAM is smaller than that in MADN. As a result, MAM has a

smaller AE than does MADN. This suggests that MAM is more efficient than MADN.

17
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As shown in Fig. 5, the contribution of the maximum-coupling mode to AE is the largest
in each molecule. The reorganization energies for the maximum-coupling mode are almost
the same. In order to design a novel molecule with low energy dissipation, it is crucial to
reduce the reorganization energies for the maximum-coupling modes. VCD analysis for the
maximum-coupling mode will be helpful to investigate why these molecules have almost the
same VCCs for the maximum-coupling mode. The following subsection shows the analysis of

the maximum-coupling mode of MADN in terms of the VCD.

4.3 Vibronic Coupling Density in the Franck—Condon State

Figure 4b shows the potential derivatives vy with respect to the maximum-coupling mode. The
potential derivative is localized on the 9,10-anthracenylene group. Figure 4c shows the electron
density difference between the S| and Sy states, Ap;. The electron density difference is localized
on the anthracenylene group. Therefore, vy effectively overlaps with Ap; on the core moiety.
Accordingly, the vibronic coupling density 1 o is localized on the anthracenylene group, as
shown in Figure 4d. The four molecules have the similar distribution of vy, Apy, and 7y 4.
Hence, the diagonal VCCs for the maximum-coupling modes are almost the same.

It is found that the vibronic couplings in the FC S; state originate from the core moiety
because Apg is localized on the anthracenylene group. For the molecular design with low energy
loss, Ap; on the core moiety should be reduced. The torsional distortion of the side groups in
the FC S is caused by the overlap between Ap; and vy for the low-frequency torsional modes
(see the following subsection). Because the vibration relaxation in the low-frequency mode is

crucial, as discussed later, we investigate the origin of the torsional distortion by VCD analysis.
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4.4 Diagonal Vibronic Coupling Density Analysis in the Lowest-frequency

Torsional Mode

The lowest-frequency torsional mode for TAT is shown in Fig. 7a. The lowest-frequency mode
is an intramolecular rotation of the side moieties with respect to the C(9) and C(10) axes.

In order to discuss the role of the low-frequency mode in TAT, we define the torsional angle
of the side groups 6 with respect to the C(9)-C(10) axis, as illustrated in Fig. 6a. Note that
0 = 0 corresponds to the structures of the FC S states in which the core anthracenylene plane
and side adjacent phenylene planes are not perpendicular. The adiabatic potential energy curves
for the S; and Sy states as a function of the twist angle 6 are shown in Fig. 6b. The potential
energy curve for the Sy state indicates a shallow potential with a small reorganization energy for
the low-frequency torsional modes Agy. The twisted structures in the S states can be ascribed to
the pseudo Jahn-Teller effect*s.

On the other hand, the FC S; state gives rise to the reorganization energy, Ag = 0.087 eV.
The driving force of the vibrational relaxation in the FC S; state is the diagonal VCC.

We now focus on the VCD analysis for the diagonal VCC in the FC S; state of TAT. Figure
7b shows the derivative of the nuclear-electronic potential with respect to the lowest-frequency
mode v for TAT. The electron density difference Ap; for TAT is similar to that for MADN,
as shown in Fig. 7c. Because the vibrational vector is localized on the side moieties (3/,5'-
diphenylbiphenyl-4-yl groups), v| for the side moieties is large. The diagonal vibronic coupling
density for the lowest-frequency mode 7 ; is shown in Fig. 7d. 1 is small because of the
small overlap between Apy, which is localized on the core moiety, and v, which is localized on
the side moieties. Moreover, the vibronic coupling density 7111 on the core moiety is antisym-
metric with respect to the anthracenylene plane. This distribution causes cancellation in the spa-
tial integration of 7 ;. Therefore, the VCC for the lowest-frequency mode Vi 1 (= 1.778 X 10~°

a.u.) is much smaller than that for the maximum-coupling mode Vj 298 (= 5.544 x 1074 a.u.)
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The large Ag can be responsible for the higher order of the vibronic couplings. Though the VCC
for the lowest-frequency mode is small, the finite VCC gives rise to torsional distortion in the
FC S; state.

The VCC can be decomposed into atomic vibronic coupling constants (AVCCs).3¢ The
C(15)-C(18) atoms, which are indicated by arrows in Fig. 7d, have the largest diagonal AVCCs
in the lowest-frequency mode, 0.518 x 10~ a.u. This is because the distribution of N1,1 on the
C(15)-C(18) atoms is large and asymmetric. In addition, the small Ap; on the C(15)-C(18)
atoms can overlap with v; on the C(15)—-C(18) atoms. The small portion of Ap; on the C(15)—
C(18) atoms comes from the equilibrium structure in the ground Sy state, which is slightly
twisted from the orthogonal orientation between the planes of the core and side groups.

This suggests that a slightly twisted structure in the Sy state gives rise to an asymmetric in-
crease in Ap; on the C(15)—C(18) atoms and the distribution of Ap; should result in an increase

in the torsion angle in the S; state, which can enhance the radiative transition, as discussed later.

4.5 Off-Diagonal Vibronic Coupling Constants

Off-diagonal vibronic couplings give rise to internal conversion, which leads to radiationless
transitions. The off-diagonal VCCs between the Sy and S; states are shown in Fig. 8. The
maximum-coupling modes for MADN, MAT, and TAT correspond to the second maximum
coupling mode for MAM. The order of the VCCs in atomic unit for these modes is as follows:
MADN (1.92 x10™%) < MAT (2.51 x107%) < MAM (3.38 x107%) < TAT (3.49 x107%).
MADN has the smallest off-diagonal VCC for the maximum-coupling mode among the four
molecules.

To calculate the rate of internal conversion, we should consider all the active modes. The
number of active modes in MADN is the largest of the four, and hence, the rate of internal
conversion for MADN should be large.

To suppress the internal conversion, the off-diagonal VCCs should be reduced. MADN has
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the smallest off-diagonal VCC, and TAT has the largest off-diagonal VCC for the maximum-
coupling mode among the four molecules. As the result of the VCD analyses for these modes,
the off-diagonal VCDs 1o o are localized on the core anthracenylene groups. This is due to
the localized overlap densities po;. The cancellation in the spatial integration of 1 o makes
difference in the values of Vj; o. The details are discussed in the Section S2 in the ESI.

The vibronic coupling originates from the core anthracenylene group, as is the case in the
diagonal VCD analysis in the FC S; state. Therefore, reducing the overlap density pg; on the

core moiety is important to improve the quantum yield.

4.6 Transition Dipole Moment Density

A large transition dipole moment enhances the radiative process. The transition dipole moments
increase after vibrational relaxations. In the AD S; states, the side groups are twisted after
vibrational relaxations in the FC S states. In order to clarify the structural dependence of the
oscillator strengths, we calculated the oscillator strengths as a function of 6 with respect to
the C(9)—C(10) axes defined in Fig. 6a. Figure 9 shows the 0 dependencies of f for the four
molecules. The oscillator strengths f are at minimum around 8 = 10° and become remarkably
large with an increase in 6 for 6 > 20°. In other words, the torsional deformation enhances the
oscillator strength f. It should be noted that TAT has the largest f for any value of 6.

The 6 dependence of the transition energies is almost the same, implying that the transition
dipole moments increase with increasing 6.

We analyze the transition dipole moments by using the TDMD concept in order to explain
why the transition dipole moments increase with increasing 0, especially in TAT. Figure 10
shows the overlap densities between the S| and Sy states, pgp, for the FC and AD S; structures
of TAT. pg; at the edges becomes slightly large after vibrational relaxation, as indicated by the
two red arrows in Fig. 10b. It is important to note that the distance between the edges indicated

by the red arrows is as long as about 20.1 A.
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In the calculation of TDMD, we set the centre of the charges on the anthracenylene groups
as the origin. The z-axis is taken along the direction between the C(9) and C(10) atoms, as
shown in Fig. 1. The z-component of the transition dipole moment densities, Ty; ;, for TAT in
the FC and AD S; states are depicted in Fig. 11. 7y, at the edges of the molecule increases
remarkably owing to the increase in pg; at the edges with the large molecular size.

Figure 10 indicates that pg; is small on the side 3’,5'-diphenylbiphenyl-4-yl groups. How-
ever, Toi ; on the side moieties is large because the z-component of the position vector X is large
at the edges. TAT has a large 7y, at the edges because of the long distance between the two
edges.

The transition dipole moments can be decomposed into atomic transition dipole moments
(ATDMs)#°. The sum of the z-component of the ATDM:s on the side and core moieties is tab-
ulated in Table 4. The transition dipole moments for the side moieties are larger than those for
the core moiety, and the contributions from the side moieties become large after vibrational re-
laxation, especially in TAT. This result is consistent with the distribution of 7y ;. The torsional
distortion after vibrational relaxation in the FC S state gives rise to the strong fluorescence be-
cause of enhancement of the transition dipole moments for the side moieties. TAT is such a long
molecule that the transition dipole moment is strongly enhanced because of the contributions
from the side moieties after vibrational relaxation.

The off-diagonal vibronic couplings between the S; and S states mainly come from the core
moieties because pg;’s are localized on the anthracenylene groups (Figure S6). On the other
hand, the z-components of the transition dipole moments are enhanced on the side moieties
because po1’s for the AD states are distributed on the edges. Therefore, the design principles
for an efficient emitting molecule are to reduce pg; on the anthracenylene group and to increase

po1 at the edges.
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5 Conclusion

The reorganization energies AE calculated from the diagonal VCCs in the FC S; states are
consistent with the experimental values of the Stokes shifts. The reorganization energy AE for
MAM is the smallest among the four molecules because of the least number of active modes.
This is also important for the off-diagonal vibronic couplings because the internal conversion
should be suppressed. This suggests that PL yield for MAM can be larger than that for MADN.
By using the VCD concept, we have revealed that the vibronic couplings in the FC states mainly
come from the core moieties because the electron density differences Ap; are localized on the
anthracenylene groups.

The off-diagonal vibronic couplings between the S; and S states in the structures of the AD
S1 states also mainly originate from the core moieties in all the molecules considered, because of
the large overlap densities pg; on the anthracenylene groups. As a result, the vibronic couplings
are similar in the four molecules.

On the other hand, the transition dipole moments are enhanced in the side moieties after
the vibrational relaxations originating from the diagonal VCC for the torsional mode in the
FC S, state. The driving force of the diagonal VCC for the torsional mode that results in
the greatly twisted structure in the AD S| state comes from the small portion of the electron
density difference on the side moieties due to the slightly twisted structure in the FC S; state.
Because the torsional angle is large in TAT, this molecule shows strong transition dipole moment
densities at the edges. Hence, TAT has the largest transition dipole moment.

Finally, the design principles to enhance quantum yields in anthracene derivatives are as
follows: (1) reduction in Ap; and pog; in the core moiety and (2) increase in pg; in the side
moieties. The twisted symmetry-broken structures in the Sp state are crucial to enhance the
transition dipole moments.

For example, in an anthracene derivative, the design principles suggest that the overlap be-
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tween the 7w and 7* orbitals should be reduced in the anthracene moiety and be increased in
the side moieties. This can be achieved by the delocalization of these orbitals. The exten-
sion of 7 conjugation to side moieties is preferable. In addition, the number of active modes
in vibronic couplings should be reduced in order to suppress internal conversion. Therefore,
molecules should be keep as high symmetry of the anthracene, D,j, as possible. For instance,
if two longer rigid m-conjugated side groups than the 3’, 5’-diphenylbiphenyl-4-yl group of TAT
are introduced to the C(9) and C(10) positions of the anthracene, if possible, keeping the D,
symmetry, the molecule can be expected to exhibit a higher quantum yield than TAT.

The symmetry breaking can be ascribed to the pseudo Jahn—Teller effect. A novel emitting
molecule designed on the basis of the aforementioned principles is under investigation. The

results will be published in the near future.
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Table 1: Torsional angles 0; and 6, of MADN, MAM, MAT, and TAT. FC and AD indicate the

Franck—Condon S; state and adiabatic S; state, respectively.

Molecule State Point Group 6, 6,

MADN  FC G 80.5 81.8
AD C 54.7 54.7

MAT FC D, 854 854
AD D; 589 589

MAT FC G 81.8 97.0
AD G 59.4 53.8

TAT FC D, 80.1 80.1
AD Dy 543 54.3
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Table 2: Transition energies E and oscillator strengths f between the S; and Sy states. FC and

AD indicate the Franck—Condon S; state and adiabatic S; state, respectively.

Physical Chemistry Chemical Physics

Molecule State Ecaic Eexp® f
(eV)  (nm) (nm)
MADN  FC 3.1422 39459 405 0.2191
AD 25322 489.64 447 0.3864
MAM FC 3.1490 393.72 402 0.2324
AD 2.6054 475.87 439 0.3241
MAT FC 3.1477 393.88 403 0.2652
AD 2.5582 484.66 445 0.4572
TAT FC 3.1259 396.63 403 0.3253
AD 25131 49336 445 0.5981
¢ Ref. 28
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Table 3: Corrected reorganization energies using the Born—-Oppenheimer approximation AEgo

and using the crude adiabatic approximation AEca and Stokes shifts Egb, E(S:E%, and Eg;p calcu-

lated from AEBo, AEca, and the experiment, respectively.

Molecule AEgRo Egto AEca Eék ESt a

exp

S] S() Sl S0

MADN  0.3445 0.2654 0.6099 0.3139 0.2357 0.5496 0.29
MAM  0.2880 0.2556 0.5436 0.2595 0.2502 0.5097 0.26
MAT 0.3234 0.2661 0.5895 0.2950 0.2534 0.5484 0.28

TAT 0.3390 0.2738 0.6128 0.3240 0.2310 0.5550 0.28

¢ Ref. 28.
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Table 4: Transition dipole moments for the core and the left/right-side moieties in atomic unit.

FC and AD indicate the Franck—Condon state and adiabatic state, respectively.

Physical Chemistry Chemical Physics

Molecule State Left Core Right Total
MADN FC -0.631 -0.424 -0.632 -1.687
AD -1.094 -0.283 -1.117 -2.494
MAM FC -0.630 -0.477 -0.630 -1.737
AD -0928 -0.396 -0.928 -2.253
MAT FC -0.820 -0.481 -0.552 -1.852
AD -1.437 -0.343 -0.920 -2.701
TAT FC -0.737 -0475 -0.737 -1.949
AD -1412 -0.293 -1412 -3.118
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Figure Captions

Fig. 1: Chemical structures of bulky-side anthracenes: (a) 2-methyl-9,10-di(2’-naphthyl)anthracene
(MADN); (b) 4,9,10-bis(3’, 5'-diphenylphenyl)anthracene (MAM); (¢) 9-(3', 5'-diphenylphenyl)-
10-(3”,5”-diphenylbiphenyl-4"-yl)anthracene (MAT); (d) 9,10-bis(3"”’,5"’-diphenylbiphenyl-
4'-yl)anthracene (TAT); and (e) optimized structure for MADN in the Sy state and torsional
angles between the planes of the core moiety and those of the side moiety, 6; and 6,. The
carbon atoms on the anthracenylene unit are labelled. The z-axis is defined along the direction

between the C(9) and C(10) atoms.

Fig. 2: Dependence of rate constant of internal conversion on diagonal vibronic coupling
constant, V, o and energy gap, E,, — E,. Off-diagonal vibronic coupling constant is Vo =
3 x 10~* a.u., and linewidth is ¢ = 300 cm . Frequencies of the normal mode « are (a) 1400

cm~ ! and (b) 1600 cm ™.

Fig. 3: Diagonal vibronic coupling constants in the Franck—Condon S; state: (a) MADN, (b)

MAM, (c) MAT, and (d) TAT.

Fig. 4: Diagonal vibronic coupling density analysis for MADN: (a) maximum-coupling mode
(0139 = 1612.22 cm™!); (b) derivative of the nuclear-electronic potential v{39; (c) electron den-
sity difference Ap;; and (d) vibronic coupling density 1y 139. The isosurface values for v3o,
Ap1, and 1M 139 are 1 x 1072, 1 x 1073, and 5 x 10°, in atomic units. Blue regions are nega-

tive; white regions are positive.

Fig. 5: Corrected reorganization energies AE for the MADN, MAM, MAT, and TAT. 15",
27> "and *3"” denote the contributions of modes ordered by their vibronic coupling constants.

"low-freq.” denotes the low-frequency modes less than 15 cm ™!,
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Fig. 6: Potential energy curves for TAT: (a) twist angle of side moieties of the molecule from
the structure of TAT in the Franck—Condon S; state, 8; and (b) potential energy curves as a
function of 6 for the S; and Sy states. Ag represents the reorganization energy for the twist of

the side groups.

Fig. 7: Diagonal vibronic coupling density analysis for TAT: (a) the lowest-frequency mode
(w; =4.21 cm™1), from (al) top view and (a2) side view; (b) derivative of the nuclear-electronic
potential vy; (c) electron density difference Ap; for the left side of molecule; and (d) vibronic
coupling density 7y ,1. The isosurface values for v, Apy, and 1y 1 are 5 X 1073, 1 x 1073, and
1 x 1077, in atomic units. Blue regions are negative; white regions are positive. The arrows

indicate the carbon atoms with the largest atomic vibronic coupling constants.

Fig. 8: Off-diagonal vibronic coupling constants between the Sp and S; states: (a) MADN, (b)
MAM, (c) MAT, and (d) TAT.

Fig. 9: Oscillator strength dependence on the twist angle 0. 6 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. 6a.

Fig. 10: Overlap densities between the S| and Sy states: (a) Franck—Condon state and (b)
adiabatic state. The isosurface value is 1 x 10~3 a.u. Blue regions are negative; white regions

are positive.

Fig. 11: Transition dipole moment densities between the S| and Sg states: (a) Franck—Condon

state and (b) adiabatic state. The origins of the position vectors are set at the centre of charges
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for the anthracenylene groups. The isosurface value is 1 x 1072 a.u. Blue regions are negative;

white regions are positive.
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Figure 1: Uejima et al.
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Figure 4: Uejima et al.
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Figure 7: Uejima et al.
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Figure 10: Uejima et al.
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Figure 11: Uejima et al.
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Graphical abstract for the Table of Contents pages

E S1
Enhance!
1]

[Fluorescence

) s, Vibrational
= Relaxation

) Q

Text: Diagonal vibronic couplings in the Franck—Condon S; state cause torsional distortion,

which gives rise to enhancement of fluorescence with large transition dipole moment.
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