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Theoretical evidence of low-threshold amplified
spontaneous emission in organic emitters:
transition density and intramolecular vibrational
mode analysis

Lin Ma, †a Yue Yu, †*a Bo Jiao,b Xun Houb and Zhaoxin Wu *bc

Organic gain materials are highly attractive for lasing due to their chemical tunability and large

stimulated emission cross sections. In previous reports, the radiative decay rate kr was considered as an

important factor to determine outstanding amplified spontaneous emission (ASE) performance of organic

molecules. In this study, we use quantum mechanics to reveal the influential factors on photophysical

properties of organic emitters, and give insight into the effect of kr on ASE performance. Based on the

theoretical analysis of three molecules with similar structure, calculated results show that large kr derives

from enhanced transition density r between the electronic wave functions of the ground-state and the

lowest excited singlet state as well as a handful of low-frequency torsional modes with small Huang–Rhys

factor S, further, kr values are calculated depending on molecular vibration terms. In addition, through

the analysis of non-radiative decay rate knr considering vibration terms (vibronic coupling constants), the

comparison of kr and knr shows that the radiative decay process is promoted in the three molecules.

The two aspects are desired for outstanding ASE performance. Our work shows that the roles of

transition density and vibrational modes are crucial to clarify the photophysical properties, which govern

the ASE performance in organic light emitters.

1 Introduction

Efficient organic luminescent materials have attracted great
attention due to their potential applications in organic solid-
state lasing in recent years.1–3 Many organic semiconductor
molecules demonstrate amplified spontaneous emission (ASE)
on account of their superior photophysical properties and wide
tunable laser wavelength.4–9 Besides, they have become very
attractive materials for a range of photonic devices including
light-emitting diodes, photovoltaic cells and organic field effect
transistors.10–12

In general, it was reported that the factors of the Stokes
shift, the radiative decay rate (kr), the non-radiative decay rate
(knr), the fluorescence lifetime (tr) and the fluorescence quan-
tum yield (F) are correlated with the stimulated emission
phenomenon.13,14 Adachi and co-authors proposed that the

radiative decay rate kr is intrinsic to the nature of ASE per-
formance. In their work, they investigated the photophysical
properties of a series of molecules with similar molecular
structures,15 and found that a larger kr corresponding to high
quantum efficiency F and short fluorescence lifetime tr resulted
in outstanding ASE performance. Then, a series of low ASE
threshold materials were reported with high kr (kr = F/tr).

16–21

Among the reported molecules, octafluorene possesses the lowest
ASE threshold (90 nJ cm�2) with the largest kr (1.7 � 109 s�1).21

Different molecular configurations have distinct kr, thus, the
molecular structures have a straightforward influence on
excited-state radiative processes and a few studies researched
excited-state decay processes based on organic luminescent
molecules.22–24 In our previous work, we provided the relation-
ship between the molecular conformation and a four-level
system to understand the ASE characteristics.25,26 However,
it is hard to understand the intrinsic factors determining kr for
ASE characteristics in view of the energy level system. In order to
explicate the effect of molecular structure on photophysical
properties (kr and knr) for ASE performance, it is important to
investigate the excited-state properties in organic semiconductor
materials. In this respect, the analytical vibration correlation
function approach should be employed for understanding
the ASE characteristics for organic semiconductor molecules.
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Well-defined chemical systems help to better understand laser
material requirements to promote the development of optical
gain molecules.

As already proved, the ASE threshold Eth is expressed by the
equation: Eth p 1 + knr/kr, where kr and knr are the radiative
decay rate and the non-radiative decay rate, respectively.27 We
can see that Eth is inversely proportional to kr, further, kr and knr

both have influence on Eth. In order to research the influential
factors for ASE performance, we need to have an insight into
the intrinsic factors of molecular structure for photophysical
properties. In this paper, for typical organic light emitters N,N0-
diphenyl-N,N0-bis(3-methylphenyl)-(1,1 0-biphenyl)-4,40-diamine
(TPD), 4,40-bis(3-mehtylcarbazol-9-yl)-2,20-biphenyl (mCBP) and
N,N 0-diphenyl-N,N 0-bis(1-naphthyl)-1,1 0-biphenyl-4,400-diamine
(NPB), we investigate the molecular geometries, electron den-
sity, and vibrational modes to reveal the relationship between
molecular conformation and photophysical properties. Then,
we can further understand the intrinsic factors governing ASE
performance in organic emitters. Through theoretical analysis,
kr of the excited-state decay processes for TPD, mCBP and NPB
are calculated under the adiabatic approximation in considera-
tion of molecular vibration terms. Visualization of transition
density distribution r, Huang–Rhys factors S and vibronic
coupling constants provide a physical insight into the photo-
physical properties of optical gain emitters. Our calculation
results demonstrate that enhanced transition density and a
handful of low-frequency torsional modes lead to large kr.
Besides, knr for given molecules are comparable. kr is an order
of magnitude smaller than knr for NPB, thus, non-radiative
decay plays a leading role in NPB compared with that in TPD
and mCBP. As we know, high luminescence efficiency of
organic light emitters requires a faster rate of S1 - S0 radiative
decay than that of competitive S1 - S0 nonradiative decay,
which is benefit for ASE performance. Our work provides
theoretical evidence to reveal the influential factors for photo-
physical properties, and further explains the effect of kr on ASE
performance.

2 Methodology

kr and knr are important parameters for excited-state decay
processes. Under the assumed adiabatic approximation of differ-
ent time scales for electronic and nuclear motion, the vibronic
part of the total wave function contributes only through Franck–
Condon overlap factors.28 Restricting the discussion to the lowest
vibronic level, |0ei, of the first excited-state vibronic level as the
initial state, the probability to emit through a transition to the
nth vibrational level of the ground-state, |ngi, is given by Fermi’s
golden rule:29

P 0ej i ! ng
�� �� �

¼ 2p
�h

E � lj j2 0e
�� ng� ��� ��2

� d EL þ EHOMO � ELUMO � ng�ho
� � (1)

where E is the external electric field at energy EL, l is the
electric transition dipole moment, and h�o is the effective

vibrational mode. The Franck–Condon factor can be expressed
by a Poisson distribution with the Huang–Rhys factor, S:

0e
�� ng� ��� ��2¼ Sn

n!
e�S (2)

In the Poisson distribution over the vibronic levels, Sj is the
Huang–Rhys factor which characterizes the modification of
vibrational quanta (absorbed or emitted) when going from one
electronic state to another:

Sj ¼
oj DQj

� �2
2�h

(3)

where DQj represents the displacement along the normal mode
(NM)j between the equilibrium positions of the two electronic
states, and oj is the harmonic vibrational frequency for the
jth vibrational mode.

The reorganization energy lj on the potential energy surface
(PES) of the electronic ground-state is expressed in terms of the
Huang–Rhys factor Sj of the mode:

lj = Sjh�oj (4)

From the above, here, we consider a system consisting of
a collection of harmonic oscillators without considering the
Duschinsky rotation effect (mode mixings), and the radiative
decay rate is obtained:22

kfði0!fÞ ¼
64p4

h4c3
jlj2NFC (5)

NFC ¼
X
n

Eif þ
X
j

nj�hoj

 !3Y
j

S
nj
j

nj !
e�Sj (6)

where h� is the Planck constant, c is the speed of light in vacuum,
Eif is the transition energy from the initial state (usually S1) to the
final state (usually S0), and l is the electric transition dipole
moment between the two states.

Besides, knr also depends on vibrational terms resulting
from vibrational wavefunctions.30 To confirm this point, we also
calculated the vibronic coupling constant, Vj, which is related to
the reorganization energy, lj. Vj measures the strength of intra-
molecular vibronic coupling caused by the jth intramolecular
vibrational mode:31,32

Vj
2 = 2oj

2lj (7)

knr ¼ 2p
X
j

Pj Vj

� �2.
Eif

2 (8)

where Pj denotes the vibrational terms and can be written as:

Pj ¼

P
n

nþ 1=2ð Þ exp � nþ 1=2ð Þoj

�
kBT

� 	
P
n

exp �oj

�
kBT

� � (9)

where E is the S1 ’ S0 excitation energy, and n denotes the
vibrational state.

The molecular equilibrium geometries of TPD, mCBP and
NPB in the S0 states were optimized at the density func-
tional theory (DFT) level using the B3LYP functional with the
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6-31G basis set. We used time-dependent density functional
theory (TD-DFT) for the calculation of the S1 states with the
same functional and basis set. The oscillator strengths, dipole
moments and vertical excitation energies were obtained with
TDDFT based on the S1 optimized geometries. Here, we mainly
focused on radiative and non-radiative decay processes, thus,
based on the molecules in the S0 optimized geometries, the
vibrational frequency (oj) for each normal mode was calculated
using the DUSHIN program developed by Weber, Cai, and
Reimers.33 Then, the Huang–Rhys factors (Sj) were calculated
depending on the geometric change between the S0 states and
S1 states. Likewise, the reorganization energies were calculated
in the S0 states. All the calculations were performed using
the Gaussian 09 D01 program package. We further used the
Multiwfn software 3.3.9 version to calculate the transition
density matrices using the S1 optimized geometries.

3 Results and discussion
3.1 Photophysical properties

Fig. 1 presents the chemical structures of TPD, mCBP and NPB.
Table 1 gives the photophysical properties and ASE character-
istics from experiment of the three compounds based on solid
films (100 nm).15 As reported, the pumping power threshold
for ASE (Eth) was found by measuring the spectral change of
photoluminescence (PL), using a N2 gas laser as an excitation
source in an optical chamber with N2 flowing. By increasing the
excitation power further, the PL intensity abruptly increased
and clear Eth was observed, and the full width at half maximum
(FWHM) of the emission spectrum was dramatically reduced
at the threshold. In experiment, TPD and mCBP demonstrate
typical optical gain properties with low ASE thresholds Eth,
while, NPB shows no ASE.15 In addition, we find that TPD
possesses identical Eth to mCBP but larger DGASE (the slope
being the ratio of the output ASE power divided by the excita-
tion power). Accordingly, TPD with the highest ASE gain has the
highest radiative decay rate, kr = 6.8 � 108 s�1. For mCBP with
terminal carbazole groups, a rather low ASE gain corresponds
to an intermediate value of kr (3.5 � 108 s�1), while, NPB shows
the lowest value (kr = 0.8 � 108 s�1) when the terminal group
is replaced with naphthyl. As well, according to equation
F = kr/(kr + knr), knr for the three molecules are comparable,
calculated as below: knr is 9.7 � 108 s�1 for TPD, 3.6 � 108 s�1

for mCBP, and 2.1 � 108 s�1 for NPB. As a result, kr is one
decade smaller compared with knr for NPB, which is different
from TPD and mCBP.

Shown as the parameters above, we can summarize that the
absence of ASE in NPB originates from low kr. The results are
indicative of the fact that kr, controlling the ASE threshold,
strongly depends on the molecular structure, which has to be
fully understood. Hence, theoretical elucidation needs to be
applied to analyze the intrinsic factors determining the radia-
tive decay rate, furthermore, calculated kr is required as well.

3.2 Geometric and electronic structures

In order to obtain the molecular geometries, the optimized mole-
cular geometries of the ground-states and first excited-states with
similar dipole moments (0.1289 D and 0.1048 D for TPD,
0.3388 D and 0.3584 D for mCBP, and 1.5513 D and 1.5292 D
for NPB) were calculated, which prove the accuracy of the
optimized geometries. The three molecules possess a common
central biphenyl core and different peripheral substituents. The
optimized equilibrium geometries at the ground-states S0 and
the first excited-states S1 are given in Table 2. Twisted structures
for the three molecules are obtained. By analyzing the structural
changes, |D(S0 � S1)|, we can see that the modifications mainly
derive from the twisted dihedral angles between the central
biphenyl core and peripheral groups upon excitation. The change
of torsional angles in mCBP is larger than that in TPD, because
the carbazole unit is planar and bulkier than the phenyl sub-
stituent. Especially for NPB, we observe the most significant
modification of dihedral angles with 61.11 and 57.11, which is
mainly because naphthyl produces a weak rotation potential. The
remarkable structural changes signify large geometry relaxations
(large reorganization energies l) following excitation, corres-
ponding to dominant non-radiative decay processes relative to
radiative decay processes. Then, the non-radiative decay pro-
cesses directly compete with the radiative decay processes, which
negatively affects the ASE performance. This will be discussed in
more detail below.

The molecular geometries validly affect the electronic den-
sity distributions, presented in Fig. 2. Electron density contours

Fig. 1 Chemical structure of TPD, mCBP and NPB.

Table 1 Experimental values for photophysical properties and ASE char-
acteristics of TPD, mCBP and NPB based on solid films (100 nm) in ref. 15

Compound lf
a kr

b (108 s�1) Eth
c (mJ cm�2) DGASE

d FWHMe (nm)

TPD 424 6.8 1.8 12 3.4
mCBP 400 3.5 1.7 4 4.1
NPB 445 0.8 — — —

a Fluorescence peak wavelength. b Radiative decay rate. c Excitation
power threshold for ASE. d ASE gain. e Full width at half maximum
(FWHM) of the ASE spectrum.
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of HOMOs and LUMOs were calculated based on DFT.
HOMO–LUMO excitation predominantly contributes to S1 in
all cases (see Table 3): the HOMO and LUMO distributions have
significant effects on the luminescence efficiencies of these
materials. For TPD, the HOMO is localized in the whole mole-
cular skeleton, and the LUMO is mainly localized in the biphenyl
core and spreads less over the peripheral phenyl groups because
of the lengthened p-conjugation of biphenyl compared with that
of phenyl. For mCBP, the HOMO is localized in the whole
molecular skeleton, and the LUMO is localized in the biphenyl
core due to the electron-donating nature of carbazole. Interest-
ingly, NPB exhibited considerable change, there is a greater
spatial separation of the HOMO and LUMO wavefunction den-
sities. The bulky naphthyl groups have enhanced conjugation
compared with the biphenyl group and demonstrate electron-
withdrawing character to some extent. Thus, the LUMO spreads
over the peripheral naphthyl groups instead of the biphenyl core.
Therefore, the HOMO–LUMO overlap is larger for TPD and

mCBP than for NPB and the behavior of the two naphthyl groups
is expected to dominate the photophysical properties. In general,
small overlap between the HOMO and LUMO will result in small
kr which is agreement with the experimental results.

3.3 Transition energies and transition dipole moments

Based on the optimized geometries, we undertook TDDFT calcu-
lations to further research the optical properties of TPD, mCBP
and NPB. The calculated electric transition dipole moments (l)
and vertical excitation energies (E) are given in Table 3. According
to eqn (5), kr is proportional to |l|2, where l is a three-
dimensional vector called the transition dipole moment for the
electron transition, and l can be expressed in terms of r as:30

l ¼
ð
rðxÞð�exÞdx (10)

where r is the transition density for the S1 state and x denotes a
point in three-dimensional space. The coordinate origin is set

Table 2 Selected bond lengths (Å) and dihedral angles (deg) of optimized geometries for TPD, mCBP and NPB

TPD mCBP NPB

S0
a S1

b |D(S0 � S1)|c S0
a S1

b |D(S0 � S1)|c S0
a S1

b |D(S0 � S1)|c

RC 1.482 1.440 0.042 1.483 1.439 0.044 1.480 1.449 0.031
L 1.420 1.430 0.010 1.419 1.448 0.029 1.420 1.393 0.027
a 35.6 10.6 25.0 37.2 9.3 27.9 35.3 19.5 15.8
b 40.4 53.4 13.0 54.5 89.5 35.0 44.4 �17.2 61.6
g 41.1 53.5 12.4 — — — 32.8 �24.2 57.0

a Optimized geometries in the ground-state. b Optimized geometries in the first excited-state. c Structural changes between the two states.

Fig. 2 Calculated spatial distributions of HOMO and LUMO levels for TPD, mCBP and NPB. The isosurface value for the HOMOs and the LUMOs is
0.02 atomic units (purple regions: positive; blue regions: negative).

Table 3 Photophysical parameters obtained by TD-DFT/B3LYP/6-31G(d,p) based on optimized geometries

Compound

Ea (eV)

Transition Contribution (%) lb (a.u.) kr
c (108 s�1)Absorption Emission

TPD 3.40 2.89 HOMO–LUMO 98.16 4.114 5.53
mCBP 3.50 2.98 HOMO–LUMO 98.83 3.518 3.15
NPB 3.59 2.78 HOMO–LUMO 96.51 0.817 0.47

HOMO�1–LUMO 3.09

a Vertical transition energies. b Electric transition dipole moments. c Theoretical radiative decay rates.
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as the center of the atomic charge. From the equation above,
the elements of l become large when r has a value at x at which
these elements are large, i.e., when r is distributed in regions
that are distant from the coordinate origin. Fig. 3 presents the
transition densities for the researched molecules. Because the
HOMO–LUMO overlap is larger for TPD and mCBP than for NPB,
r is thus more widely distributed for TPD and mCBP. Thus, r
spreads over the central biphenyl core and extends over peripheral
substituents that are distant from the coordinate origin for TPD
and mCBP. Because of this wide r distribution, TPD has a
sizable l of 4.114 atomic units and mCBP has a comparable l of
3.518 atomic units. In contrast, NPB has a small l of 0.817 atomic
units because the r distribution range is limited to small regions
located on naphthyl groups. This is because the LUMO of NPB
is distributed on naphthyl groups (Fig. 2) and the resulting
HOMO–LUMO overlap is thus small.

Interestingly, simple replacement with naphthyl units in
NPB causes l to decrease markedly, and the S1 - S0 radiative

decay is thus significantly suppressed. To investigate the effect of
this chemical modification on l further, according to eqn (10),
we introduce a three-dimensional function called the transition
dipole moment density t:30

tðxÞ ¼ rðxÞð�exÞ � l

jlj (11)

l can then be expressed as:

m ¼
ð
tðxÞdx (12)

We can capture the features of l via transition dipole moment
density analysis. By visualizing the t distributions of the three
molecules, we can obtain physical insights into the relation-
ships between the molecular structures and l values. Fig. 4
shows the t distributions and fragment l for TPD, mCBP and
NPB. Through comparison of the t distributions, we find that
t distributes much more widely for TPD and mCBP than for NPB.

Fig. 3 Transition densities r associated with the S1 ’ S0 excitation of TPD, mCBP and NPB. The isosurface value for r is 0.0004 atomic units (purple
regions: positive; blue regions: negative).

Fig. 4 Transition dipole moment density t and fragment transition dipole moments for TPD, mCBP and NPB. The isosurface value for t is 0.001 atomic
units (purple regions: positive; blue regions: negative). The numbers indicate the fragment transition dipole moments in atomic units. The sum of these
fragment transition dipole moments gives the magnitude of the transition dipole moment l.
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Therefore, the spatial integrals of t for TPD and mCBP are larger
than that of NPB, which enhances the transition dipole moment l.
As well, Fig. 4 presents the spatial integrals of t that were calculated
for the fragment structures and the sum of these fragment transi-
tion dipole moments is equal to the total l value. For NPB, the
major contribution to l originates from naphthyl groups. However,
the fragment transition dipole moments of the fragments for TPD
and mCBP are approximately ten times those for NPB. This leads to
l of TPD and mCBP (4.114 and 3.518 atomic units) being larger
than that of NPB (0.817 atomic units).

According to the discussion above, we conclude that the weak
transition dipole moment for NPB with naphthyl moieties derives
from the small HOMO–LUMO overlap, small r and small t (see
Fig. 2 to Fig. 4). Moreover, the weak electronic transition would be
expected to result in a small radiative decay rate kr according to
eqn (5). A large transition dipole moment, namely the strength of the
electronic transition, enhances the radiative decay process. TPD and
mCBP possess strong electronic transitions compared to NPB, which
benefits ASE performance. More detailed research is required to
reveal the influential factors for the radiative decay rate considering
eqn (6) with vibrational terms, which governs ASE performance.

3.4 Vibrational modes and Huang–Rhys factors

According to eqn (5)–(8), kr and knr should be analyzed with
vibrational terms. The vibrational modes of TPD, mCBP and

NPB were obtained based on the optimized molecular geo-
metries. The Huang–Rhys factor, S, for each mode can be
calculated by Franck–Condon approximation according to
eqn (1)–(4) (see Table 4). Vibrational modes with large S values
go against the S1 - S0 radiative decay process, thus, small S
values are therefore desirable for organic emitters. The results
show that (i) the vibrational modes with large S (40.5) all
present in the low-frequency region for all compounds; (ii) NPB
possesses the vibrational mode with the largest Huang–Rhys
factor (S = 26.901), however, the vibrational modes with the
largest Huang–Rhys factors for TPD and mCBP have S = 5.498
and S = 11.534, smaller than for NPB; and (iii) the number of
vibrational modes with large S for NPB is larger than the
numbers for TPD and mCBP, as shown in Table 4, especially
in the low-frequency torsional modes (o200 cm�1). We plot the
Huang–Rhys factors S versus the normal mode frequencies of
the three compounds in Fig. 5. We can see that more vibra-
tional modes are expressed for NPB in the low-frequency region
(o1000 cm�1). Calculation results show that the numbers of
the strong low-frequency modes of TPD, mCBP, and NPB are 10,
12, and 24, respectively, and all of the modes are torsional
modes.34 It shows that the low-frequency modes play an impor-
tant role in photophysical properties for organic semiconductor
materials. Fig. 5 also shows typical vibrational modes for
TPD, mCBP and NPB at low-frequency with the highest S

Table 4 Selected parameters of the main strongly elongated internal modes based on optimized geometries

TPD mCBP NPB

oj
a (cm�1) Sj

b lj
c (cm�1) oj

a (cm�1) Sj
b lj

c (cm�1) oj
a (cm�1) Sj

b lj
c (cm�1)

9 26.901 230.6
13 1.743 22.5
22 4.725 102.6
25 6.827 169.4
31 3.952 124.2
38 9.305 350.5

11 11.534 121.3 46 3.467 160.3
23 0.202 4.7 14 2.028 27.5 51 0.864 43.9
31 1.76 54.1 20 0.284 5.7 56 3.211 180.3
36 3.333 118.8 35 0.2 7 77 1.021 78.9
43 0.335 14.2 53 4.803 253.45 93 0.308 28.8
49 5.498 271.9 55 2.185 120.3 102 0.142 14.5
66 1.072 70.9 57 1.402 79.61 123 0.923 113.3
87 0.155 13.6 81 0.564 45.5 156 0.215 33.3
95 3.564 340.2 87 0.525 45.4 172 0.151 26
426 0.119 50.6 128 0.943 120.8 185 0.247 45.7
780 0.072 56.2 429 0.131 56.1 295 0.067 19.7

479 0.106 50.9 424 0.066 27.8
429 0.061 26.4
486 0.068 33.4
513 0.059 30.4
527 0.09 47.7
535 0.094 50.5
550 0.073 40.3

1216 0.115 139.6
1215 0.109 82.6 1211 0.102 123.3 1318 0.065 85.7
1309 0.051 66.4 1313 0.154 202.1 1336 0.118 157.7
1654 0.07 115.3 1660 0.152 252.1 1406 0.326 458.9
1664 0.151 251.6 1668 0.123 205.5 1625 0.058 94.5

1652 0.074 122.6
1661 0.122 203.4

a Vibrational frequencies. b Huang–Rhys factors. c Reorganization energies.
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(indicated by the arrows shown in Fig. 5). We find that the
vibrational modes arise from the central biphenyl core for TPD
and mCBP, which are out-of-plane torsional modes. However, for
NPB, the vibrational modes involve C–C swing vibrations mainly
arising from two twisted terminal naphthyl groups, which lead to
more low-frequency modes (see Table 4) and will influence the
photophysical properties. This reflects the large r distribution on
the naphthyl moieties as shown in Fig. 3. In addition, for many
low-frequency vibrational modes shown in Table 4, the reorgani-
zation energy is much larger than the normal mode frequency,
which could indicate mode mixing upon electronic excitation.
Recently, non-adiabatic molecular dynamics simulations to
explore excited-state decay processes are now in progress.

3.5 Radiative and non-radiative decay rates

The calculated radiative decay rates, kr, at room temperature for
TPD, mCBP and NPB are presented in Table 3 based on the
equations in Section 2. The calculated results are good agreement
with the experimental results in Table 1. We find that the

radiative decay rate for NPB (0.47 � 108 s�1) is an order of
magnitude smaller than the rates for TPD and mCBP (5.53 �
108 s�1 and 3.15 � 108 s�1). According to eqn (5) and (6), kr is
proportional to l and NFC. According to the discussion above,
the small HOMO–LUMO overlap and the localized distribution of
transition density due to naphthyl substituents for NPB result in a
small transition dipole moment l,35 as evidenced by the transi-
tion dipole moment density t. With regard to NFC considering
Huang–Rhys factors S, we evaluate NFC for the three molecules
based on Franck–Condon factors (see eqn (2)). The Franck–
Condon factor measures the transition probability between a
vibrational level of the ground-state and a vibrational level of
the excited-state, which is related to the overlap between the
wavefunctions of the two vibrational modes in electronic states.
Thus, for NPB, the great number of low-frequency torsional
modes originating from the peripheral naphthyl groups results

in a small value of the vibration term
Q
j

S
nj
j

nj !
e�Sj

 !
, which

signifies weak vibronic transitions. Consequently, calculated NFC

Fig. 5 Calculated Huang–Rhys factors of the normal modes and vibrational modes with the highest S values for TPD, mCBP and NPB.
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for TPD and mCBP are about 2.5 and 1.6 times larger due to a
handful of low-frequency torsional modes than that for NPB.
Hence, large l and NFC lead to an enhanced radiative decay
rate kr for TPD and mCBP commonly, where large l plays a
major role.

In addition, we also calculate knr for the given molecules to
investigate the competition between radiative decay processes
and non-radiative decay processes. However, knr is less sensitive
to r than kr as reported.36,37 According to eqn (8) and (9), knr is
proportional to (Vj)

2.30 Fig. 6 shows the calculated values of Vj

for TPD, mCBP and NPB. Unlike l, the Vj values for the three
molecules are of the same order. The resulting knr values for
TPD, mCBP and NPB are 5.88 � 10�8 s�1, 3.79 � 10�8 s�1 and
2.64 � 10�8 s�1, respectively, and are of the same order as well.
As we can see, the radiative decay rates kr for mCBP and NPB
are smaller than the rate for TPD. However, knr of the three
compounds are comparable, even after taking into account the
vibrational terms. From the calculated values of l, Sj and Vj,
the difference between kr and knr is larger for NPB than for TPD
and mCBP. Comparing kr values, the radiative decay process is
promoted more strongly in TPD and mCBP than in NPB. Then,
based on Table 4, calculated total reorganization energy l in S1 of
TPD, mCBP and NPB is 0.321 eV, 0.379 eV and 0.424 eV, respectively.

The identical l values offer proof for the same scale knr of the
three molecules.

To evaluate the effect of kr and knr on ASE performance for
organic emitters, then, we analyze the relationship between the
ASE threshold and kr and knr in accordance with the principle of
lasers, as shown in Fig. 7. Due to almost identical values of kr and
knr for TPD and mCBP, the radiative decay process can compete
with the non-radiative decay rate effectively. Inversely, kr of NPB is
one magnitude smaller than knr. According to relation formula
Eth p 1 + knr/kr and theoretical results of kr and knr, the larger
knr/kr value for NPB compared with TPD and mCBP leads to a
large ASE threshold. Thus, large kr will result in low ASE perfor-
mance. Moreover, the ASE gain DGASE can be expressed by DGASE =
(N2 � N1)Bhn/c,38 where N2 and N1 are the population in the high
and low energy level, respectively, B is the Einstein’s coefficient, n is
the frequency of light, and c is the velocity of light. Because kr is
proportional to N2, large kr lead to large N2, namely large popula-
tion inversion N2 � N1. Meanwhile, as we know, Einstein’s coeffi-
cient B is directly related to kr: B p (c/8phn3)kr,

21 signifying that
DGASE is proportional to kr as well. Thus, we can infer that large kr is
beneficial for the forming of population inversion, generating large
ASE gain and a low ASE threshold, and it is a necessary condition
for realizing outstanding ASE performance.

Fig. 6 Vibronic coupling constants for TPD, mCBP and NPB.

Fig. 7 Schematic for decay processes of TPD, mCBP and NPB.
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4 Conclusions

In summary, we cast light on the influence of molecule struc-
ture on photophysical properties, and further research the role
of the radiative decay rate kr on the ASE performance of organic
emitters. Our calculation results show that enhanced transition
densities r for TPD and mCBP lead to enhanced transition dipole
moments l. Inversely, the introduction of naphthyl groups with
enhanced conjugation for NPB results in spatial separation
of the HOMO and LUMO, and the localized distribution of r,
which generates small l. Besides, a handful of low-frequency
torsional modes make for larger analytical vibrational terms
NFC of TPD and mCBP than that of NPB with the prominent
structural change between the ground-state and the first
excited-state geometries deriving from bulky naphthyl moieties.
Therefore, the two aspects together give rise to large kr, where
l plays a major role. As for the non-radiative decay rate knr, the
identical knr values for the researched molecules promote
radiative decay processes in TPD and mCBP, which form effec-
tive competition with non-radiative decay processes. Ultimately,
large kr avails remarkable population inversion, large ASE gain
and a low ASE threshold. We infer that large kr is a necessary
condition for realizing outstanding ASE performance. In this
work, our calculation results provided an explanation for ASE
performance in organic semiconductors in view of the radiative
decay rate kr.
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