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ABSTRACT: The energy difference between a singlet exciton and twice of a triplet
exciton, ΔESF, provides the thermodynamic driving force for singlet exciton fission
(SF). This work reports a systematic investigation on the effect of ΔESF on SF
efficiency of five heteroacenes in their solutions. The low-temperature, near-infrared
phosphorescence spectra gave the energy levels of the triplet excitons, allowing us
to identify the values of ΔESF, which are −0.58, −0.34, −0.31, −0.32, and −0.34 eV
for the thiophene, benzene, pyridine, and two tetrafluorobenzene terminated
molecules, respectively. Corresponding SF efficiencies of the five heteroacenes in
0.02 M solutions were determined via femtosecond transient absorption
spectroscopy to be 117%, 124%, 140%, 132%, and 135%, respectively. This result
reveals that higher ΔESF is not, as commonly expected, always beneficial for higher
SF efficiency in solution phase. On the contrary, excessive exoergicity results in
reduction of SF efficiency in the heteroacenes due to the promotion of other
competitive exciton relaxation pathways. Therefore, it is important to optimize thermodynamic driving force when designing
organic materials for high SF efficiency.

1. INTRODUCTION

Singlet exciton fission (SF)1 is a process in which a
photogenerated higher energy singlet exciton is converted
into two triplet excitons of lower energy with a nearby ground-
state molecule. SF is drawing increasing attention recently
mainly due to its potential capability to break the semiempirical
Schockley-Queisser (SQ) limit in single-junction solar cells.2−4

The realizations of SF in solar cell devices have been reported
by several groups.4−6 Baldo et al. demonstrated that external
quantum efficiency above 100% was achieved in a SF-based
organic solar cell, suggesting promising applications of SF
materials in photovoltaic devices.5

One of the thorniest problems of SF is that the number of
molecules exhibiting SF is still limited.7−12 Up to now, the most
studied SF system has been acene family,13−24 such as
pentacene. Recently, a few new families of small molecules
and polymers have been reported to show high efficient
SF.7,11,12,25,26 Design of novel organic molecules with high SF
efficiency requires fundamental understanding of the struc-
ture−property correlation in different organic molecules. The
most basic question needing answer is how to optimize
molecular structures for high SF efficiency. From theoretical
perspective, two parameters mainly govern the SF process,

which are the thermodynamic driving force (ΔESF) and the
electronic coupling.7,27−30 The ΔESF is defined as 2E(T1) −
E(S1),

16,31,32 in which E(T1) is the energy level of triplet
exciton, while E(S1) is the energy level of singlet exciton.
Meanwhile, the electronic coupling between a singlet exciton
and a nearby ground-state molecule is believed to govern the
energy transfer rate during the exciton fission. Yaffe et al.
demonstrated that pentacene is the most efficient in acene
family due to optimal ΔESF in solid films.16 Our recent work
suggested that strong electronic coupling promotes SF
efficiency in crystalline heteropentacene.28

A majority of the present researches on SF were conducted
in solid states, in which the above two effects take place
simultaneously, making identifying their individual role on SF
efficiency difficult.8 The preference of studying SF in crystalline
state is mainly due to consideration that SF process requires
strong exciton coupling,29,33−35 while crystalline structures give
the closest molecular packing. However, Bradforth et al. have
reported the observation of SF in an amorphous solid of a

Received: November 22, 2015
Revised: April 13, 2016
Published: May 11, 2016

Article

pubs.acs.org/JACS

© 2016 American Chemical Society 6739 DOI: 10.1021/jacs.6b03829
J. Am. Chem. Soc. 2016, 138, 6739−6745

pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.6b03829


tetracene derivative, suggesting that long-range order is not
required for SF.36 New opportunity comes from the report by
Friend et al., who found that SF could occur efficiently in
solutions with triplet yield reaching close to 200%.23 Highly
efficient SF processes in solutions were also reported by a few
other groups, including covalently attached dimers14,15,18,20,24

and monomers, like pentacene23 and tetracene21 derivatives.
The dimmers and monomers behave quite differently, as SF in
covalently attached dimers is geometrically constrained, while
the monomers require high concentrations in order for dimer
pairs to form sufficiently quickly for fission to proceed. The
realization of SF in solutions opens more opportunities for not
only further understanding of the mechanism of the SF process
but also the applications of triplet exciton, as the long lifetimes
of triplet excitons generated in solutions by SF are highly
desirable for applications like photocatalysis. Recently, we have
demonstrated that SF can induce giant optical limiting
responses in pentacene derivatives associated with strong
triplet absorption.37,38

Because very few investigations on the SF in solution have
been conducted, the understanding of many basic issues is still
very limited. The main purpose of this study is to understand
the role of ΔESF on SF process of monomers taking place in
solutions. Previously, there have been only two studies trying to
probe the role of ΔESF: one was performed using three solid
acenes with distinctly different molecular structures and
packing,16 while the other one was conducted using theoretical
calculations.39 Whether the conclusion obtained from solid is
also applicable to acenes in solution remain unknown.
Moreover, studies on molecular solutions may overcome the
interplay problem between ΔESF and molecular packing that is
difficult to avoid in solid. In solutions, for compounds with
similar structures, the packing models in solutions resemble
with each other. Thus, it is reasonable to assume that the
contributions of electronic couplings of these five heteroacenes
to SF are similar to each other, so that ΔESF plays the dominate
role. Therefore, acenes in solution phase shall provide an ideal
model system for understanding the role of ΔESF.
Herein, we conducted an investigation on SF in solutions of

five heteroacenes with similar five-ring fused structures as
shown in Figure 1. The energy levels and molecular packing of
these molecules in solid state have been thoroughly studied in
our previous research,40−42 which suggested that they exhibit
similar 2-D stacking in their crystals. When the two terminal
rings are changed to thiophene, benzene, pyridine, pyrazine,
and tetrafluorobenzene, the energy levels of singlet exciton
(E(S1)) and triplet excitons (E(T1)) can be tuned effectively,
which helps to unveil the effects of exciton energy level on the
SF efficiency.

2. RESULTS AND DISCUSSION
The mechanism of SF in solutions is schematically illustrated in
Figure 1b,23 which process is briefly described below. First, one
molecule in the ground state absorbs a photon above a certain
energy to form a singlet excited state, S1. Then, the singlet
excited state interacts with a nearby ground-state molecule to
form a stable species, [S0−S1], excimer, of which the energy is
more than twice that of triplet state. The intermediate state in
concentrated solutions has been identified and optically
observed by Stern group.21 The excimer then faces two
competitive ways to channel out: it can either emit directly
(Figure S4) or decay rapidly into two separated triplets, which
may return to the ground state by emitting phosphorescence.

One common and efficient strategy to adjust the energy
levels and the triplet yields of acene derivatives is by
introducing heterocycles and fluorine atoms into the acene
framework.39 In our previous studies, we have designed a series
of S and N containing and fluorinated heteroacenes and
systemically studied how their molecular energy levels
correlated to their electronic properties.40−43 Herein, we
selected one pentacene derivation, one S containing pentacene
analogue, and three N-heteropentacenes to explore the effect of
energy levels on the SF process. The five molecules are
bis(triisopropylsilylethynyl)anthradithiophene (ADT), bis-
(triisopropylsilylethynyl) pentacene (TP), 6,13-bis-
(triisopropylsilylethynyl)anthradipyridine (ADPD), 8,9,10,11-
tetrafluoro-6,13-bis(triisopropylsilylethynyl)-1-azapentacene
( 4F1NTP) , a nd 8 , 9 , 1 0 , 1 1 - t e t r afluo r o - 6 , 1 3 - b i s -
(triisopropylsilylethynyl)-1,4-diazapentacene (4F2NTP),
whose structures are shown in Figure 1a.
The positions of the frontier molecular orbitals, including the

highest occupied molecular orbitals (HOMOs) and the lowest
unoccupied molecular orbitals (LUMOs), of the five molecules
are illustrated in Figure 2d, which were obtained from cyclic
voltammetry methods (Figure S2). The TP molecule has
LUMO and HOMO levels at −3.08 and −5.18 eV, respectively.
When the two benzene rings are replaced by thiophene rings,
the ADT molecule shows a rise of LUMO to −2.98 eV and a
drop of HOMO to −5.25 eV. In contrast, replacing both the
two terminal benzene rings by pyridine rings lowers the frontier
orbital levels, and the ADPD has HOMO and LUMO at −5.42
and −3.40 eV, respectively. The energy gaps of TP and ADPD
are nearly the same, about 1.85 eV, smaller than the energy gap
of ADT of 2.20 eV. When the benzene rings are replaced by
electron-drawing tetrafluorobenzene or pyrazine, the HOMO
and LUMO energy levels are decreased further. For 4F1NTP
and 4F2NTP, the HOMOs are at −5.49 and −5.51 eV, and the
LUMOs are at −3.46 and −3.61 eV, respectively. The energy
bandgaps of 4F1NTP and 4F2NTP are 1.87 and 1.83 eV,
respectively.
Figure 2a shows the steady-state UV−visible absorption

spectra of ADT, TP, ADPD, 4F1NTP and 4F2NTP in toluene
solutions. The TP, ADPD, 4F1NTP and 4F2NTP molecules

Figure 1. (a) Molecular structures of ADT, TP, ADPD, 4F1NTP, and
4F2NTP. (b) Illustration to the mechanism of SF in solutions: one
singlet-excited molecule and one nearby ground-state molecule form
an excimer [S0−S1]*; then, the excimer intermediate decays to two
triplets. The cyan curve is the nonradiative decay of the excimer.
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exhibit very similar absorption band with the maxima peaks at
643, 637, 635, and 646 nm, respectively, corresponding to their
S0 → S1 transitions. The absorption maximum of ADT is
observed at a much lower wavelength of 555 nm, consistent
with its larger HOMO−LUMO gap. The S0 → S2 transitions
are observed at 422, 440, 437, 438, and 439 nm for ADT, TP,
ADPD, 4F1NTP, and 4F2NTP, respectively.
The fluorescence emission spectra of ADT, TP, ADPD,

4F1NTP, and 4F2NTP in toluene solutions were measured
with an optical density less than 0.1 at the excitation wavelength
(Figure 2b). The fluorescence peaks of ADT, TP, ADPD,
4F1NTP, and 4F2NTP molecules are located at 573, 664, 658,
657, and 670 nm, respectively. The energy of singlet excitons,
E(S1), can be obtained from the energy-averaged maxima of the
absorption and emission spectra of the heteroacenes. The E(S1)
of ADT, TP, ADPD, 4F1NTP, and 4F2NTP molecules are
determined to be 2.20, 1.90, 1.91, 1.92, and 1.88 eV,
respectively. Table 1 summarizes the detailed spectroscopic
data.
The phosphorescence spectra of heteroacenes are generally

weak and have rarely been studied before. Herein, we
successfully obtained the phosphorescence spectra of the five
compounds in deoxygenized 2-methyltetrahydrofuran solutions
at 77 K using liquid nitrogen as refrigerant. Figure 2c shows the
phosphorescence spectra of the five compounds. For TP, the
phosphorescence peak is observed at 1580 nm, in good

agreement with that reported by Zirzlmeier15. The phosphor-
escence peaks of ADT, ADPD, 4F1NTP, and 4F2NTP occur at
1525, 1555, 1558, and 1602 nm, respectively, The triplet
exciton energy E(T1) can be estimated from the deoxygenized
phosphorescence peak positions, which give 0.81, 0.78, 0.80,
0.80, and 0.77 eV for the ADT, TP, ADPD, 4F1NTP, and
4F2NTP, respectively. With the above spectroscopic data, we
can then obtain the ΔESF, using ΔESF = 2E(T1) − E(S1), which
is −0.58, −0.34, −0.31, −0.32, and −0.34 eV for the ADT, TP,
ADPD, 4F1NTP, and 4F2NTP, respectively. The ΔESF value
for TP obtained from this work is consistent with that reported
in literature,23 confirming our measurements are reliable.
For SF process to efficiently take place, the ΔESF needs to be

negative.44−46 The measured ΔESF indicates that all of the five
molecules meet the basic energy conditions for SF. Among
them, the ADT with electron-donating thiophene units shows
the strongest exothermal effect, whereas ADPD and 4F1NTP
with electron-drawing pyridine and tetrafluorobenzene groups,
respectively, release the least energies during SF processes.
Among the five molecules, TP and 4F2NTP have nearly the
same moderate driving forces. The tunability of ΔESF through
chemical modification enables dissection of the relationship
between ΔESF and triplet excitation efficiency.
To probe the effects of the ΔESF on the magnitude of SF,

femtosecond transient absorption (fsTA) spectroscopy was
used to characterize the photogeneration and dynamic
behaviors of the excited states in the concentrated solutions
(0.02 M) of ADT, TP, ADPD, 4F1NTP, and 4F2NTP. Figure
3a shows three types of bands in the spectra of ADT, including
the positive absorption band from 450 to 550 nm, the negative
absorption band centered at about 570 and 610 nm, and the
broad positive absorption band from 630 to 780 nm. When the
delay time was prolonged, the intensity of the peak around 500
nm decreased, attributed to the S1 → Sn transition, while the
intensity of peak around 728 nm increased. Simultaneously, a
particularly noticeable effect was shown in ADT, which is the
red shift of the ground state bleaching (GSB), from 604 to 608
nm,15 accompanied by an intensification of the transient
bleaching, indicative of SF. We have previously reported that
TP and ADPD show efficient SF in solid state,28 while the fsTA
spectra obtained herein indicated that they also exhibit SF
phenomena in solution. TP and ADPD in solutions exhibited
short-lived positive absorption peaks at 464 and 514 nm, and
466 and 525 nm, respectively, which are assigned to the S1 →
Sn transition. Meanwhile, negative absorption peaks at 650 and
642 nm for TP and ADPD increased (Figure 3b,c), and
resembled those of the lowest energy transition of the ground-
state absorption spectra, which is attributed to the GSB. After
hundreds of picoseconds, the initial positive absorption peaks at
466 and 512 nm are for TP and 466 and 525 nm are for ADPD

Figure 2. (a) UV−visible absorption and (b) fluorescence emission
spectra of ADT, TP, ADPD, 4F1NTP, and 4F2NTP in dilute toluene
solutions, and (c) phosphorescence emission spectra of ADT, TP,
ADPD, 4F1NTP, and 4F2NTP in toluene solutions with optical
density less than 0.1 at the excitation wavelength. (d) Energy levels of
ADT, TP, ADPD, 4F1NTP, and 4F2NTP obtained from cyclic
voltammetry methods.

Table 1. Detail Data of E(S1), E(T1), and ΔESF of ADT, TP, ADPD, 4F1NTP, and 4F2NTP in Concentrated Toluene Solutions

sample λabs/nm λFl/nm E(S1)/eV
a λPh/nm E(T1)/eV

b ΔESF/eV
c ϕt/%

d

ADT 555, 422 574 2.20 1525 0.81 −0.58 117%
TP 643, 440 664 1.90 1580 0.78 −0.34 124%
ADPD 637, 437 659 1.91 1555 0.80 −0.31 140%
4F1NTP 635, 438 659 1.92 1558 0.80 −0.32 132%
4F2NTP 646, 439 671 1.88 1602 0.77 −0.34 136%

aE(S1) is calculated from the mean peaks of UV−vis absorption and fluorescence spectra of sample in solutions, that is, E(S1) = 1240/λ. bE(T1) is
due to phosphorescence spectra at 77 K with the formula E(T1) = 1240/λ. cΔESF is defined as thermodynamic driving force for singlet exciton
fission. ΔESF = 2E(T1) − E(S1).

dϕt is the triplet exciton yields due to singlet exciton fission.
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decay, while the absorption peaks at 505 nm for TP and 510
nm for ADPD rose significantly due to T1 → Tn transition.
Minor rising absorption peaks at 470 and 476 nm were due to
the secondary vibration peaks of T1 → Tn transitions. The
arising absorption peaks agreed with the previous reports for
TP triplet states in solutions.13,15,16 Stern et al. have reported
the significant stabilization of triplet pair state, i.e., excimer, of
tetracene due to endothermic effect.46 In contrast, the SF of our
molecules shows obvious exothermal effect, in which the
released heat provided energy necessary to dissemble the
excimer into two free triplet excitons, so that the excimer splits
into two triplets in a much faster fashion than that under
endothermic condition. This fact is evident in the transient

absorption spectra, in which no spectral feature corresponding
to the excimer can be observed, indicating a much shorter
excimer lifetime.
For fluorine-substituted heteroacenes of 4F1NTP and

4F2NTP, there are two parts in their spectra at 567 nm
excitation, including strong positive part from 450 to 580 nm
and two negative peaks, 638 and 708 nm for 4F1NTP and 658
and 724 nm for 4F2NTP. Peaks at 466 and 472 nm were noted
in terms of the singlet excited state characteristics. As time
prolonged, the relative intensity of the 506 nm peak for
4F1NTP and the 526 nm peak for 4F2NTP increased notably,
as shown in Figure 3d,e, attributed to the formation of triplet
excitons. Minor rising absorption peaks at 472 nm for 4F1NTP
and 488 nm for 4F2NTP were due to the secondary vibration
peaks of T1 → Tn transitions. Moreover, the negative peaks at
638 and 658 nm correspond to GSB for 4F1NTP and 4F2NTP,
respectively. The other negative peaks at 708 and 728 nm are
assigned to stimulated emission for 4F1NTP and 4F2NTP,
respectively.15

The dynamic traces of ADT, TP, ADPD, 4F1NTP, and
4F2NTP and their corresponding fitted curves are shown in
Figure 3f−j. As shown in the dynamic curves of ADT, the
singlet exciton photoinduced absorption (PIA) at 500 nm
decays with the time, accompanied by the increase of triplet
exciton PIA at 728 nm. Similar phenomenon is also present in
TP and ADPD. In the solutions of TP and ADPD, the peaks of
singlet exciton PIA at 464 and 466 nm decay rapidly, along with
the increase of the corresponding triplet exciton PIA at 506 and
510 nm. For the fluorinated heteroacenes, the intensity of
singlet exciton PIA at 466 and 472 nm for 4F1NTP and
4F2NTP notably decreased, and that of triplet exciton PIA at
506 and 526 nm increased as time proceeded. The fast decay of
singlet excitons to long-lived triplet excitons with high yields is
a direct evidence of efficient SF taking place in the solutions.
Because the triplet excitons of these heteroacenes have

lifetimes in the range of microseconds, we have also
investigated the nanosecond transient absorption spectra of
the N-heteropentacene to unveil their triplet exciton properties.
Figure 4a−e showed the transient absorption spectra of the five
compounds in solutions with same concentration of 10−4 M.
For the ADT,TP, ADPD, 4F1NTP, and 4F2NTP, the singlet
excited states are the short-lived, negative peaks at 620, 645,
640, 638, and 658 nm, while the triplet excited states are the
intense, long-lived, positive excited-state absorption peaks at
728, 506, 510, 506, and 526 nm, respectively. Also, there are
secondary vibration peaks measured at 470, 475, 472, and 488
nm for TP, ADPD, 4F1NTP, and 4F2NTP, respectively,
consistent with the above fsTA spectra and that reported before
for TP23 From Figure 4a−e, we can see that the decay times
from singlet excitons to their corresponding triplet excitons are
relatively slow in dilute solutions and lasted for a dozen
nanoseconds, suggesting that the main exciton decay channel is
intersystem-crossing. The resulting triplet excitons deactivates
with a long lifetime to the ground states, in several
microseconds.15

Nanosecond transient absorption spectrum of a 0.02 M TP
solution was shown in Figure 4g for comparison. The strong
and long-lifetime excited-stated absorption located at 506 nm is
attributed to the triplet exciton PIA. The lifetimes of triplet
exciton PIA and GSB are almost identical, indicating that these
two processes are strongly correlated with each other. The
lifetime of the triplet exciton is about 33.6 μs in concentrated
solution, much longer than that of the dilute solution (1.67 μs),

Figure 3. Ultrafast transient absorption spectra of (a) ADT excited at
530 nm, (b) TP, (c) ADPD, (d) 4F1NTP, and (e) 4F2NTP excited at
567 nm in 0.02 M toluene solutions. For these five compounds, the
initial excited population is composed of singlets. Substantial triplet
growth occurs from about hundreds of picoseconds as indicated by the
absorptions at 728, 506, 510, 506, and 526 nm for ADT, TP, ADPD,
4F1NTP, and 4F2NTP, respectively, and are accompanied by
accelerated singlet decay at 500, 464, 466, 466, and 472 nm for
ADT, TP, ADPD, 4F1NTP, and 4F2NTP, respectively. Representative
dynamic curves were characterized and fitted for ADT (f), TP (g),
ADPD (h), 4F1NTP (i), and 4F2NTP (j).
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which is clearly different from that of the singlet exciton (15
ns). The strongly correlated triplet excitons PIA and GSB
lifetime, along with the long lifetime of triplet exciton
confirmed that the main exciton decay route in the
concentrated solution is SF, which is clearly different from
that in the diluted solution. Similarly, the comparison between
the nanosecond transient absorption spectra of ADT, ADPD,
4F1NTP, and 4F2NTP in solution of different concentrations
indicated that SF process took place in their concentrated
solutions.
We then evaluated the SF-induced triplet yields of the five

compounds by monitoring the increment of the GSB band,
which is accompanied by the corresponding positive absorption
changes resulting from the generation of two triplet states.15,28

The detailed process is presented in the Supporting
Information. The calculated triplet exciton yields are 117%
for ADT, 124% for TP, 140% for ADPD, 132% for 4F1NTP,
and 136% for 4F2NTP. It is noted that the triplet yield for TP
is somehow lower than that reported by Friend,23 which is
reasonable as the solution concentration in this study is much
lower. Because the maximum solubility is about 0.02 M for
4F1NTP and 4F2NTP, this concentration was adopted for the

two molecules. Furthermore, we also studied the solutions of
ADT, TP, and ADPD with higher concentration of 0.05 M, in
which the triplet yields of ADT, TP, and ADPD increased to
161%, 172%, and 185% (Figure S6), confirming that higher
concentration increases the triplet yield, and agrees well with
that reported in literature.23

It is noted that ADT has the highest driving force for SF, but
its yield of triplet exciton is the lowest in either the 0.02 or the
0.05 M solutions. While ADPD and 4F1NTP have the lowest
driving force for SF, the corresponding triplet exciton yields are
almost the highest in contrast. The data also reveals that the
relation between the driving force ΔESF and triplet yield is
obviously not linear. It is noted that 4F2NTP is somehow an
exception in this series. Although 4F2NTP has nearly the same
driving force with TP, it exhibits higher triplet yield. The
introduction of electron-drawing fluorine atoms endowed
4F2NTP with longer phosphorescence lifetime than that of
TP (Figure S5a in Supporting Information), which may
account for the higher triplet yield of the former. We thus
infer the molecular structure is an important factor influencing
the process of SF. How electron-drawing fluorine atoms
influence SF process is worthy of further systematic study.
In most physical chemistry processes, it is generally expected

that a higher driving force shall lead to a higher transition
efficiency. However, the relationship between the magnitude of
ΔESF and the degree of SF efficiency suggests an interesting
result that a larger absolute value of ΔESF does not necessarily
lead to a higher SF efficiency. Particularly, the ADT molecule
has the largest ΔESF but gives the lowest SF efficiency. The
results from this work indicate that excessive exoergicity can
lower the SF efficiency in solutions. The most reasonable
explanation to this somehow unexpected result is that the
excessive exoergicity would cause a loss of efficiency by heat
generation and enhance other relaxation channels that compete
with SF, leading to a low triplet yield for SF. As shown in
Figure 1b, the competing channels may include fluorescence
from the singlet state or excimer and nonradiative relaxation.
Furthermore, we conducted experiments on dynamic behaviors
of the excimers in the concentrated solutions. From the
dynamic curves (Figure S4 in Supporting Information), the
decay of concentrated TP and ADPD was much faster (1.2 and
1.6 ns, respectively) than that of ADT, which showed a slow
breaking up of the excimer of 2.7 ns to two triplet exciton-
bearing free molecules.21 The slower formation of free triplet
excitons enhanced other competing decay channels including
excimer fluorescence and nonradiative relaxation, and as a result
for ADT, relatively low triplet yield was obtained even with
higher driving force. In addition, it is noted that E(S1) (2.20
eV) of ADT is close to the three times of E(T1) of 2.43 eV.
Therefore, with extra energy from the common SF process,
direct fission of ADT singlet into three triplets is possible,16

although unlikely since the probability for quick formation of
trimer excited state in solution shall be extremely low. The
above findings are important for understanding the SF in
solution, which indicates the essential importance of the control
over the thermodynamic driving force in the design of organic
materials for high triplet yields based on SF mechanism.
We have also measured the phosphorescence lifetime of the

five heteroacenes. Figure S5a illustrates the decay curves of
ADT, TP, ADPD, 4F1NTP, and 4F2NTP in toluene solutions.
The data fitting give lifetimes of 13.41, 12.93, 13.85, 15.51, and
15.80 μs for ADT, TP, ADPD, 4F1NTP, and 4F2NTP,

Figure 4. Nanosecond transient absorption spectra of ADT solution of
(a) 10−4 M, (f) 0.02 M; TP solution of (b) 10−4 M, (g) 0.02 M;
ADPD solution of (c) 10−4 M, (h) 0.02 M; 4F1NTP solutions of (d)
10−4 M, (i) 0.02 M 4F1NTP; and 4F2NTP solutions of (e) 10−4 M,
(j) 0.02 M with triplet features at 728, 506, 510, 506, 516 nm,
respectively.
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respectively (Table S1). Such sufficiently long lifetimes of the
triplet state would be key for potential applications.
One important requirement for efficient SF is a strong

interaction between the singlet exciton with a nearby ground
state molecule, which is unfortunately also an ideal scenario for
photochemical reaction to occur. Therefore, acenes with high
SF efficiency generally exhibit poor photostability, which
become a big obstacle for their application. For example, the
easy degradation of pentacene due to photooxidation and
dimmerization prevents it from being used in applications in
the presence of light and air.47,48 Functionalization of acenes
can be a good method to regulate the photostability49 and
photoelectric properties. We have demonstrated that the
introduction of heterocycle units like thiophene and pyridine
units and electron-drawing fluorined atoms into the acene
framework may dramatically increase their photostabilities.40,43

Figure S5b shows the photostability of these heteroacenes in
toluene solutions, which is obtained by monitoring the decay of
the maxima absorbance wavelength under UV irradiation. The
stability curve shows that the absorbance of TP decayed to half
of the initial value after 1 week. In contrast, for ADT, ADPD,
4F1NTP, and 4F2NTP, their absorbance decay is less than 10%
within a week. The photostability of the ADT, ADPD,
4F1NTP, and 4F2NTP are greatly improved compared with
TP, which is mainly attributed to their lower HOMOs than
those of TP. The much higher photostability of the N-
heteroacenes make them more applicable in electro-optic
applications.50,51

3. CONCLUSIONS

To summarize, we have conducted the first systematic
examination SF efficiency in solutions of heteroacenes with
two different concentrations. This systematic research provides
insights on how the thermodynamic driving force, ΔESF, affects
the SF efficiency of organic molecules in solutions. More
specifically, we have first addressed the energy levels of triplet
excitons in solutions of heteroacenes through phosphorescence
measurement at 77 K, and then obtained the values of ΔESF

and SF efficiency in solutions of heteroacenes through fsTA.
The results of our study indicate that SF can occur fast and
effectively in the solutions of ADT, TP, ADPD, 4F1NTP, and
4F2NTP. Our results help to understand how the molecular
structure influences the process of SF. One important finding is
that a slightly negative ΔESF is beneficial for SF, but excessive
exothermicity would cause a loss of efficiency by promoting
other competitive channels and increasing nonradiative decay.
This is shown in ADT, which gives the lowest SF efficiency
though the absolute value of ΔESF, and is the largest among the
test molecules. In contrast, the ADPD and 4F1NTP with the
smallest absolute value of ΔESF exhibit the highest SF
efficiency. This result implies that ADT is suboptimal due to
the excess energy wasted as heat. Unveiling the relationship
between the magnitude of SF and the value of ΔESF is of great
importance for designing novel organic materials with high
triplet exciton yields for various applications. Besides the high
efficiency of SF, we have demonstrated that the introduction of
heterocycle units like thiophene, pyridine, pyrazine, and
electron-drawing fluorobenzene units into the acene framework
may dramatically increase their photostability. These findings
provide basic guidelines for designing novel organic materials
with both high SF efficiency and good photostability.
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