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ABSTRACT: The effects of the introduction of an sp*-hybridized nitrogen atom (=N—) <
and thiophene ring on the structure geometries, frontier molecular orbital energies, and
excited state energies related to singlet fission (SF) for some tetracene and pentacene
derivatives were theoretically investigated by quantum chemical methods. The introduction of
a nitrogen atom significantly decreases the energies of frontier molecular orbitals and hence
improves their stabilities in air and light illumination. More importantly, it is helpful for
reducing the energy loss of the exothermic singlet fission of pentacene derivatives. For fused
benzene-thiophene structures, the (@, §) connection pattern could stabilize the frontier
molecular orbitals, while the (f, #) connection pattern can promote the thermodynamic
driving force of singlet fission. These facts provide a theoretical ground for rational design of

SF materials.

B INTRODUCTION

Singlet fission (SF), a special case of internal conversion in
which a singlet exciton and its ground state neighbor share
energy to produce two coupled trinlet excited species through a
multiexcitonic intermediate state,” has recently attracted much
attention due to its possibility of overcoming the Shockley—
Queisser efficiency limit in conventional photovoltaic cells and
increasing the photoelectric transformation efficiency up to
46% theoretically.” This process can be very fast, usually in the
subpicosecond or picosecond time scale, particularly in
molecular crystals." Singlet fission was first invoked to explain
the fluorescence quenching in crystalline anthracene in 1965.
Since then, triplet states produced by SF have been observed in
many compounds, such as tetracene,” pentacene,5 benzophe-
none,® carotenoids,”® conjugated polymers,” 5,12-diphenylte-
tracene (DPT),'® and rubrene.

Michl and co-workers have explored the energy level
matching conditions of SF. First of all, the energy of singlet
excited state (E(S;)) must be equal or greater than the twice of
the energy of the triplet excited state (2E(T;)) to ensure that
the splitting of a singlet exciton into two triplet excitons is
thermodynamically possible.l’12 The energy difference (2E(T,)
— E(S,)), called thermodynamic driving force (AEgy) for SF, is
regarded strongly impacting the SF yield. Usually, an slight
exoergic value for AEg is desirable for a high yield of SF
because the SF process must compete effectively with radiative
and nonradiative deactivation pathways, but excessive exoer-
gicity would waste much energy and loss of solar cell
efficiency.”® Second, in order to suppress the recombination
process of triplet excitons, the energy of the second triplet state
(E(T,)) should be equal or greater than 2E(T,).""* It is also
expected that T, should lie above S; to reduce the possibility of
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Thermodynamic driving force for SF

undesired fast intersystem crossing (ISC) from S, into the
triplet manifold.">

Two kinds of compounds, alternate hydrocarbons and
diradicaloids, have been proposed to be suitable for SF
investigation.l’12 Among them, tetracene and pentacene have
been extensively and thoroughly studied because they are
recognized as the most promising compounds for SF due to the
high yields of triplet states.*> However, the annoying problem
is that these acene-based materials degrade easily in the
presence of light and air due to the photooxidation."*"* This
photooxidation, which is commonly found for polycyclic
aromatic hydrocarbons (PAHs), could happen in two ways
(Figure 1):''7 (1) The electron transfer from PAHs to the
triplet oxygen (0,) leads to the formation of cationic
hydrocarbon and highly reactive anionic oxygen, then they
interact with each other causing a degradation of PAHs. (2)
The photoexcited PAHs could change into triplet state through
intersystem crossing and result in highly reactive singlet oxygen

PAH —2Y o pAH* 01 PAH' + Oy
—- 2
(1) \ .
ISC | (2) degradation
302 /
3PAH* —> 1pPAH + 10,

Figure 1. Photooxidation pathways for PAHs: (1) electron transfer (2)
singlet oxygen sensitization.
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Figure 2. Structures of pentacene and nitrogen-containing pentacene derivatives.

('O,) by means of oxygen sensitization. Then, the singlet
oxygen interacts with the PAHs leading to degradation.

Previous investigation for pentacene degradation indicates
that lower energy of the lowest unoccupied molecular orbital
(LUMO) could hinder the photooxidation by reducing the rate
of electron transfer from the photoexcited PAHs to the triplet
oxygen.'® Additionally, the reduction of the triplet energy of
PAHs could prevent 'O, sensitization because singlet oxygen
sensitization requires a larger PAHs triplet excitation ener
than the singlet—triplet energy gap in oxygen (0.98 eV'*?°).
Miller et al. also noticed that lower energy of the highest
occupied molecular orbital (HOMO) could reduce singlet
oxygen sensitization.”’ Though the degradation mechanism is
complicated, low HOMO and LUMO energies and small triplet
excitation energies are expected to be beneficial to increase the
photostability of PAHs."* ™!

Functionalization of organic molecules is used as a strategy to
change the solubility and photostability.”*~>® Miller and co-
workers have studied the photooxidative resistances of a series
of pentacene derivatives as a function of substituents.”' Swager
has proposed that tetracene with halogen substituents could
tune the solubilities in common organic solvents.”” Introduc-
tion of different substitutents can also change the excited-state
energy levels®® and thus tuning the energy difference between
the lowest singlet state and twice the lowest triplet state
(2E(T,) — E(S;)). Substituted acenes have been scrutinized
experimentally and theoretically, but few studies investigated
systematically on singlet fission of heterocyclic derivatives.'>"?
The introduction of heteroatoms offers numbers of oppor-
tunities to influence the molecular electronic and optical
properties, stabilities toward oxygen and light, solubilities in
conventional organic solvents.”” Considering the fact that N-
heteroacenes”®” and thiophene-based materials®® > exhibit
unique and excellent electronic and optical properties, we
choose sp*-hybridized nitrogen-containing tetracene and
pentacene derivatives, as well the thiophene-containing
tetracene and pentacene derivatives as the subject. This study
ignores the intermolecular interactions and just focuses on the
energy diagram of single molecule. The effects of the
introduction, position and number of sp>-hybridized nitrogen
atom and thiophene ring on the energies of frontier molecular
orbitals and excited states were systematically investigated.

B COMPUTATIONAL DETAILS

Density functional theory (DFT) using B3LYP hybrid
functional is widely employed in geometrical optimization
and has produced a vast number of remarkably accurate results
over the past decades.'””®”” So the geometries of all the
studied molecules were optimized by the B3LYP functional
coupled with 6-31G* basis set. The double-{ quality AO basis
set, 6-31G*, is flexible enough to describe the molecular
structures.””*> The vibrational frequencies calculated at the
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same level of theory were employed to testify whether the
optimized structures were stable geometries.

The frontier molecular orbital energies were evaluated at
B3LYP/6-31G* level and the associated HOMO—LUMO gaps
can be obtained. The calculated HOMO—-LUMO gap for
pentacene is 2.211 eV which is in good agreement with the
experimental value, 2.14 eV.>*** When the basis set enlarges
from 6-31G* to 6-311+G**, the calculated results did not show
obvious improvement on accuracy. The overal HOMO—
LUMO gaps are largely independent of the basis set size.”’
Several molecules were chosen randomly to confirm the above
point, and the results are shown in the Supporting Information
(Table S1). Therefore, basis set 6-31G* was finally used in the
calculation of frontier molecular orbital energies.

The geometries of the singlet ground states (S;) and the first
triplet excited states (T;) were optimized at the B3LYP/6-
31G* level of density functional theory (DFT). Using the
relaxed geometries of the corresponding triplet excited states,
we obtained the final estimates for adiabatic triplet excitation
energies. The spin contamination effect on triplet excitation
states is negligibly small because the calculated values of the
spin operator (Sz> are extremely close to 2 (Supporting
Information Table $2).3® Hence, the B3LYP/6-31G* method is
adequate for describing the triplet excited states. The vertical
excitation energies of the first singlet excited states of all the
molecules were calculated by time-dependent density func-
tional theory (TDDFT) at the same level. To get the adiabatic
excitation energies, the geometries of the excited singlet states
were completely optimized with the TDDFT method using
B3LYP functional at 6-31G* level. All the calculations were
performed with Gaussian 09 program package.®” The calculated
energies for S; and T, were used to calculate the
thermodynamic driving force of SF and thus could theoretically
evaluate the singlet fission capability of these molecules based
on the energy criterion. The reliability of our calculations is
confirmed by the consistency between the theoretical and
experimental excitation energies. For example, the computed
vertical excitation energy for pentacene, 1.944 eV (the value
obtained with the triple-{ set is 1.899 eV?), is in excellent
agreement with the corresponding experimental value, 2.14
eV,>** as is known that the TDDFT results often reproduce
excitation energies with around 0.2 eV errors.'®'? The
calculated adiabatic excitation energy of the first triplet state
for pentacene, 0.775 eV, is also very close to the experimental
value, 0.78 eV.'"® Moreover, the computed energy values of
these studied heterocyclic molecules agree well with the
available theoretical data.'”*®*” These results indicate that
the B3LYP/6-31G* method with low computational cost and
high reliability is suitable for rapidly evaluating the energies of
frontier molecular orbitals and excited states, and providing a
qualitative assessment of photooxidative resistances and the SF
efficiency for these series of heterocyclic derivatives.

dx.doi.org/10.1021/jp503114b | J. Phys. Chem. A 2014, 118, 5700—5708
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B RESULTS AND DISCUSSION

All the molecular geometries of the proposed models optimized
at B3LYP/6-31G* level exhibit planar and rigid skeletons. To
clarify the effects of the sp>hybridized nitrogen atom and
thiophene ring on the energies of the frontier molecular orbitals
and excited states of the studied molecules, the calculated
results of tetracene and pentacene without heteroatoms are also
shown.

Nitrogen-Containing Pentacene Derivatives. Stability
Reflected by the Frontier Molecular Orbital Energies. The
molecular structures of these nitrogen-containing derivatives
are shown in Figure S1. They are the results of successive
replacement of C—H groups by nitrogen atoms at different
positions of pentacene. The effects of sp*-hybridized nitrogen
atom on the HOMOs, LUMOs and HOMO-LUMO gaps
were systematically investigated and consequently the stabilities
of the derivatives can be estimated from these data (Table S3).
Figure 2 shows the typical molecules and will be discussed in
detail.

The mononitrogen (1N) substituted derivatives, compounds
1—4, with different substitution positions, J, y, § and a, are
shown in the first row of Figure 2. As shown in Figure 3, the
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Figure 3. HOMO (blue, bottom) and LUMO (red, upper) energies
(eV) of pentacene and monosubstituted nitrogen-containing penta-
cene derivatives with different substitution positions (a, f, y and &)
obtained at the B3LYP/6-31G* level.

introduction of nitrogen atom in pentacene has reduced the
energies of both HOMO and LUMO. Along with the position
of nitrogen atom changes in the sequence of a—d—f—y, the
HOMO energy increases from —4.906 to —4.756 eV.
Meanwhile, the LUMO energy increases gradually in the
sequence of 6—a—p—y. Obviously, introducing nitrogen atom
at a position leads to the lowest HOMO energy among these
four molecules, and the lowest LUMO energy can be obtained
when N-replacement happened at § position. Due to the nearly
same contributions of nitrogen atom to HOMO and LUMO
energies, there is little change of the HOMO—LUMO gaps of
all these four compounds.

Along with the increase on the nitrogen atom numbers in the
pentacene ring, the HOMO (Figure 4a) and LUMO (Figure
4b) energies decrease progressively. Take the series of &-
substituted molecules (1, 5, and 8 in Figure 2) as example. In
comparison with that of monosubstituted 1, the frontier
molecular orbital energies of disubstituted S decrease by 0.266
eV in HOMO and 0.256 eV in LUMO. 8 with four nitrogen
atoms has the lowest HOMO and LUMO energies among
these three compounds, which decreased by 1.213 and 1.016
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Figure 4. HOMO (a) and LUMO (b) energies (eV) (1N, 2N, and 4N
indicate the number of the nitrogen atoms in molecules) of nitrogen-
containing pentacene derivatives with different numbers at @, f, 7, and
0 positions obtained at the B3LYP/6-31G* level.

eV in HOMO and LUMO, respectively, in comparison with
those of pentacene and are three times larger than those of 1.
The same trend is also observed in other series of molecules
(series 2, 6, and 9 or 3, 7, and 10).

Figure 4 also indicates that introducing more nitrogen atoms
could magnify the effects of the substitution position on
frontier molecular orbital energies. For monosubstituted
molecules, J-substituted 1 and f-substituted 3 have almost
the same HOMO and LUMO energies with a small difference
of 0.012 and 0.04 eV. However, for disubstituted compounds,
the difference between LUMOs of § and 7 rises to 0.1 eV. This
has also been supported by the extra high HOMO and LUMO
energies of compound 9. Clearly, the ability of reducing the
frontier molecular orbital energies is roughly in the order a > &
> f# > 7, and the increase on the number of nitrogen atoms will
amplify the effects of nitrogen atoms on reducing the energies
of frontier molecular orbitals.

In general, not only the position but also the number of
nitrogen atoms can significantly influence the frontier orbital
energies and consequently influence the HOMO—-LUMO gaps.
It is well-known that nitrogen atom possesses strong electron-
withdrawing ability,”® so there is no surprise that the
introduction of the sp*-hybridized nitrogen atom could stabilize
the frontier molecular orbitals due to the strong inductive
effect.”® With the increase of the nitrogen atom numbers in
the pentacene ring, the effect of nitrogen atoms on reducing the
energies of HOMO and LUMO became more and more
significant, which may attribute to the accumulated inductive
effects caused by the strong electronegativity of nitrogen
atoms.*®

dx.doi.org/10.1021/jp503114b | J. Phys. Chem. A 2014, 118, 5700—5708
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The calculated linear combination of atomic orbital (LCAO)
coefficients of the HOMO and LUMO for pentacene indicate
that the LCAO coefficients increase in the order y < § < ff <
a.%° Previous works demonstrated that the larger the LCAO
coefficient is, the more the frontier molecular orbitals are
stabilized by the inductive effect.”® Obviously, the HOMO and
LUMO energies of y, ff, and a substituted compounds are
stabilized following this order due to the same increasing order
for the inductive effects. But the J position substituted
compounds show exceptional stabilized HOMO and LUMO
energies, which can be ascribed to the unique electronic nature
of this position.>® The inductive effect caused by the
substituents at this position are also very sensitive to the
nature of the substituents.’*>® Thus, the extra large inductive
effect of the nitrogen atoms at § position is possible.

Thermodynamic Driving Force for SF Yield. For efficient
formation of triplet states by SF, the condition E(S,) > 2E(T,)
should be satisfied to ensure the process of SF slightly exoergic
or at least isoergic. Usually, the value of AEg; (2E(T;) — E(S,))
is applied to evaluate the yield of SF.'* The process of singlet
fission in pentacene crystal is exoergic. The question is how the
introduction of nitrogen atom changes the AEgz. To answer
this question, the E(T;) and E(S,) of these nitrogen hybridized
pentacene derivatives were calculated (Table S4) and the
important results are summarized in Figure S.

1.90

E(S1) /eV

E(T1) /eV

Figure 5. E(S;) (a), E(T,) (b), and AEg; (c) (1IN and 2N indicate the
number of the nitrogen atoms in molecules) of nitrogen-containing
pentacene derivatives with different numbers of nitrogen atoms at a, f3,
7, and O positions obtained at the B3LYP/6-31G* level.
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For y- and f-substituted molecules, 2 and 3, the E(S;) are
similar to that of pentacene (1.802 eV), while the E(T,) are
larger than that of pentacene (0.775 eV), leading to the
inevitable increase of AEg; of 2 and 3 in comparison with that
of pentacene (—0.252 eV). For §- and a-substituted molecules,
1 and 4, the AEg; are also larger than that of parent pentacene,
due to E(T,) increases with a larger extent than E(S;) does.
E(S;) of monosubstituted molecules increases gradually from
1.780 to 1.837 eV (Figure Sa) when the substitution position
changes following the order of 5—y—f—a. E(T,) increases in
the same order from 0.772 to 0.851 eV (Figure Sb). The values
of AEg: (Figure Sc) change follow the order of pentacene <
1(6) < 2(y) < 3(B) < 4(a). Obviously, introduction of nitrogen
atom increases the AEg; of the molecules, but they are still
negative and the SF process in these molecules should be
exoergic. Considering the AEg: of these nitrogen hybridized
compounds are more close to zero than pentacene, the energy
loss due to the SF process should be small. This is favorable for
the application of SF in solar cells."®

For the disubstituted molecules S, 6, and 7, the values of
E(S,), E(T,), and AEg: change follow the same order as the
monosubstituted compounds. However, the differences on
these values between compounds with different substitution
positions have been obviously enlarged, which can be seen
clearly from the increased slopes of the connection lines
between the points in Figure 5. It is worth mentioning that
E(S,) and E(T,) for the disubstituted compounds always
increase with respect to those of the corresponding
monosubstituted compounds except 5. Compound § has a
slight smaller E(T) than 1, which can be ascribed to the subtle
increase of delocalization of frontier orbitals of S, particularly
the LUMO (Figure S2, 1-1 and 5—1). The effects of the
introduction of the second nitrogen atom in these disubstituted
compounds on AEg; are complicated. Only 7 among these
three disubstituted compounds has a larger AEg: than its
counterpart 3. The AEg of both § and 6 are smaller than that
of their counterpart 1 and 2. It seems that there is no necessary
correlation between the larger AEg: and the increase of
nitrogen atoms. This result can also be testified by other data in
Table S4.

Generally, both the position and number, including
substitution patterns (Figure S3) of nitrogen atoms can
significantly influence E(S;) and E(T;), and consequently
influence the AEgg. It is well-known that the origin of the S,
and T, can be reflected by the HOMO and LUMO frontier
molecular orbitals that primarily comprise these states.*® As
shown in Figure S2, introducing nitrogen atoms decreases the
wave function delocalization of frontier orbitals, thus increasing
the E(S,) and E(T,). As a result, AEg; increase because they
are obtained by double E(T;) minus E(S,). Figure S2 also
shows that the electron cloud density reaches a maximum in
the middle ring of pentacene and decreases gradually from the
middle to the terminal. Obviously, the nitrogen atom in the
middle ring has a greater influence on electron cloud density
than that in the terminal ones. This may be the reason why the
E(S;), E(T,) and AEg change follow the order of @ > f§ > y >
0.

The increase of AEgg is beneficial to the SF in compounds
having low E(T;) or much small Sy-T, gaps, because the
increased E(T;) can make twice the Sy-T; gap tend to the S;—
So gap, reducing the waste of energy and improving the solar
cell efficiency.” However, it may be adverse to compounds
having an endoergic singlet fission process (the 2E(T,) is

dx.doi.org/10.1021/jp503114b | J. Phys. Chem. A 2014, 118, 5700—5708
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slightly larger than E(S;)) because the energy deficit (AEg,
2E(T;) — E(S;)) will become larger. This can be testified by
some nitrogen-containing tetracene derivatives (Figure S4—SS,
Table SS in the Supporting Information).

We also investigated the relationships between excited state
energies and HOMO—-LUMO gaps (AE) of nitrogen-
containing pentacene and tetracene derivatives. The correla-
tions of E(S;) and E(T,) with AE are studied by regression
analysis. As shown in Figure 6, there exist good linear

3.0 — Es1) _
T Eh) E(@Ti)= -1.75 + 1,504
— E2T1)
2.4F
>
8 a
> E(S1) = —0.31 + 0. 94AE
w1, 8 z (5
[]
c
wi
1.2
E(T)) = —0.88 + 0. 75AF
(] (] [
2.0 2.4 3.2

2.8
AE/eV

Figure 6. Correlations of E(S;), E(T,), and 2E(T,) with the AE of
nitrogen-containing pentacene and tetracene derivatives.

relationships between E(S;) or E(T;) and AE, with the linear
correlation coefficients (R) of 0.986 and 0.980, respectively.
When AE is smaller than 2.555 eV, E(S,) is larger than 2E(T,),
which means AEgg is negative, and the SF is thermaldynami-
cally favorable. When AE is larger than 2.555 eV, E(S,) is
smaller than 2E(T,;) and SF is thermaldynmically unfavorable.
This is consistent with previous work that the smaller AE is
closely related to larger diradical character, and simultaneously,
smaller AEg;.**

Thiophene-Containing Tetracene and Pentacene
Derivatives. Stability Reflected by the Frontier Molecular
Orbital Energies. The molecular structures of thiophene-
substituted compounds are shown in Figure S6, and some
typical ones are shown in Figure 7. These derivatives can be
divided into two groups. One group contains compounds like
32 with two f positions of thiophene ring connected with
benzene ring (f, B pattern). The other group includes the
compounds like 33, with one a and one fJ position of
thiophene connected with benzene ring (a, f pattern). The
HOMOs and LUMOs, as well as the HOMO—-LUMO gaps of
31-50 are summarized in Table S6.

Compared with tetracene, the HOMO energy of anthra[2,3-
b]thiophene (33) decreases by 0.115 eV, whereas that of
anthra[2,3-c]thiophene (32) increases by more than 0.3 eV
(Figure 8). Oppositely, the LUMO energy of 33 is higher than
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Y| S T 2,582
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% : [ ! | : : : !
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= "7 855 4
= re0 ~4. 801
3 33 Tc 32 40 37 Pc 36

Figure 8. HOMO (blue, bottom) and LUMO (red, upper) energies of
tetracene (Tc), pentacene (Pc) and thiophene-substituted molecules
32, 33, 35, 36, 37, and 40.

that of tetracene, while the LUMO energy of 32 is smaller than
that of tetracene. Hence, the HOMO—-LUMO gap of 33 is
much larger than that of 32. Molecular orbital diagram (Figure
9) reveals that sulfur atom in 33 just makes a contribution to
HOMO, whereas the contribution to LUMO is zero. But in 32,
the sulfur atom contributes only to LUMO and does not to
HOMO. Obviously, the different contribution of sulfur atom to
HOMO and LUMO is the reason for the aforementioned
differences on the frontier molecular orbital energies of 33 and
32. These differences are also observed between the thiophene-
containing pentacene derivatives, tetraceno[2,3-b]thiophene
(37) and tetraceno[2,3-c]thiophene (36), indicating that the
sulfur atom can significantly change the frontier orbital energies
of tetracene and pentacene derivatives (Table S6).

Figure 8 also shows that when the two terminal benzene
rings of tetracene are both replaced by thiophene rings (35, in
both (a, § pattern)), the HOMO energy decreases by 0.126 eV
with respect to that of the one terminal benzene ring replaced
compound 33. Meanwhile, the LUMO energy of 35 increases
by 0.286 eV in comparison with that of 33. Analyzing the
distribution of the frontier molecular orbitals of 33 as shown in
Figure 9, the HOMO of 33 presents an antibonding character
between the carbon and sulfur atoms. 35 with two terminal
thiophene rings has inevitably antibonding character at two
sites, resulting in the relatively low HOMO energy.*> The
additional nodal plane in the LUMO along the long molecular
axis of 35 compared to that of 33 may play an important role in
the increase of LUMO energy.

s = = S
i 0D OO
31 32 33
0 ¢ : - ;
' CIOO0 OO
34 35 36 37

94

39

s

S S
I
40

Figure 7. Structures of thiophene and thiophene-containing tetracene and pentacene derivatives.
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the Supporting Information).

When thiophene ring moves from the terminal, 33, to the
middle, 34, the HOMO energy decreases further to —5.434 eV
and the LUMO energy increases to —1.430 eV (Figure 10).
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Figure 10. HOMO (blue, bottom) and LUMO (red, upper) energies
of thiophene-containing compounds 33, 34, 37, 38, and 39.

Molecule 39, a pentacene derivative contains also a central
thiophene ring, has the lowest HOMO and highest LUMO
energies among the monothiophene ring containing pentacene
derivatives 37—39. Figure 9 shows that the distribution of the
frontier molecular orbitals of 34 and 39 is significantly different
from that of tetracene or pentacene. As previously mentioned,
39 is a structural analogue of pentaphene rather than
pentacene.*” Hence, there have huge changes on frontier
orbital energies.

The calculated results indicate that the introduction of
thiophene ring can change the energies of the frontier
molecular orbitals significantly. Generally, molecules with (f3,
f) connected thiophene ring have smaller HOMO-LUMO
gaps than those of the corresponding acenes due to the
increased HOMO energies and decreased LUMO energies.
However, molecules with («, ) connected thiophene ring have
larger HOMO—-LUMO gaps because the opposite effects on
HOMO and LUMO energies. Previous works have reported
that tetraceno[2,3-b]thiophene is more stable under ambient
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conditions than pentacene which may due to its asymmetrical
structure and lower HOMO energy than that of pentacene.>*
Katz and co-workers have also manifested that anthradithio-
phene (40) displays improved environmental stability toward
oxidation with respect to pentacene.***> For the same reason,
we believe that molecules with relatively low HOMO energies,
like 33, 37, and 40, may be more stable.

Thermodynamic Driving Force for SF. 1t is well-known that
larger diradical character leads to smaller AEg,*** and
diradical characteristic is closely related to the aromatic
characteristics.*’”** Thiophene, a five membered heterocyclic
molecule containing four carbon atoms and one sulfur atom, is
considered to be aromatic because of the significantly
delocalized electron pairs of sulfur on the conjugated =
system.*” Because replacing benzene ring with thiophene ring
could influence the diradical character of molecules,*’ it is
expected that thiophene ring will show large effect on the SF
process. In this section, the energy difference between 2E(T)
and E(S,), which is known as thermodynamic driving force for
SE, is calculated and also used to evaluate the singlet fission
capabilities of these molecules. The calculated excitation
energies of the first excited singlet and the first excited triplet
of the designed molecules are collected in Table S7.

It can be seen in Figure 11 that compounds 31 and 32 meet
the condition: E(S;) > 2E(T;) (AEg: < 0). This indicates that
the introduction of thiophene (connected in (3, § pattern)) has
reduced the AEg;, which is beneficial to singlet fission of
anthracene and tetracene deravitives because the parent
anthracene and tetracene have positive AEg;. The values of
AEg: decrease along with the increase of the number of
benzene rings in series of 31, 32, and 36 due to the expanded
conjugated network.*!

When the connection position of thiophene ring is changed
from (f3, ) pattern to (a, f8) pattern, dramatic changes on AEg
can be observed. For 33 ((a, f3) pattern), the condition E(S,) >
2E(T,) is broken because of the large value of E(T,) (1.543
eV) (Figure 12), therefore, the SF of 33 is thermodynamically
unfavorable. Molecular orbital diagram reveals that sulfur atom
in 33 makes no contribution to LUMO, resulting in the
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Figure 11. Calculated excitation energies and thermodynamic driving
force (eV) for 31, 32, and 36 obtained at B3LYP/6-31G* level.
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Figure 12. Calculated excitation energies and thermodynamic driving
force (eV) for different series of thiophene-introduced molecules
obtained at B3LYP/6-31G* level.

decreased delocalization of electrons. This may be the reason
for the relative large E(T;) of 33. Similarly, significant
difference on AEg; caused by the connection pattern of
thiophene ring has also been observed between 36 and 37. The
AEg: of 36 (thiophene ring connected in (f, ) pattern) is
much smaller than that of 37 (thiophene ring connected in (&,
f) pattern). The large negative AEg; for 36 provides a large
driving force for SF, but also a large energy loss. Therefore, it is
not favorable for the application of SF in solar cells.'"* The
best SF materials for a solar cell should have a small negative
AEgg, which could ensure a thermodynamically favorable SF
and minimize energy loss during SF. It is exciting that the AEg
of 37 is only —0.010 eV which is negative but very close to zero,
and hence meet the requirements of a good SF molecule.
When the thiophene ring was moved from the terminal, 33,
to the middle, 34, both E(S,) and E(T,) increased obviously
(Figure 12). The AEg; of 34 increased by 0.905 eV with respect
to that of 33 (0.421 eV). Molecule 39, a pentacene derivative
containing a central thiophene ring, has the largest E(S,), E(T;)
and AEg in the monothiophene containing compounds 37—
39. According to the previous research, 39 is no longer the
structural analogue of pentacene but an analogue of pentaphene
due to the replacement of middle benzene ring by thiophene.**
Along the axis of a specific direction, the length of conjugated
chain of 39 (pentaphene with 14 carbon atoms) is too short to
meet the basic condition of SF, as is known that the first
condition of an efficient SF is not filled until the 7-system of
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alternant hydrocarbons contains about 20 carbon atoms.'?

Other molecules with thiophene ring connected in the middle
of the molecule have also large positive AEg; and can be
ascribed to the same reason.

It is reported that a small HOMO—LUMO gap (AE) could
enhance the diradical character,*® and the energies of S; and T
could be influenced by the diradical character.*' So we also
investigated the relationships between excited state energies
and AE of thiophene-containing molecules. The correlations of
E(S,) and E(T,) with AE are studied by regression analysis. As
shown in Figure 13, there exist good linear relationships

_—E(S1)
e E (T1)
—E(2T1)

(=2}

E(2T1)= -2.25 + 1.71AE

R E(S1)= -0.18 + 0.91AE

=N

Energy/eV
N

E(T1)= —-1.13 + 0. 85AE

(=}

3
AE/eV
Figure 13. Correlations of E(S;), E(T,), and 2E(T,) with the AE.

between E(S;) or E(T,;) and AE, with the linear correlation
coefficients (R) of 0.997 and 0.956, respectively. From the
slopes of the regression equations, E(S;) increases more rapidly
than E(T,) along with the increase of AE. When AE is smaller
than 2.596 eV, E(S,) is larger than 2E(T,), which means AEg
is negative, and the SF is thermodynamically favorable. When
AE is larger than 2.596 €V, E(S,) is smaller than 2E(T) and SF
is thermodynamically unfavorable. This is consistent with
previous work that the smaller AE is closely related to larger
diradical character, and simultaneously, smaller AEgg.***'

In conclusion, the introduction of thiophene ring can
strongly affect the excited state energies of S, and T, due to
the large effect on electron delocalization in the conjugated 7
system. For fused benzene-thiophene structures, thiophene ring
in (B, B) connection pattern could give full play to its ability of
delocalization, thus improving the diradical character of
molecules and finally improving the thermodynamic driving
force of singlet fission. However, thiophene ring in (a, f)
connection pattern can dramatically increase the AEg; and lead
to an_ 7endothermic SE. This is consistent with the previous
work.

B CONCLUSIONS

A number of sp>-hybridized nitrogen-substituted pentacene
derivatives and thiophene-fused acenes have been investigated
theoretically to elucidate the effects of heteroatoms of tetracene
and pentacene rings on their stabilities and singlet fission
abilities. Introducing nitrogen atom helps to decrease the
frontier orbital energies, especially when the N-replacement
happened at a and 6 positions. The HOMO and LUMO
energies continuously decrease with the increase of nitrogen
atoms. The introduction of sp*-hybridized nitrogen atoms can
also effectively increase the AEg:. For the molecules with an
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exothermic SF, such as pentacene, this increase of AEg; will
reduce the energy loss of singlet fission, and therefore, it is
favorable for the application of SF in solar cells. However, for
the molecules with an endothermic SF, such as tetracene, this
increase on AEg; will lead to a thermodynamically unfavorable
SF.

For fused benzene-thiophene molecules, the frontier orbital
energies and the excited energies are largely influenced by
position, number, and connection patterns ((@, ) and (5, f))
of thiophene ring. Thiophene ring condensed with benzene
ring in (@, f§) pattern usually decreases the HOMO energy and
increases the LUMO energy, resulting in a large HOMO—
LUMO gap and positive AEg;, which is harmful for SF.
However, thiophene ring condensed with benzene ring in (3,
) connection pattern usually increases the HOMO energy and
decreases the LUMO energy, resulting in a small HOMO—
LUMO gap. This connection pattern could also enhance the
diradical character of molecules and benefit the SF process. 37
which has already been synthesized** may be the best candidate
for SF due to the high solubility, stability and high SF efficiency.
32 and 36 with high diradical characters need further
modification due to the small T, values'>*' and instabilities.
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