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Higher acenes have drawn much attention as promising organic
semiconductors with versatile electronic properties. However, the
nature of their ground state and electronic excited states is still not
fully clear. Their unusual chemical reactivity and instability are the
main obstacles for experimental studies, and the potentially
prominent diradical character, which might require a multireference description in such large systems, hinders theoretical investigations. Here, we provide a detailed answer with the particle–
particle random-phase approximation calculation. The 1Ag ground
states of acenes up to decacene are on the closed-shell side of the
diradical continuum, whereas the ground state of undecacene and
dodecacene tilts more to the open-shell side with a growing polyradical character. The ground state of all acenes has covalent nature with respect to both short and long axes. The lowest triplet
state 3B2u is always above the singlet ground state even though
the energy gap could be vanishingly small in the polyacene limit.
The bright singlet excited state 1B2u is a zwitterionic state to the
short axis. The excited 1Ag state gradually switches from a doubleexcitation state to another zwitterionic state to the short axis, but
always keeps its covalent nature to the long axis. An energy crossing between the 1B2u and excited 1Ag states happens between
hexacene and heptacene. Further energetic consideration suggests
that higher acenes are likely to undergo singlet fission with a low
photovoltaic efficiency; however, the efficiency might be improved
if a singlet fission into multiple triplets could be achieved.
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rganic semiconductors can potentially replace their conventional inorganic counterparts with less manufacturing cost and
more flexibility over a large but light substrate. They have been
widely used in organic light-emitting diodes (OLEDs), organic
field-effect transistors (OFETs), and organic photovoltaic cells
(OPVs). Some of the organic semiconductors are able to undergo
singlet fission, a multiexciton generation process which may dramatically increase solar cell efficiency. Acenes (Fig. 1) and their
derivatives are a typical organic semiconductor material that is
being intensively studied (1–4). With the increase of the oligomer
length, the acenes display a rapid evolution of electronic structure
and molecular properties, which greatly attracts the scientific
community. The smallest naphthalene (2) and anthracene (3) are
stable species that can be isolated from coal or petroleum resources. They are widely used as basic synthetic blocks (5, 6). The
larger tetracene (4) and pentacene (5) are promising organic
semiconductors and have been applied as OFETs (7–17) thanks to
a low vibrational reorganization energy and therefore a high
hole mobility (18). Many of the derivatives of 4 and 5 are good
candidates for OLEDs (19–22). Recently, with a growing interest
in solar energy and solar cells, 4 and 5 have also been made into
OPV devices (23–27). Furthermore, 3–5 have been shown to be
able to undergo singlet fission (28–33) (1M* + 1M → 2 3M*),
which in principle can raise the efficiency limit of a solar cell to
more than 40% (34, 35) by converting one high-energy singlet
exciton to two spatially separated lower-energy triplet excitons.
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Higher acenes with more than five linearly fused benzene rings
are believed to possess more tempting electronic structure and
molecular properties (3, 4, 36). However, the instability of the
higher acenes remains a main obstacle to experimental research.
Even though the synthesis of hexacene (6) was reported more
than 70 y ago (37, 38), a scheme that is easy to reproduce was not
achieved until 2007 through a photochemical process in a polymer matrix, which helps retain the highly reactive product 6 (39).
Similar schemes were also successfully applied to the synthesis of
three even less stable species—heptacene (7) (40), octacene (8),
and nonacene (9) (41). Although the synthesis of decacene (10)
and undecacene (11) with 10 or more fused-benzene rings will be
more challenging and has not yet been achieved, the exploration
of higher acenes and their derivatives continues unabated.
In contrast to these fruitful experimental studies, there are
relatively fewer systematic theoretical studies on higher acenes.
The nature of the ground state of higher acenes still remains
controversial. Is the ground state a triplet, a closed-shell singlet, or
an open-shell singlet? How significant is the diradical character?
What is the singlet–triplet (ST) gap limit for polyacene? The
answer to these questions concerns the molecular properties of
higher acenes, and it is an important challenge, particularly in the
absence of accurate experimental characterization. Unfortunately,
the large system size of higher acenes hinders the use of many
accurate but expensive theoretical tools. Empirical or semiempirical studies (42–47) are inexpensive but also less accurate, and
therefore seem to be less widely accepted. One of the most acknowledged theoretical predictions, up to now, is based on the
unrestricted density-functional theory (UDFT) calculation performed more than 10 y ago (48). However, it is widely known that
the utilization of broken-symmetry calculation is a limitation and
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Structure of acenes in one Kekule resonance form.

the breaking of spin symmetry is unphysical. Therefore, the broken-symmetry determinant of UDFT contains limited information
of the entire many-electron wave function, and it may not describe
the nature of the ground state. In the past 10 y, some accurate but
relatively inexpensive theories have been developed and applied
to higher acenes (49–57). Among them, the most widely accepted
one seems to be the density matrix renormalization group method
in combination with the complete active-space configuration interaction theory (49). It provided valuable insights into the ground
state of higher acenes with a natural orbital analysis. Nonetheless,
the computation is still demanding, and acenes longer than 6 were
computed with the minimal basis set, which leads to uncertainty to
the overall quantitative accuracy.
The ground state is already difficult to describe, let alone the
more challenging excited states (58–63). As a result of a “charge
separation in disguise” (61, 64), time-dependent density functional
theory (TDDFT) is known to greatly underestimate the 1B2u excitation (65, 66), which is the lowest bright excitation for acenes
longer than 2, and is characterized by one electron promoted from
the highest occupied molecular orbital to the lowest unoccupied
molecular orbital (HOMO→LUMO). Moreover, because of a
double-excitation nature, the description of the dark 1Ag state is
completely unattainable by the commonly used adiabatic TDDFT
(67–71). Unfortunately, this dark state is particularly important to
researchers as it has been proposed as a crucial intermediate in
the process of singlet fission (33). Only some expensive multireference methods (32, 33, 72–74) have hitherto been applied to
describe this 1Ag state for small acenes, but these methods are
not feasible for higher acenes because of the computational cost.
Very recently, the DFT-based multireference configuration interaction method (DFT/MRCI) has been applied to the excited
states of higher acenes up to 9 and achieved good accuracy (63).
However, only the lowest few bright excited states were investigated
and the bonding nature of those states was not fully elaborated.
In this work, we provide both qualitative and quantitative
descriptions on the nature of the ground and electronic excited
states of higher acenes. The quantitative calculation is based
on the particle–particle random-phase approximation (pp-RPA).

Results
ST Energy Gap. We here refer to the ST energy gap as the transition

energy from the lowest 1Ag to the lowest 3B2u state (ET–ES). We use
optimized geometries for the neutral N-electron molecule obtained
with the B3LYP function with the 6-31G* basis set (B3LYP/6-31G*).
Three set of geometries are used, which are optimized by restricted
singlet (R), unrestricted singlet (U), and unrestricted triplet (T), respectively. Table 1 shows the results from the pp-RPA calculation
with the B3LYP functional and the double-ζ correlation consistent
basis set (pp-RPA-B3LYP/cc-pVDZ). We predict the ground state
of higher acenes to be singlet rather than triplet, and it is so even at
the optimized geometry for the neutral triplet state (T geo). This
agrees with many recent predictions (46, 48–52, 55, 89). With the
increase of the acene size, the ST gap decreases. Compared with
experimental data, our theoretical predictions consistently overestimate ST gaps by around 0.15 eV at geometries optimized by
restricted singlet (R geo) while underestimating them at T geo. This
is probably because the experimental data are possibly closer to
adiabatic gaps whereas theoretical predictions are for vertical gaps at
a fixed geometry. Therefore, these two prediction series at R and T
geometries are expected to provide the upper and lower bounds for
the adiabatic ST gaps. We fit the two series with the simple exponential decay formula (E = ae−n=b + c) and plot the result in Fig. 2.
The predicted gap limit is between 0.0 and 0.1 eV, which is still
positive but vanishingly small. This small ST gap also indicates a
probable diradical or polyradical nature for higher acenes, which

Table 1. Excitation energy (in electron volts) of 3B2u state
Acene
pp-RPA@R
pp-RPA@U
pp-RPA@T
Experiment

2

3

4

5

6

7

8

9

10

11

12

2.87
2.87
1.99
2.65*

1.98
1.98
1.35
1.87†

1.39
1.39
0.90
1.27‡

0.98
0.98
0.59
0.86§

0.70
0.66
0.39
—

0.51
0.39
0.25
—

0.37
0.23
0.17
—

0.28
0.15
0.12
—

0.22
0.11
0.09
—

0.18
0.11
0.09
—

0.16
0.13
0.11
—

—, Data not available from literature.
*Ref. 117.
†
Ref. 118.
‡
Ref. 119.
§
Ref. 120.
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Fig. 1.

This method was recently introduced to quantum chemistry to
calculate the correlation energy of a ground state in combination
with both Hartree–Fock (HF) theory and DFT (75–80). It was later
further extended to describing excitations (81–84). For excited
states calculation, it starts from a two-electron deficient (N−2)
system described with DFT correlation, then recovers a series of
neutral states by adding back two explicitly correlated electrons. It
describes the ground state and electronic excited states on the same
footing. In practice, even though it intrinsically misses non-HOMO
excitations, the pp-RPA has been demonstrated to be able to solve
such greatly challenging problems as double excitations, Rydberg
excitations, charge-transfer excitations, ST gaps for diradical systems, as well as regular HOMO-dominated single excitations (81,
83, 85, 86). According to the benchmark studies (83, 85), the Becke3–Lee–Yang–Parr (B3LYP) functional generally provides an N−2
reference that gives rise to reliable pp-RPA excitation energies and
has fewer convergence difficulties. In contrast, the HF functional
often yields larger error whereas the Perdew–Burke–Ernzerhof
functional frequently encounters N−2 convergence problems.
Therefore, in this work, we use pp-RPA-B3LYP for quantitative
analysis. Our qualitative analysis is based on the homosymmetric
diradical discussion by Salem and Rowland (87). For a simple
analogy, we use the simplest stretched H2 diradical model, as in
existing literature (88). Although these qualitative analysis techniques can be found in decades-old papers, we here present them
to aid our analysis of higher acenes. At the end of the paper, the
feasibility of undergoing singlet fission for higher acenes is briefly
discussed purely from an energetic perspective.

Fig. 2. Vertical triplet excitation energy from pp-RPA for acenes with restricted singlet geometry (R), unrestricted singlet geometry (U), and triplet
geometry (T). The R and T series approximately provide upper and lower
bounds for the adiabatic ST gaps. The U series first coincides with R and then
differs from R starting from 6. Because the U − R difference is an essential
discontinuity for the U series, it is fitted starting from 6. The constant term in
the exponential fit provides the limit for polyacenes. The predicted ST gap in
the limit is vanishingly small and is about 0.0–0.1 eV.

we will discuss more in Singlet Ground State in the Diradical
Continuum.
The ST gaps at geometries optimized by unrestricted singlet
(U geo) are also plotted. It can be seen that they first coincide
with R results and later resemble T results. Therefore, their ST
gap decreases much faster. Because there is an essential discontinuity between the shorter acenes where U converges to R and
the longer ones where it gives different results, we perform the
exponential extrapolation for acenes starting from 6, whose U
result begins to differ from R result. The gap limit is also vanishingly small between 0.0 and 0.1eV. It should be noted that if
we adopt the whole U series for extrapolation, the gap limit is
−0.02 eV. We expect it to be unphysically too low due to the
discontinuity. This phenomenon is similar to the dissociation of
H2, in which there is a break in the slope at a critical bond length
with unrestricted Hartree–Fock (UHF).
It is also worth noting that after removing the two outermost
electrons, many diradical systems become closed-shell dications
that can be well described by restricted DFT. The stable dication
species can be perceived as a frozen core that makes a limited
contribution to the dynamic correlations on both ground states
and excited states. Acenes have been known to be such kind of
molecules with stable dications (90). Because pp-RPA starts with
a DFT calculation on this N−2 system, its overall accuracy
benefits from the stability of acene dications.
Singlet Ground State in the Diradical Continuum. For a diradical
system, besides the ST gap, the energy gap between the openshell singlet and closed-shell singlet is also important. In the
acene case, this question is the same as whether the ground state
is open-shell or closed-shell because the ground state has already
mostly been predicted to be singlet.
Chemists normally define open-shell and closed-shell with the
help of molecular orbitals (MOs), because many chemical species
can be approximately described by a single Slater determinant based
on MOs. If two outermost electrons with opposite spins occupy the
same MO, it is a closed-shell singlet; if they form a singlet but occupy different MOs, it is an open-shell singlet. Our study on acenes
starts with this definition. Nonetheless, it should also be noted that
this intuitive single-determinant picture collapses when a system has
strong static correlation and therefore needs multireference for an
E5100 | www.pnas.org/cgi/doi/10.1073/pnas.1606021113

accurate description. Many diradicals are such kind of systems. The
multireference character, which may be reflected by the contribution from the dominant configuration in a configuration interaction (CI) manner, can work as an indicator of the diradical
character. Using pp-RPA, which seamlessly combines DFT with
the wave-function–based CI (85), we are able to analyze the diradical
character of higher acenes.
The dominant configuration contribution (DCC) of a state,
which we define as the square of the largest number in its corresponding pp-RPA matrix eigenvector, works as the indicator of
the multireference character. The larger the DCC, the less the
multireference character, and the more likely that this state can
be well described with a single reference. The DCCs for acenes
at different geometries are plotted in Fig. 3. For the first acene 2,
the single reference picture is completely valid because the
dominant configuration with two electrons occupying HOMO
contributes more than 99% to the ground state. The remaining
contributions mainly come from the one with two electrons occupying LUMO rather than HOMO. With this 99% DCC, we
assign the ground state of 2 to be an almost pure closed-shell
singlet. As the acene fuses more benzene rings, the DCC gradually decreases. With the R geometries, it drops from 99% for 2,
to 95% for 8, to 90% for 10, and eventually to 75% for dodecane
(12) at an accelerating speed. Nonetheless, all of them keep the
Ag symmetry. For the same acene, with a different geometry, the
DCC for R is larger than that for T, and the result for U mostly
lies in between, although it may finally cross over T for 11 and 12.
Among all of the cases, the smallest DCC happens to the U
geometry for 12, where it is only 42% and almost the same as the
weight of the second dominant configuration, with the remaining
16% contribution coming from other configurations.
With a gradually decreasing DCC, the assignment of closedshell and open-shell becomes tricky, so let us first consider the
two-orbital diradical model (87). The extreme case is that the
DCC is 50%, with the two electrons occupying HOMO having

Fig. 3. First (two outermost electrons both added to HOMO) and second
(two outermost electrons both added to LUMO) dominant configurations of
the ground state for acenes with restricted singlet geometry (R), unrestricted
singlet geometry (U), and triplet geometry (T). The contribution from the first
DCC decreases with the increasing size of acenes, but up to 10 it is always
larger than 0.75, which suggests that these acenes lie more on the closed-shell
side. The DCC is higher with an R geometry than with a T geometry. The results
from U geometry mostly lie in and shift from close to R to close to T, indicating
a spin-symmetry broken solution. The U series finally crosses the T series and
displays an almost full diradical character with similar contributions from the
first and second DCCs. Meanwhile, the total contribution from the first two
DCCs gradually decreases, suggesting the beginning of a polyradical nature.
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HOMO-1 and LUMO+1 that will be discussed in Doubly Excited
Ag State. For the current ground-state discussion, we can simply
focus on HOMO and LUMO because, as is shown above, the
HOMO pair and LUMO pair configurations have largest weight
up to 12. The transformed orbitals for HOMO and LUMO localize on either edge of the acene molecules, and the more
fused-benzene rings, the more separated they are. Note how
similar they are to the SOMOs in the existing literature (48). We
can roughly think of the ring-fusing process of acenes having the
same effects as the stretching process of H2, although the fusing is
on the long axis whereas the orbital localization is with respect to
the perpendicular short axis. If the ground state of an acene is
completely dominated by the HOMO pair configuration, for example, 2 at R geometry, it is without doubt a closed-shell species; if
nearly half contribution comes from the HOMO pair and the other
half from the LUMO pair, for example, 12 at U geometry, then it is
open-shell and almost a full diradical. The remaining cases in between are in the diradical continuum. The ground state of 10 at its
U and T geometries and the ground state of 12 at R geometry have
a DCC around 75%, and they roughly lie in the middle of the
continuum. Because we already know the ground state is singlet
rather than triplet, the R and U geometries should be closer to the
true ground-state geometry than T geo. Between the R and U, because we find the ground states for acenes up to 10 have more
closed-shell character, and the U calculation was more and more
contaminated by the triplet state, we believe the R geo is more reliable for these acenes. For 11 and 12, because more and more
diradical and even polyradical character are added, we expect the
true geometry is somewhere between U and R results, with a
ground-state nature more and more to the open-shell.
Note that we use DCC based on a molecular orbital picture for
the N−2 system to describe the diradical character. This is unique
for pp-RPA. Because of the potential strong static correlation in

Fig. 4. Shape of delocalized frontier molecular orbitals (A and B) and localized transformed atomic-like orbitals (a and b) for H2 at equilibrium geometry (A) and stretched geometry (B). Note the decreasing spatial overlap
between a and b.

equal contribution to the configuration with the two electrons
occupying LUMO. Note that the assignment of HOMO and
LUMO is not so important in this case because they could in
principle be degenerate. We simply call these two configurations
“HOMO pair” and “LUMO pair,” respectively. If we write the
two MOs as A and B, the singlet ground state can be denoted as

1  
 ,
pﬃﬃﬃ j AA
− jBB
2

[1]

with opposite signs in front of the two configurations. Viewing
from the valence bond perspective and
pﬃﬃﬃ performing thepfollowing
ﬃﬃﬃ
unitary orbital transformation a = 1= 2ðA + BÞ, b = 1= 2ðA − BÞ,
we can rewrite Eq. 1 as

1  
pﬃﬃﬃ jab − jab .
2

[2]

The stretched H2 at the stretched limit is the simplest case in this
model and the shapes of its transformed orbitals a and b during
the stretch process are plotted in Fig. 4 together with the original
MOs A and B. It can been seen that a mostly localizes on one atom
of the molecule while b localizes on the other, and the longer the
bond stretches, the more localized these transformed orbitals are
and the less overlap they have. Note that the shape of the transformed orbitals look like the singly occupied molecular orbitals
(SOMOs) obtained from UDFT, which gives correct energy curve
for H2 stretched limit. For this extreme case, usually we no longer
define “open-shell” or “closed-shell” in terms of the completely
delocalized MOs A and B. Instead, we focus on the spatially localized atomic-like orbitals a and b. Because the two electrons separately occupy a and b and get spatially disconnected, it is open-shell.
 with nearly 100% DCC are
Therefore, most molecules (jAAi)
closed-shell and
have
“regular
covalent”
nature, whereas extreme
pﬃﬃﬃ
 − jBBiÞ)
 with 50% DCC are open-shell and
diradicals (1= 2ðjAAi
have “diradical covalent” nature. (In valence bond theory, regular
covalent has half ionic contribution whereas diradical covalent is
purely covalent.) Those cases in between lie in the transitional region which in this paper we call the “diradical continuum.” In the
diradical continuum, it becomes meaningless to strictly label a species with open-shell or closed-shell, but here we can provide a
qualitative distinction: if we set 75% DCC as the middle of the
continuum, then those cases with more than 75% DCC are on the
closed-shell side while those with less are on the open-shell side.
The case for acenes is highly similar, although slightly more
complicated because more orbitals rather than only two may be
involved. The HOMO and LUMO orbitals and their transformed
orbitals are plotted in Fig. 5 for 6 (also see SI Appendix, Fig. S2 for
11 with odd number of benzene rings). There are also plots for
Yang et al.

Fig. 5. Shape of delocalized MOs and transformed localized orbitals for 6.
All orbitals involved are π-orbitals. The HOMO is in fact LUMO for the N−2
reference, and it has au symmetry. The LUMO (LUMO+1 for N−2) has b2g
symmetry. Adding or subtracting HOMO and LUMO makes two localized
orbitals along the short axis. The HOMO−1 (HOMO for N−2) has b3g symmetry and LUMO+1 (LUMO+2 for N−2) has b1u symmetry and adding or
subtracting them also makes two localized orbitals along the short axis. The
HOMO and HOMO−1 can make localized orbital pairs along the long axis
and same for LUMO and LUMO+1.
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neutral diradical systems, previously the natural orbital occupation
analysis in combination with complete active space theory (49) or
projected HF (53) has been used. These are wave-function–based
methods and provide useful information of the ground-state wave
function. However, the natural orbital analysis is less intuitive than
MO analysis, and moreover it is considered to assign too much
diradical character to the closed-shell 2 (49, 50). In contrast, the
molecular orbital based on Kohn–Sham DFT is more intuitive and
has been argued to be very suitable for qualitative chemical applications (91–93). Although, strictly speaking, the transitional
amplitude of pp-RPA only describes the pairing density response
to a pairing field (82), it can also be perceived that pp-RPA
combines seamlessly a DFT description of the N−2 core electrons
and a CI wave-function description of the outermost two electrons. It is thus possible to use molecular orbitals to reveal the
nature of an excitation. This is similar in spirit to the well-known
TDDFT, whose transitional amplitude only describes a density
response to an external potential but is also used to explain the
nature of an excitation based on a Kohn–Sham MO (94). Furthermore, unlike the natural orbital analysis, the nearly closedshell description of 2 by pp-RPA agrees well with the generally
accepted consensus. Therefore, the DCC descriptor based on the
MO picture of the two-electron deficient system should be reliable
in describing the diradical character.
What will the ground state be for even higher acenes beyond 12?
First, although in this work the optimized geometries for acenes up
to 12 all collapse to the D2h point group, it does not necessarily
mean that it will always keep such a high symmetry without any
Jahn–Teller distortion or Peierls distortion as the number of benzene rings becomes even larger. In fact, some existing literature has
already pointed out the possibility (95). Second, even if we assume
the absence of the distortion and trust a geometry with D2h symmetry, from Fig. 3, we can see that the DCC later decreases very
rapidly even at the R geometry, and meanwhile the total weight of
the first two dominant configurations (HOMO pair and LUMO
pair) decreases while the weight of the LUMO+1 pair increases.
Usually the emergence of the LUMO+1 pair correlates with the
breaking of the HOMO−1 pair, which is therefore an indirect sign
for a polyradical character. Although for 11 and 12 we conclude
the ground state might be more on the open-shell side of the
diradical continuum, we also find that for 12, the contribution
from configurations other than the first two dominant ones has
already been above 15% with the U geometry, suggesting an
emerging polyradical character. Note that this polyradical nature
was also observed by natural orbital analysis (49, 53, 54), and was
claimed to emerge as early as 8 (54), but based on our analysis it
does not show up until 11 and 12. We anticipate the ground state
of even higher acenes will possess even more polyradical charac-

ter. With more and more polyradical character, it also becomes
more and more challenging for current pp-RPA, because the
pp-RPA assumes the electron pair occupying HOMO−1 will not
break and therefore only explicitly correlates the two outermost
electrons. In these cases, a multiconfiguration method that is able
to excite even lower electrons is required.
Before we finish up our discussion on the ground state of higher
acenes, we want to discuss UDFT calculations, which currently
seem to be widely accepted. If we calculate using UHF or UDFT
for both H2 and acenes, at some point in the diradical continuum
we will observe the energy deviation from the restricted theory.
The orbitals obtained become two SOMOs and their shape resembles the transformed orbitals (45, 48). Although the energy
from UHF or UDFT is usually more accurate than RHF or
RDFT, the broken-spin-symmetry solution of UHF or UDFT does
not lead to a correct wave-function description nor to a conclusion
that the ground state has already become an open-shell singlet.
According to the basic quantum mechanics, the spin symmetry
broken under a spin-symmetric Hamiltonian is unphysical and
there should not be any localized net spins without any perturbative observations. This deviation between unrestricted and restricted calculations simply raises a concern for those methods
based on a single reference without considering static correlation.
In this case, to achieve both accurate energy and meaningful wave
function that describes the degree of the diradical character, one
should refer to methods with a reference state maintaining proper
spin symmetry, which usually means a multireference-based method,
rather than literally interpreting the UDFT determinants. This
statement should also apply to many current research projects
concerning graphene fragments and spins on graphene edges.
Lowest Bright Singlet Excitation. We next look into the vertical excitations. For acenes longer than 2, the singlet HOMO→LUMO
excitation is the lowest bright singlet excitation. Considering the
symmetry of the orbitals involved, this excitation can be denoted as
1
B2u. In addition, it is also widely known as the “p band” or “La
excitation” (1, 96). The excitation energies for this state are listed in
Table 2 and plotted in Fig. 6. With the increasing number of benzene rings, as expected, there is a decreasing trend for the excitation
energy. Note that because acenes up to 10 are more on the closedshell side, the results at R geometry should be more reliable, and
those with U and T geometry may underestimate the excitation. For
11 and 12, the values at all three geometries are fairly close. There
have been many studies on this excitation for acenes up to 6, both
experimentally and theoretically (33, 39, 58–66, 72–74, 97–104). For
these acenes, except for 2, in which the pp-RPA overestimates the
excitation energy by 0.3 eV, our predictions match well with experiments, and the deviation is mostly within 0.05 eV. This small

Table 2. Excitation energy (in electron volts) of 1B2u state
Acene
pp-RPA@R
pp-RPA@U
pp-RPA@T
CC2*
DFT-MRCI
Experiment

2

3

4

5

6

4.97
4.97
4.30
4.88
4.66†
4.66§

3.65
3.65
3.18
3.69
3.51†
3.60§

2.82
2.82
2.46
2.90
2.74†
2.88§

2.26
2.26
1.98
2.35
2.22†, 2.16‡
2.37§, 2.3¶, 2.21#, 2.22k

1.86
1.83
1.64
1.95
1.85†, 1.80‡
1.89#, 1.80**, 1.85††

7

8

9

10

11

12

—
1.57‡
1.50‡‡, 1.70#

1.36
1.26
1.23
1.43
1.44†, 1.43‡
1.54§§

1.20
1.12
1.11
—
1.34‡
1.43§§

1.08
1.02
1.02
—
—
—

0.99
0.96
0.96
—
—
—

0.93
0.94
0.93
—
—
—

1.58
1.49
1.40

—, Data not available from literature.
*CC2/cc-pVTZ result from ref. 65.
†
Ref. 73.
‡
Ref. 63.
§
Refs. 65, 99.
¶
Ref. 104.
#
Ref. 101.
k
Ref. 102.
**Ref. 103.
††
Ref. 39.
‡‡
Ref. 40.
§§
Ref. 41.
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Salem and Rowland (87) call this state a zwitterionic state. Because the transformed orbitals a and b localize on the two opposite
edges, there is a “hidden charge separation”—if we look at only
one particular configuration, there is charge transfer, but if we look
at the two together, there is no net charge transfer, nor any spin
separation. It is worth noting that this orbital rotation trick to unveil
the hidden charge separation has been used to explain the failure of
TDDFT in describing this state (61). Because we previously made
an analogy to the H2 stretch process, here we just make one more
comment on this resemblance. This excitation is similar to the ionic
state reached as a result of “charge transfer” or “charge separation”
excitation in stretched H2. For stretched H2, DFT and TDDFT fail
to describe the ground state and this excited state (105–107)
whereas the pp-RPA is exact with a special reference named HF*
(81). Therefore, it is no wonder that pp-RPA is also able to describe
this 1B2u state for acenes.

Fig. 6. Vertical excitation energy of 1B2u state for acenes with restricted
singlet geometry (R), unrestricted singlet geometry (U), and triplet geometry
(T). Because the ground states up to 10 are all closer to the closed-shell side,
the R series provides a more reliable prediction, whereas for 11 and 12, all
geometries give similar results. The T series provides smaller numbers than
the R series. The U series first coincides with R and later approaches T. Based
on exponential decay fitting, the predicted polyacene limit of this vertical
excitation is around 0.85 eV.

error is in sharp contrast with TDDFT, which underestimates the
excitation energy by 0.4–0.5 eV with the same B3LYP functional
(65). For higher acenes, we predict the excitation energy to be 1.58,
1.36, 1.20, 1.08, 0.96–0.99, and 0.93–0.94 eV for 7, 8, 9, 10, 11, and
12, respectively. We notice that some experimental data have been
available for 7, 8, and 9 in polymer matrix or inert gas matrix
(40, 41, 101), and there has been a fairly accurate DFT/MRCI
study (63). It seems that our predictions might be slightly too low
( ≈ 0.2 eV) for these higher acenes. However, now we are not sure
of the reason, because both experimental and theoretical studies
are at a rather preliminary stage. Relying on our current data, we
perform the exponential fitting and predict the excitation energy for
this state at the polyacene limit is around 0.85 eV.
The nature of the 1B2u state is less controversial than the
ground state. This excitation is dominated by one electron excited from HOMO to LUMO, together with a small contribution
from higher single excitation and even double excitations that
can be neglected for acenes up to 12. The dominant nature of
this state can be denoted as

1      1  
pﬃﬃﬃ jAB
− jAB = pﬃﬃﬃ jaa − jbb .
2
2

[3]

acenes is an even more challenging problem. To measure the
excitation energies, experimentalists usually need to conduct
nonlinear optics experiments with a two-photon process involved.
For theoreticians, we can no longer perform the inexpensive
adiabatic TDDFT calculation because it cannot capture double
excitations (67–71). Fortunately, along with some expensive
methods, the pp-RPA can handle well those double excitations
excited from HOMO (81). The excitation energies for the lowest
doubly excited state (1Ag) are listed in Table 3 and plotted in Fig. 7.
The molecule 5 is the one that has been studied most. Among those
existing studies, considering the level of theory as well the basis
set, the complete active space second-order perturbation theory on top of a state-averaged 14-electron and 14-orbital active
space calculation with the triple-ζ ANO-L basis set [CASPT2/
SA-CASSCF(14,14)/ANO-L-VTZP] should be the most accurate (72). Our prediction (2.74 eV) agrees well with its value
(2.88 eV), whereas DFT-MRCI (58, 73) (2.52 eV) might systematically underestimate this whole 1Ag series. The energy of this
excitation also decreases with the size of the acene; however, it
decreases much faster than the 1B2u excitation. In 2 and 3, 1Ag is
over 1 eV higher than 1B2u, whereas it becomes 0.4 eV lower in 10
and 0.6 eV lower in 12. From our calculation, the order switch occurs between 6 and 7, which is in accordance with a previous DFTMRCI study (73). For 5, the doubly excited state 1Ag is about 0.5 eV
higher than the singly excited 1B2u; therefore, it is not quite likely
that this doubly excited state would be involved in its singlet fission
process (33). However, we do not refute the hypothesis that this 1Ag
state might play a role in the singlet fission process for acenes longer
than 6, in which it has become the lowest excited singlet state.
To the best of our knowledge, the nature of the 1Ag state has
not been discussed in detail due to the relatively scant studies.
Here we will continue using the two-orbital diradical model for
discussion.
For a species with barely any diradical character, such as H2
 whereas
near its equilibrium geometry, the ground state is jAAi,

Table 3. Excitation energy (in electron volts) of doubly excited 1Ag state
Acene
pp-RPA@R
pp-RPA@U
pp-RPA@T
DFT-MRCI*
Other

2

3

4

5

6

7

8

9

10

11

12

6.43
6.43
5.31
5.73
—

4.87
4.87
3.94
4.60
—

3.65
3.65
2.92
3.37
—

2.74
2.74
2.17
2.52
1.95†, 2.63‡, 2.88§

2.05
1.99
1.61
1.86
—

1.54
1.36
1.20
—
—

1.14
0.95
0.89
—
—

0.84
0.67
0.67
—
—

0.61
0.48
0.51
—
—

0.43
0.36
0.40
—
—

0.31
0.30
0.33
—
—

—, Data not available from literature.
*Refs. 58, 73.
†
CASPT2(12,12)/cc-pVTZ result from ref. 33.
‡
CASSCF(12π,12e) result from ref. 74.
§
CASPT2/SA-CASSCF (14, 14)/ANO-L-VTZP result from ref. 72.
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Doubly Excited 1Ag State. To describe the double excitations in

Fig. 7. Vertical excitation energy of 1Ag excited state for acenes with restricted singlet geometry (R), unrestricted singlet geometry (U), and triplet
geometry (T). Because the ground states up to 10 are all closer to the closedshell side, the R series provides a more reliable prediction, whereas for 11
and 12, all geometries give similar results. The T series provides smaller
numbers than the R series. The U series first coincides with R, later approaches T, and finally even crosses below T. Based on exponential decay fit,
the predicted polyacene limit of this vertical excitation can be vanishingly
small. However, considering its zwitterionic nature with respect to the short
axis, it should never become the ground state, and the negative limit by R
series is an artifact introduced by extrapolation.

 both of which have “regular
the doubly excited state is jBBi,
covalent” nature.
For a species in the diradical limit, such as the infinitely
stretched H2, as discussed earlier, the ground state is open-shell
with a diradical covalent nature. In contrast, the doubly excited
1
Ag state in the diradical limit is



1   
 = p1ﬃﬃﬃ aai + jbb .
pﬃﬃﬃ AA
+ jBB
2
2

[4]

In the picture of MO theory, it differs from the ground state by
only an opposite sign. Nonetheless, after the orbital transformation
and then using the language of valence bond theory, this state
becomes another zwitterionic state with hidden charge separation.
Thus, it can also be seen as a closed-shell species, and this is in sharp
contrast to the open-shell nature of the ground state.
It is also worth noting that in the diradical limit of the twoorbital model, with no overlap between the transformed
orbitals
pﬃﬃﬃ

a p
and
ﬃﬃﬃ b, the two zwitterionic states 1= 2ðjaai − jbbiÞ and
1= 2ðjaai + jbbiÞ are degenerate. This happens with the stretched
H2, which is dominated by two orbitals.
For those species lying in the diradical continuum, the nature
of their excited 1Ag state lies in between above two extremes, and
gradually shifts from a regular molecular species with more
double-excitation nature to a diradical species with more zwitterionic nature.
The situation for acenes becomes much more complicated than
this model. First, for small acenes, the 1Ag state is not a pure doubly
excited state; it has high excitation energy and combines with some
high single-excitation configurations. It is similar to polyenes, whose
1
Ag state is a mixture of HOMO,HOMO→LUMO,LUMO,
HOMO−1→LUMO, and HOMO→LUMO+1 (108, 109). However, because of the additional symmetry involved along the
short axis of polyacenes, the next singly excited configuration that
has the 1Ag symmetry does not show up until fairly late compared
with polyenes (mostly HOMO→LUMO+4 and also possibly
HOMO−4→LUMO in the B3LYP orbital lineup for the neutral
E5104 | www.pnas.org/cgi/doi/10.1073/pnas.1606021113

polyacene systems). Note here, because of the lack of nonHOMO excitations and therefore not being able to count in the
HOMO−4→LUMO contribution for pp-RPA, our theoretical
predictions on this state for those small acenes might be slightly
overestimated. However, for these small acenes, these problems
can be solved with higher accuracy wave-function methods, and
here we mainly focus on higher acenes.
The contributions to this 1Ag state from different configurations are plotted in Fig. 8. Starting from 5, this state can be
roughly seen as a double-excitation state, with the weight of the
dominant configuration (LUMO pair) being around 75%, while
the weight of its counterpart (HOMO pair) is only about 1%. If
we now simply focus on these two configurations and consider
the two-level diradical model, the higher acenes truly resemble
the stretched H2. With more and more fused-benzene rings,
there is less and less contribution from the LUMO pair configuration, and more and more contribution from the HOMO pair
configuration, which indicates a transition
pﬃﬃﬃ from the doubly
 state to the zwitterionic 1= 2ðja
excited jBBi
ai + jb
biÞ state.
However, this only reveals part of its nature. Unlike the ground
state, in which the HOMO pair and LUMO pair configurations
contribute more than 90%, the total weight of these two configurations is only around 50–70% for this state. Another part of the
contribution comes from the LUMO+1 pair, which stands for a
doubly excited configuration from HOMO to LUMO+1. As the
weight of the LUMO pair decreases, the weight of the LUMO+1
pair also increases, just like the HOMO pair. Chemistry intuition
tells us this correlation probably roots in an intrinsic orbital relation
between LUMO and LUMO+1. We therefore plot LUMO+1 and
its transformed orbital with LUMO (Fig. 5 and SI Appendix, Fig. S2).
Interestingly, it can be clearly seen that these two orbitals can localize along the long axis under the orbital rotation. This means that
if we completely ignore previous discussions on the HOMO pair and
only focus on the current LUMO pair and LUMO+1 pair, we can
obtain another two-level diradical model. The difference is that the

Fig. 8. Contributions from first few dominant configurations of the excited
1
Ag state for acenes (5 to 12) with restricted singlet (R) geometry. The contribution from the first DCC (LUMO pair) decreases with the increasing size
of acenes. The increasing weight of HOMO pair indicates a diradical nature
along the short axis, whereas the increasing weight of LUMO+1 pair indicates a diradical nature with respect to the long axis. The bonding nature of
these two diradicals in the limit are zwitterionic and covalent, respectively.
The decreasing weight for “HOMO and higher” suggests a decreasing contribution from a regular single excitation, which is important for shorter
acenes (2 to 4). The increasing weight for “LUMO and higher” stands for an
increasing weight for higher doubly excited configurations that is beyond
the two orbital diradical models.
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 c2  

c1   
 ,
 +p
 − jCC
pﬃﬃﬃ AA
ﬃﬃﬃ BB
− jBB
2
2

[5a]

 c2  

c1   
 ,
 +p
 − jCC
pﬃﬃﬃ AA
ﬃﬃﬃ BB
+ jBB
2
2

[5b]

 c2  

c   
 ,
 +p
 + jCC
p1ﬃﬃﬃ AA
ﬃﬃﬃ BB
− jBB
2
2

[5c]

 c2  

c   
 ,
 +p
 + jCC
p1ﬃﬃﬃ AA
ﬃﬃﬃ BB
+ jBB
2
2

[5d]

where c1 and c2 are combination coefficients and vary in each
state. These states can be rewritten in terms of transformed
orbitals
 c2 

c  
p1ﬃﬃﬃ ab − jabi + pﬃﬃﬃ b′ci − jb′c ,
2
2

[6a]


 c 
c 
p1ﬃﬃﬃ aai + jbb + p2ﬃﬃﬃ b′ci − jb′c ,
2
2

[6b]


 c2 

c1  
pﬃﬃﬃ ab − jabi + pﬃﬃﬃ b′b′ + jcci ,
2
2

[6c]



 c2 
c1 
pﬃﬃﬃ aai + jbb + pﬃﬃﬃ b′b′ + jcci .
2
2

[6d]

Therefore, the first state has diradical covalent nature along both
short and long axes, the second state has zwitterionic nature
along the short axis and diradical covalent nature along the long
axis, the third state is completely opposite to the second one, and
the fourth state has zwitterionic nature on both axes.
Further examination of the sign of the ground state and the
lowest excited 1Ag state of acenes suggests that the ground state
is the same as the first state in nature and the excited 1Ag state is
the same as the second state. This energy alignment is easily
understandable. First, with the help of a simple Hückel model
(which we will not show in detail here), we know that the ionic
state is higher in energy than its corresponding covalent state.
Therefore, the doubly covalent state should be the lowest in
energy, and the doubly ionic state should be the highest in energy. Second, intuitively speaking, the zwitterion along the short
axis has less hidden charge separation character than that along
the long axis, and thus should have lower energy. In this sense,
even though some of our quantitative extrapolation (R series in
Fig. 7) based on existing data suggests that the excited 1Ag state
might become the ground state with a negative limit, in principle
it should never happen based on the qualitative analysis. This
raises a warning for the results obtained from extrapolation,
especially in the close-to-zero region, where a qualitative error
might occur due to a quantitative uncertainty.
Despite the above lengthy discussion, the nature of this 1Ag
state is still far from being fully elaborated. Another orbital, which
is the HOMO−1, can also play a role in this state. We previously
only investigated the HOMO pair configuration and doubly
excited LUMO pair (HOMO, HOMO→LUMO, LUMO) and
LUMO+1 pair (HOMO, HOMO→LUMO+1, LUMO+1) configurations, but in fact, a fourth configuration, the doubly excited
(HOMO−1, HOMO−1→LUMO,LUMO) may also be important.
Unfortunately, because of the restrictions of the pp-RPA, which
Yang et al.

Singlet Fission for Higher Acenes. How likely are the higher acenes
to be good candidates for singlet fission that can be used in
photovoltaics? Three thermodynamic criteria are often used in
an analysis (29, 110). The first criterion is E(S1) > 2E(T1). When
it is satisfied, the singlet-fission process is exoergic and hence is
energetically favorable, whereas the reverting annihilation process is unfavorable. This is a desirable criterion for designing new
molecules for singlet fission, although it may not be strictly satisfied because many organic molecules that are known to undergo singlet fission do not need to satisfy this thanks to possible
thermal or artificial activations. According to our calculation, 4 is
the smallest acene that satisfies the E(S1) > 2E(T1) condition.
This also agrees with experiments that the singlet fission observed in 4 and 5 does not need much energy activation (29, 111).
The second condition is E(T2) > 2E(T1). It simply keeps the two
triplet states from annihilating and forming the second lowest
triplet state. This condition is also easy to satisfy for acenes.
From our calculation, we observe that it is always satisfied
starting from 4. (See SI Appendix for detailed data for T2.) The
third criterion is E(S1) ≈ 2 eV and E(T1) ≈ 1 eV. Strictly speaking, this is not a criterion for singlet fission, but a condition that
favors high photovoltaic efficiency for practical applications. We
find 5 to be the best molecule that satisfies this condition. For
higher acenes that are longer than 5, even though singlet fission is
more energetically favorable, both the singlet and triplet excitations are much too low in energy and hence not good for high
photovoltaic efficiency. However, even though not yet observed,
the singlet fission does not necessarily only generate two triplets
and these higher acenes might be good candidates for generating
multiple triplets, which could benefit the efficiency if achievable
(29). Purely from the energy perspective, 7 and 8 favor a singlet
fission into three triplets, whereas 9 and 10 are potential to generate four. Therefore, after taking into account all three of these
criteria, we anticipate that higher acenes are very likely to undergo
singlet fission, but the energy conversion efficiency might be low
because of a large system size and low excitation energies. If a
singlet fission into multiple triplets can be achieved, then higher
acenes might be promising materials for photovoltaic applications.
However, it should be noted that because of the increasing diradical character and the high instability of higher acenes, before
converting them into devices, one of the most urgent tasks now
might be to find a condition to stabilize these species. This points
out the importance of looking for more stable derivatives (3).

Conclusion
In summary, we qualitatively and quantitatively described the
nature of the ground- and lowest few important excited states of
higher acenes. With the increasing number of fused-benzene rings,
their ground state slides in the diradical continuum with more and
more open-shell character. For acenes up to 10, the ground state
is on the closed-shell side, whereas for 11 and 12, the ground state
tilts more to the open-shell side. The polyradical character also
emerges after 10. The ground state always has 1Ag symmetry and it
has covalent nature with respect to both the short and long axes.
The ST gap is predicted to be always positive but can be vanishingly small for the polyacene limit based on an exponential decay
fitting. The 1B2u singlet excited state is a zwitterionic state with
respect to the short axis, and its energy decreases slowly with the
PNAS | Published online August 15, 2016 | E5105
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now is unable to describe non-HOMO excitations, we cannot
provide detailed data. Nevertheless, we here provide some qualitative analysis. The (HOMO−1, HOMO−1→LUMO, LUMO)
configuration is another counterpart to (HOMO, HOMO→LUMO,
LUMO) configuration. The transformed orbitals concern HOMO
and HOMO−1, and they localize along the long axis (Fig. 5 and
SI Appendix, Fig. S2). It is also without doubt that there are many
more configurations that can play a role, for example (HOMO−1,
HOMO−1→LUMO+1, LUMO+1) is a counterpart of the Aufbau configuration and it correlates HOMO−1 and LUMO+1
along the short axis, but as a result of the large orbital energy
difference, their contribution should be significantly smaller.

CHEMISTRY

previous model concerns the short axis whereas this one is related to
the long axis. We now denote the LUMO+1 as C and its transformed orbital with LUMO as b′ and c. (Note this b′ is different
from b.) In both of the diradical limits, these two “orthogonal”
diradical pictures should be able to combine, and they can generate
four 1Ag states,

acene size. The excited 1Ag state also has a decreasing trend in
excitation energy but it decreases faster than that of 1B2u, rendering it the lowest singlet excited state starting from 7. The
nature of this 1Ag state gradually switches from a regular doubly
excited state to another zwitterionic state on the short axis with
the increasing size of acenes, but always keeps its covalent nature
with respect to the long axis. It in principle cannot become the
ground state because the ground state should be covalent for
both axes. Further consideration of the relative energies of 1B2u
and the lowest two triplet excitations implies that higher acenes
are likely to undergo singlet fission but with a relatively low
photovoltaic efficiency. The efficiency might be improved if a
singlet fission into multiple triplets can finally be achieved.

D2h point group. The set of geometries is essentially the same as
those in refs. 48, 49). with the same Kohn–Sham total energy for
the molecules in common, but it is a more complete set which includes geometries from 2 to 12 optimized for R, U, and T states.
The geometries can be found in SI Appendix, along with Kohn–
Sham total energies and spin expectation values. A frequency check
suggests that there is no imaginary vibrational mode. All pp-RPA
calculation were carried out with the QM4D program (113). The
B3LYP (114, 115) density functional and Dunning’s correlationconsistent basis set (cc-pVDZ) (116) were adopted in the ppRPA calculation.

Computational Details
The geometry optimization was conducted at the B3LYP/6–31G*
level with the Gaussian09 program (112). No special restriction on
the symmetry was applied, but finally all of them collapse to the
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