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ABSTRACT: Electronic structure calculations of the excited states of the
benzene dimer using equation-of-motion coupled-cluster method are reported. The calculations reveal large density of electronic states, including
multiple valence, Rydberg, and mixed Rydberg-valence states. The calculations of the oscillator strengths for the transitions between the excimer state
(i.e., the lowest excited state of the dimer, 11B1g) and other excited states
allowed us to identify the target state responsible for the excimer absorption
as the E1u state of a mixed Rydberg-valence character at 3.04 eV above the
excimer (11B1g). Although at D6h the 11B1g f E1u transition is symmetryforbidden, small geometric displacements (to D2h) that have a negligible
eﬀect on the excitation energy split this degenerate state into the dark (4B3u) and bright (4B2u) components (oscillator strength of
0.3 au). The excitation energy for this transition depends strongly on the dimer structure, which explains the broad character of the
experimentally observed excimer absorption spectrum.

1. INTRODUCTION
Initially, the term “excimer” (short for excited dimer) was
coined to describe a dimer that is bound only in the electronically
excited state(s) and is, therefore, a short-lived species. Fluorescence from excimers usually results in broad and structureless peaks, in agreement with repulsive ground state potential
energy surfaces (PESs). Strictly speaking, excimers do not have
purely repulsive ground-state PESs, but are weakly bound in the
ground state, in contrast to a much stronger binding energy
(and shorter interfragment distance) in the excited state. For
example, the binding energy (D0) of the benzene dimer is about
2.6 kcal/mol,1 whereas its ﬁrst excited state is bound by about
8.1 kcal/mol.2,3
The ﬁrst excimer that was identiﬁed was the triplet-state
excimer of the mercury dimer.4 The ﬁrst reported singlet excimer
was that of helium.5,6 Excimers of other noble gases have been
subsequently observed7 and even though they did not attract
much attention initially, they have led to important technological
applications such as excimer lasers.
Excimer formation has been observed not only in gases, but
also in solutions, pure liquids, photodimerization processes,
single crystals, and defects in crystals.7 Intramolecular excimer
ﬂuorescence has also been observed in aromatic polymers8 and
dinucleotides.9 The thymine excimer is especially important as
the precursor of the thymine photodimer, which is involved in
the radiative damage of DNA.7,10,11
Aromatic excimers (AE) were ﬁrst noted by F€orster and
Kasper in the ﬂuorescence spectrum of pyrene.12 AE formation
in ﬂuid solutions is now considered a rule rather than an
exception.7 The benzene dimer is of particular interest as the
simplest prototypical AE for which accurate calculations can
be performed, to compliment the abundance of data generated in
numerous experimental studies.7,1321
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The mechanism of formation of the benzene excimer (BE),
the nature of its electronic states, and the absorption mechanism
have generated some controversy. For instance, the traditional
view of the excimer being formed by the interaction of a monomer in its ground state with a monomer in an excited state13 has
been challenged by more recent experiments where excitation to
the S1 monomer state leads to the formation of a van der Waals
S1 complex separated by a barrier from the lowest excimer (S1)
state.22 Instead, the latter is obtained by exciting the monomer to
the S2 state, which ﬁrst produces the S2 van der Waals complex,
which in turn undergoes internal conversion to the excimer’s
S1 state.
The BE absorption, namely, a characteristic low-energy band
at 2.42.5 eV, has also generated discussions. Similar near-IR
absorption spectra have been observed in other aromatic excimers.23 Birks assigned the absorption to the B1g f E1u excimer
transition,24 however, this assignment has been questioned by
other studies13,14,25 on the grounds that it is not consistent with
the observed large absorption cross section, as it is forbidden
from a group-theoretical perspective. This gave rise to alternative
explanations, such as the geometry of the excimer not being
D6h,25 or assigning the transition from the B1g state to the chargetransfer (i.e., ion-pair like) state that correlates to (C6H6)+ +
(C6H6) (which is supported by the absence of a ﬂuorescence
signal coming from the neutral monomer following photoexcitation at 500 nm).14 Another explanation that has been proposed
is a possible symmetry-allowed transition to a state of E2u
symmetry,13 however, the existence of such a state has not been
supported by theory,26 including this work.
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2. COMPUTATIONAL DETAILS
The structures of the monomers were frozen in all calculations
using the CCSD(T)/cc-pVQZ geometry.44 We considered the
following structures of the dimer: (i) ground-state paralleldisplaced sandwich (C2h);1 (ii) slightly distorted (see below)
parallel sandwich (D6h) equilibrium structure of the excimer
(that is, the lowest excited state of the sandwiched dimer,
11B1g);36 and (iii) equilibrium structure of the dimer cation,
x-displaced sandwich (C2h).41 In the calculation of absorption
spectra, including the one for the monomer, all the D6h structures
were slightly distorted to a lower (D2h) symmetry to assess the
eﬀect of symmetry lowering on the oscillator strengths. The
equilibrium distances (R) between the planes of the fragments at
the neutral and the cation ground states are 3.60 and 3.10 Å,
respectively.1,41 The distance between the monomers in the
sandwich excimer was set to 3.05 Å, as reported by Rocha-Rinza
et al.36 The one-dimensional PES scans using EOM-EE yield a
very similar equilibrium distance. In addition, we performed
unconstrained EOM-EE optimization of the lowest excimer
state starting from the ground state cation structure (C2h). The
optimization converges to the sandwich (D6h) structure with a
slightly longer interfragment distance of 3.15 Å. The latter is very
close to the value obtained by Amicangelo from the potential
energy scan of the lowest excimer state using TDDFT (timedependent density functional theory) with the 6-31+G(d) basis
set.35 To summarize the diﬀerences between the three structures,
(i) the interfragment distance is the largest in the ground-state
neutral (3.60 Å) and is very similar in the excimer and the cation
(3.053.10 Å); (ii) the symmetry of the neutral and the cation
structure is C2h (parallel-displaced sandwich), whereas the optimized excimer structure is D6h.
We perform oscillator strength calculations at slightly distorted geometries of the monomer and excimer in order to assess
the eﬀect of symmetry lowering on the oscillator strengths. In the
monomer this was done by elongating the bond lengths of
two symmetric hydrogens by 0.001 Å, while in the dimer, the
symmetry was broken by manipulating four hydrogens lying in
a plane, including the main symmetry axis. Those hydrogens
were displaced such that they get closer to the horizontal plane
(σh) by 0.001 Å, which corresponds to an angle of about
0.1 away from the planes of the respective monomers. Thus,
oscillator strengths shown below for the excimer and the monomer correspond to the distorted D2h structure. Although the
distortion has a negligible eﬀect on the excitation energies (less
than 0.003 eV in the monomer and less than 0.0003 eV in the
sandwich dimer), it is important for intensities, for example,
the optically dark B1g f E1u transition splits into optically dark
and very bright transitions.
The electronic spectra were computed by EOM-EE-CCSD.38,45
The core electrons were frozen. Most excited state calculations
have employed the 6-31+G(d) basis set, which is similar in
quality to aug-cc-pVDZ used in ref 37. This basis set is not
suﬃciently large for obtaining converged excitation energies and
properties; however, it is capable of providing a semiquantitative
picture of the excited state manifold, in particular, of the mixing
between Rydberg and valence states.
To test the eﬀect of a larger basis set on the sandwich dimer
excitation energies, we calculated 16 states (two in each symmetry, which samples a mix of valence and Rydberg states) using
the 6-311++G(d,p) basis set. We note that expanding the basis
set aﬀects primarily the Rydberg states, lowering their excitation

The bonding in an excimer can be explained in terms of
two stabilizing molecular interactions:7 exciton resonance
(MM* + M*M) and charge resonance (MM+ + M+M). In
the framework of valence-bond theory, the former is similar to
the so-called covalent contributions to a wave function,
whereas the latter represents ionic terms (note that the
presence of ionic conﬁgurations in the wave function does
not imply asymmetric charge distribution leading to a permanent dipole moment). Studies of large AEs have accounted for
the nature of the observed states in terms of exciton theory
and, in some cases, in terms of charge resonance stabilized
states; however, in many cases, neither of these simpliﬁed
models can account for the observed results, and mixing of the
two types of conﬁgurations provides a better description. This
more accurate picture arises naturally from the excimer theory
developed by East and Lim27 for the naphthalene dimer and
applied to other systems, such as the NO dimer.28 A Similar
analysis has been applied to describe the excited29 and
ionized30,31 states of nucleobase dimers. In the case of BE,
the source of stabilization of the excimer has been widely
debated. Birks32 suggested that the dominant stabilization is of
charge-resonance type, while Vala et al.26 concluded that the
BE stability can be explained via the interaction of an excitonresonance state with a charge transfer state at a higher energy.
More recent experiments argue that the BE is primarily of
charge transfer character.14,15
BE has been studied using extended H€uckel33 and semiempirical methods,26,34 as well as time-dependent density functional theory35 and high-level electronic structure methods,
such as complete active space self-consistent ﬁeld (CASSCF)
and CASPT2 (perturbatively corrected CASSCF).36 Various
spectroscopically relevant properties, such as ﬂuorescence, absorption, and binding energy, have also been obtained with a
hierarchy of coupled cluster methods such as CC2, EOMEE-CCSD (equation-of-motion coupled-cluster method for
excitation energies with single and double substitutions), and
CCSDR(3) (EOM-EE-CCSD with a perturbative triples correction).37 The focus of the present study is on the complexity of
the excited states manifold, which involves multiple interacting Rydberg and valence states, and the origin of the excimer
absorption.
We employ EOM-EE-CCSD, which is a method of choice for
this type of phenomena, as it is capable of providing a balanced
description of Rydberg and valence states as well as electronic
near and exact degeneracies38 originating from the transitions
between the degenerate pairs of MOs and giving rise to multiple
JahnTeller manifolds.39,40
We characterize vertical state ordering and oscillator strengths
of the ground-state benzene dimer and describe the correlation
of the dimer states with those of the monomer. We then consider
electronic absorption of the excimer, and assign the nature
of the bright transition to the B1g f E1u state that gains
considerable oscillator strength (≈ 0.3 au) at very small symmetry-lowering displacements. In addition, we also characterize
the excimer states at the equilibrium geometry of the benzene
dimer cation,41 as a possible route of excimer generation in the
gas phase via a charge-exchange reaction between, for example,
the benzene dimer cation and Cs.42,43 Moreover, the structure of
the excimer has been thought to be similar to that of the
corresponding cation based on the higher two-color photoionization cross section (via the S1 state) for the benzene dimer
compared to the trimer.16
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Figure 2. Diagram illustrating the correlation between the electronic
states of the benzene dimer (left) and the levels of a ground state
benzene monomer interacting with a monomer in its excited states
(right). Labels in parentheses are for the D2h point group.

Relevant Cartesian geometries, energies, and oscillator strengths
are given in the Supporting Information. All calculations were
performed using Q-Chem.46

3. RESULTS AND DISCUSSION
3.1. Molecular Orbital Framework. Figure 1 shows the two
highest occupied and the two lowest unoccupied π molecular
orbitals (MOs) of the sandwich-shaped benzene dimer. These
orbitals are derived from in-phase and out-of-phase combinations of the benzene monomer’s frontier orbitals. We labeled
these according to the DMO-LCMO (dimer molecular orbital
linear combination of fragment molecular orbitals) scheme
developed in a previous study of the benzene dimer cation41
and later extended to ionized dimers of nucleobases.30,31 That is,
the labels of the dimer orbitals are given as x(y), “x” being the
overall symmetry (i.e., π, δ, etc.) of the MO with respect to the
axis connecting the two monomers and “y” being the symmetry
of the constituent monomer orbital.
We begin the discussion by considering a simple picture where
a monomer in its ground state interacts with a monomer in an
excited state to form a sandwich-shaped excimer (Figure 2) with
D6h symmetry. The lowest three states derived from the HOMO
LUMO transitions in the benzene monomer are B2u (B2u), B1u
(B3u), and E1u (B2u + B3u), respectively, where in parentheses
we include the corresponding state symmetries in the D2h point
group (further on, we will utilize this point group since most
electronic structure codes work with Abelian groups).
A monomer in its ground electronic state, interacting with
another monomer in its lowest excited state, B2u (B2u), should
give rise to two excimer states of symmetries B1g (B3g) and
B2u (B2u).36 The lowest calculated excited state (at 5.25 eV, see
Figure 3a) of the monomer is symmetry-forbidden, however, it
gives rise to experimentally observed absorption at 4.90 eV47,48
owing to intensity borrowing facilitated by vibronic interactions. Such intensity borrowing could, in principle, make the
lowest excimer state optically accessible, even though it is also

Figure 1. Relevant molecular orbitals of the sandwich-shaped benzene
dimer computed with the 6-31G(d) basis set at the excimer’s equilibrium
geometry. Orbital symmetry labels “x, y, z” correspond to the D6h, D2h,
and C2h point groups, respectively. An isosurface value of 0.05 was used
for the plot.

energies by up to 0.26 eV, while the eﬀect on the valence states is
smaller (up to 0.12 eV), as expected. A similar trend was observed
in the x-displaced sandwich structure.
The monomer absorption spectrum was also calculated using
the 6-311++G(d,p) basis set. We found that the excited state
energies are aﬀected by, at most, 0.36 eV, while the oscillator
strengths are aﬀected by, at most, 0.02, relative to the smaller
6-31+G(d) basis set. These calculations provide an estimate of
the limitations of using the 6-31+G(d) basis set.
The potential energy scans of the sandwich dimer were done
by varying the equilibrium distance R while keeping the monomers rigid. The reported energies were recalculated with respect
to the ground-state dimer dissociation limit; i.e., the zero for the
energy was set to the total energy of the dimer at 6.0 Å monomer
separation. Most of the state energies at that separation have not
reached their asymptotic limit, however, because the focus of this
study is not on calculating accurate binding energies, this is not
important.
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Figure 3. Absorption stick spectrum of the benzene monomer computed by EOM-EE-CCSD using the (a) 6-31+G(d) and (b) 6-311++G(d,p) basis
sets. Empty circles show symmetry-forbidden transitions, while the full circles denote the allowed ones in the D2h point group. In the D6h point group,
some of these transitions become forbidden, including the lowest two states.

Figure 4. PES scan of the benzene excimer states along the interfragment distance. Shown on the right are the monomer energy levels along with the
labels of the relevant states discussed in the text. D2h point group labels were used in the plot.

symmetry-forbidden. Despite the fact that there is a consensus
about the sandwich-shaped structure of the excimer, understanding the formation of this state has proven to be a more

elusive issue. In optical absorption spectra of benzene S1 in
supersonic molecular jet, Law et al. argue in favor of barrierless
excimer formation following the excitation of a parallel displaced
656
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Figure 5. PES scan of relevant benzene excimer states along the interfragment distance. Shown on the right are the monomer energy levels along with
the labels of the relevant states discussed in the text. D2h point group labels were used in the plot.

ground-state dimer.17 In similar experiments, Hopkins et al.
attribute their results to the rearrangement of a T-shaped ground
state dimer to a sandwich excimer structure within several picoseconds following the excitation.16 The activation energy for
this process was found to be 0.11 eV experimentally,49 whereas
calculations predict a much smaller barrier of 0.02 eV.36 More
recent experiments monitored the dynamics of the rearrangement of a T-shaped structure into a sandwich one, which
occurs via tunneling through an energy barrier.14 In two-color
resonance-enhanced two-photon ionization experiments, Shinohara
et al. obtained the lowest excimer state after excitation to S2,
which proceeds through an intermediate van der Waals S2 state
undergoing internal conversion to the excimer S1 state, whereas
an original excitation to S1 does not necessarily produce the S1
excimer state.22 Instead, the latter excitation leads to the formation of the excited van der Waals S1 state.
The second dimer state in Figure 2, B2u (B2u), derived from the
interaction of a ground-state monomer with the monomer in its
lowest excited state, is repulsive, in agreement with previous
calculations.3537
The second set of excimer states in Figure 2, that is, B2g (B2g)
and B1u (B3u), results from the interaction of a ground state
monomer with a monomer in its second excited state, that is,
B1u (B3u). This monomer state is also symmetry-forbidden and
the observation of the resulting excimer states has been a subject
of debate. These excimer states have been omitted in previous
theoretical studies36,37 on the grounds that they have not been
observed experimentally, although Shinohara and Nishi reported
the lifetime of the benzene dimer S2 state.22 However, subsequent studies failed to reproduce these results.50,51
The third set of excimer states E1g (B2g + B3g) and E1u (B2u +
B3u) are derived from a ground-state monomer interacting with a
monomer in its excited E1u (B2u + B3u) state. The latter state
is symmetry-allowed and shows a strong absorption band at

Figure 6. Rydberg (black), valence (red), and mixed (green) excited
states of the benzene dimer at the equilibrium geometry of (a) the
excimer and (b) the cation. The mixed Rydberg-valence states
are below the cutoﬀ for obvious Rydberg states (e.g., ΔÆR2æ < 43
au2), however, they are more diﬀuse than pure valence states,
ΔÆR2æ < 15 au2.

6.87 eV in direct absorption experiments of jet-cooled benzene48
(7.52 eV in our calculations). The resulting E1u excimer state has
been deemed responsible for the excimer absorption band,24
even though it is symmetry-forbidden. Note that the shape of the
PES of this excimer state is diﬀerent in CASPT2 (ref 36.) and
EOM-CCSD (ref 37 and this work) calculations, for example, the
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Table 1. Excitation Energies (Eex, eV) and Changes in ÆR2æ
(au2) Values for the Excited Singlet States of the Dimer at the
Excimer’s Equilibrium Geometry (D6h Geometry, Using D2h
Point Group Labels)
state

Eex

ΔÆR2æ

state

Eex

ΔÆR2æ

1Ag

7.03

52

2Au

6.43

41

2Ag

7.08

53

3Au

7.77

54

1B1g

7.08

53

1B1u

6.24

40

2B1g

7.18

55

2B1u

6.33

40

1B2g

5.43

3

3B1u

7.77

54

2B2g

5.71

4

1B2u

5.26

3

3B2g
4B2g

5.91
6.81

31
44

2B2u
3B2u

6.50
7.39

44
32

5B2g

6.81

45

4B2u

7.43

26

6B2g

7.38

32

5B2u

7.65

29

1B3g

4.39

2

6B2u

7.80

20

2B3g

5.71

4

1B3u

6.50

44

3B3g

5.91

31

2B3u

6.85

11

4B3g

6.78

43

3B3u

7.39

32

5B3g
6B3g

6.81
7.38

44
32

4B3u
5B3u

7.41
7.65

20
29

1Au

6.33

40

6B3u

7.80

20

Table 2. Excitation Energies (Eex, eV) and Changes in ÆR2æ
(au2) Values for the Excited Singlet States of the Dimer at the
Cation’s Equilibrium Geometry (C2h Symmetry)
state

Eex

ΔÆR2æ

state

Eex

ΔÆR2æ

1Ag

4.91

2

1Au

6.57

38

2Ag

6.30

26

2Au

6.64

40

3Ag

6.39

12

3Au

6.73

14

4Ag

7.03

45

4Au

6.82

39

5Ag

7.18

47

5Au

7.40

18

6Ag

7.23

47

6Au

7.48

16

7Ag
8Ag

7.32
7.60

40
37

7Au
8Au

7.65
7.88

31
25

9Ag

7.86

16

9Au

7.97

42

10Ag

8.05

40

10Au

8.02

39

1Bg

6.06

4

1Bu

5.23

3

2Bg

6.12

32

2Bu

6.49

39

3Bg

6.43

6

3Bu

6.69

44

4Bg

7.08

46

4Bu

6.75

36

5Bg
6Bg

7.24
7.31

48
44

5Bu
6Bu

7.41
7.43

14
25

7Bg

7.40

48

7Bu

7.57

35

8Bg

7.54

34

8Bu

7.87

42

9Bg

7.96

33

9Bu

7.89

21

10Bu

7.99

40

Figure 7. Virtual orbitals giving rise to the two brightest excited states
(5Bu and 6Bu) of the x-displaced sandwich excimer (see text). The
6-31+G(d) basis set was used in the calculation and the isosurface in the
plot was 0.032.

CASPT2 curve has a hump, which is probably due to discontinuity in the active space or an intruder state.
This simple picture, however, is an oversimpliﬁcation, as the
excited-states manifold is much more complicated due to the
multiple Rydberg states and avoided crossings. Figure 4 shows a
scan along the interfragment distance R of the dense manifold of
excited states that are below the calculated ionization threshold

(7.89 eV) at the equilibrium geometry of the excimer. At this
level of theory, the lowest excimer state lies 4.39 eV above the
ground state and is well separated from the higher-energy states.
Allowing for structural relaxation of the excimer by geometry
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Figure 8. Absorption of the ground-state dimer at the equilibrium geometries of the excimer (a), cation (b), and the parallel-displaced ground-state
structure (c). Empty circles denote forbidden transitions, whereas ﬁlled circles stand for allowed ones.

degeneracy of the π-system as a result of the reduced symmetry,
which leads to splitting of the states that were degenerate at D6h.
To qualitatively assign states characters (e.g., Rydberg vs
valence), we use changes in the ÆR2æ values of the excited states
(relative to the ground state), ΔÆR2æ (see ref 53.). We consider
the states that exhibit a change in ÆR2æ larger than 12 Å2 (≈43
au2) to be of a Rydberg character, using the same cutoﬀs as in ref
53. We consider states with ΔÆR2æ < 15 au2 to be of purely
valence, and the states with 15 e ΔÆR2æ < 43 au2 of mixed
Rydberg-valence character.
Figure 6 shows an energy level diagram of the benzene dimer
at the excimer and the cation geometries. The states are colorcoded according to their ΔÆR2æ values in Tables 1 and 2. Even
though the two structures are very similar, the excited states
ordering changes considerably. This is because splitting between
excimer-like pairs of states depends on the overlap between the
respective MOs, which is strongly distance-dependent. In panel
(a), we have labeled only the states that are depicted in Figure 5.
The most important state is 4B2u, which is responsible for the
excimer’s absorption. In panel (b), we give labels only for several
states of interest. The lowest ﬁve of these (1Ag, 1Bu, 1Bg, 3Ag, and
3Bg) are clearly valence states and correspond to excitations
from the highest two occupied, to the lowest two unoccupied
π-orbitals. This can be mapped to a HOMOLUMO excitation

optimization of this state brings it slightly down in energy, to
4.34 eV. Experimentally, it is observed at 3.94 eV,52 in ﬂuorescence emission of liquid benzene.
Figure 5 shows a pruned manifold focusing on the states that
are relevant to our discussion and omitting the rest of the states for
clarity. The ﬁgure is analogous to the cartoon picture (Figure 2)
except that it also includes a few extra features. The ﬁrst important
diﬀerence is the curves resulting from the degenerate Rydberg
state in the monomer at 6.85 eV. In the D2h point group, this state
splits into B2g and B3g states, and these give rise to two pairs of
degenerate states in the dimer (2B2g + 2B3g and 2B2u + 1B3u),
the latter pair of states being the higher energy curve. Note that
the lowest three B2g states can interact through curve crossings
such that several relaxation channels could open up depending
on the couplings between these states. The second important
feature is the uppermost curve (4B2u and 4B3u states). These
were included because they cross the 3B2u + 3B3u curves (which
correspond to the top pair of dimer states in Figure 2, one of
which is responsible for the absorption band of the excimer).
This will be further discussed in section 3.3.
Now we turn to the x-displaced sandwich structure (i.e., equilibrium structure of the dimer cation). The orbitals at this geometry are very similar to the ones of the D6h sandwich structure, the only noticeable diﬀerence being the breaking of the
659
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Figure 9. Absorption of the excimer (the 11B1g state in D6h, or 11B3g in D2h) at the equilibrium excimer (slightly distorted to D2h) geometry (a) and the
equilibrium cation geometry (b). Only symmetry-allowed transitions are shown.

in the sandwich structure in a minimal basis set, except that
here (in the x-displaced sandwich structure) the π-orbitals are no
longer exactly degenerate, but rather are, very close in energy.
The other two states of interest (5Bu and 6Bu, which are the states
that carry large oscillator strength for the excimer absorption and
correlate with the 4B2u state at the excimer geometry, panel (a))
lie higher in energy and are immersed in the dense manifold
of states. They result from excitations to π-like orbitals which
are strongly mixed with Rydberg type orbitals and give rise to
the absorption of the excimer in the x-displaced structure (see
Figure 9b). The 5Bu state would correspond to HOMO-1 to
LUMO excitation in a symmetric sandwich structure (in a minimal basis set), but in a realistic basis set, it is strongly mixed with
an excitation to a low-lying Rydberg orbital. The excitation is
almost an equal mix of two excitations to the orbitals labeled as
(a) and (b) in Figure 7. Note the valence-like π character of
(a) and the mixed (π-Rydberg) character of (b). This mixing
gives rise to a larger ΔÆR2æ value (=14 au2) for the 5Bu state compared to pure valence states. The 6Bu state, on the other hand,
features an excitation to an even more strongly mixed valenceRydberg state, which, as expected, has a relatively large ΔÆR2æ
value (=25 au2). Again, similarly to the 5Bu state, it is composed
of two excitations, including an excitation to orbital (b) in Figure 7,
however, the main excitation is to orbital (c), with an amplitude of
0.42, as opposed to an amplitude of 0.26 to orbital (b).
3.2. Absorption of the Ground-State Benzene Dimer.
Figure 8 shows the stick absorption spectrum of the groundstate dimer at different geometries. As one can see, there are
two groups of states that have nonzero oscillator strengths,
one clustered around 6.5 eV, and then several states close to the
ionization threshold (between 7.7 and 8 eV). The spectra are
qualitatively similar, showing a relatively small apparent effect
of the structure, although the excitation energies of individual
states (many of them being dark) change quite considerably, as

illustrated in Figure 8. The excitation to the lowest excimer state
is symmetry-forbidden by parity at D6h, D2h, and C2h. Thus, small
nuclear displacements are not expected to lead to a significant
gain in the oscillator strength.
3.3. Absorption Spectrum of the Excimer. Figure 9 shows
the calculated absorption spectrum (symmetry-allowed transitions in D2h, some of which may be forbidden in D6h) of the
excimer, that is, transitions from the lowest excited state, 11B3g
(11B1g at D6h), of the sandwich-shaped dimer. The spectrum
features a strong 1B3g f 4B2u (1B1g f E1u in D6h) absorption
(see Figure 5) at 3.04 eV, about a half eV higher than the experimentally observed peak at 2.48 eV.14 In a larger basis set we
would expect the calculated peak to shift to a lower energy based
on our observations that larger basis set calculations predict a
larger stabilization of the higher energy excited states compared
to the lowest excimer state, since higher energy states are usually
either Rydberg or strongly mixed valence-Rydberg types of states,
whereas the lowest excimer state shows a much more valence-like
character. However, increasing the basis set size to 6-311++G(d,p)
has a very small effect on the absorption energy, reducing it to
2.99 eV, close to the value of 2.89 eV (from linear response CCSD
calculations), reported in ref 37. The latter study also noted the
relative insensitivity of the absorption energy to the basis set. For
example, switching to aug-cc-pVQZ from aug-cc-pVDZ increases
the absorption energy by only 0.07 eV in RI-CC2 calculations. In
the same paper, the effect of perturbative triples is found to
be relatively small (CCSDR(3) giving an absorption energy of
3.00 eV, as opposed to 2.89 eV from CCSD). The combined
effect of perturbative triples correction and extrapolation to a
larger basis set brings the absorption energy closer to the CCSD/
aug-cc-pVDZ value.37 We find, however, that expanding the basis
set has a more pronounced effect on the oscillator strength of
this absorption, reducing it to 0.265 au (6-311++G(d,p)) from
0.313 au (6-31+G(d)). Overall, given the broad nature of the
660
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experimental excimer absorption spectrum, it is unrealistic to
expect a perfect agreement between vertical excitation energy
and the absorption maximum.
A closer look at the 3B2u and 4B2u states around the equilibrium geometry of the excimer reveals that they are derived from
the same excitations, but with diﬀerent signs. At this geometry,
the 4B2u state (formed by x f y + x0 f y0 excitation, where x and
x0 are the HOMO orbitals, b3g and b2g, respectively, while y and y0
are orbitals composed of a strong mix of Rydberg orbitals with
the virtual b1u and au orbitals, respectively, in Figure 1) is only
slightly higher in energy than the 3B2u one (x f y  x0 f y0
excitation), while at larger R, the former 4B2u state becomes 3B2u.
It is straightforward to show that in a three-center D3h H€uckel
system, a calculation of oscillator strengths predicts that one of
these states will be bright, while the other will be dark. This is
what we observe in our case; the excitation to the 4B2u state at
the (slightly distorted) equilibrium geometry of the excimer is
the bright one, with an oscillator strength of 0.313 au. One would
not expect noticeable changes in the oscillator strength for the
excimer emission transition (1B1g f 1A1g in D6h, or 1B3g f 1Ag
in D2h) due to small nuclear displacements, because the excimer
state is not degenerate and the transition is parity-forbidden not
only in D6h but also in the lower symmetry D2h and C2h point
groups. This could explain why the experimentally observed
excimer absorption is brighter than the excimer emission, even
though both transitions are symmetry-forbidden at the equilibrium geometry of the excimer (D6h).
The absorption spectrum of the excimer at the geometry of the
cation (Figure 9b) is drastically diﬀerent from the symmetric
structure. The displaced excimer absorbs at much lower energies
(0.5 eV) relative to the symmetric geometry, and this seems to be
mostly due to the fact that the lowest excimer state in the
x-displaced sandwich lies much higher in energy (also about
0.5 eV) with respect to the sandwich structure. This strong variation of absorption with structure is consistent with the experimentally observed broad excimer absorption.
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between the excimer (which is an excited state of the dimer) and
other excited states clearly reveal one bright transition. At
D6h, the symmetry of this target state is E1u, which makes this
electronic transition symmetry-forbidden, however, tiny geometric displacements (to D2h) that have negligible eﬀect on
the excitation energy split this degenerate state into the dark 4B3u
and bright 4B2u components (fl = 0.3 au). This is the key to
explaining the puzzling strong absorption band of the benzene
excimer assigned to a transition which is symmetry-forbidden
from a group theoretical perspective. That is, the absorption is
due to symmetry lowering as a result of molecular vibrations,
rather than intensity borrowing from other states via vibronic
coupling. While this instantaneous symmetry lowering strongly
enhances the otherwise symmetry-forbidden excimer absorption,
it does not have a signiﬁcant eﬀect on the excimer emission
transition (1B1g f 1A1g in D6h, or 1B3g f 1Ag in D2h) because
this transition is symmetry forbidden by parity, which explains
the relative cross sections for the two processes.
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