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Recently, Velardez et al.1 reported TD-DFT calculations on
a perylene pair in the gas phase as well as in a crystal
environment in connection with a determination of the change
in the X-ray diffraction pattern upon optical excitation. The
calculations yielded transitions in excellent accordance with
experimental results. However, we present here evidence that
the spectroscopic analysis should be reconsidered. The necessity
of a reanalysis is a consequence of the qualitatively incorrect
ordering of some of the excited states in the context of excimer
formation when using TD-DFT and the standard B3LYP
functional.2 The conclusions in ref 1 regarding the change in
X-ray scattering intensity upon excimer formation are, es-
sentially, unchanged when a more suitable functional is
employed.

A perylene dimer with D2h symmetry is formed by superpos-
ing one molecule on top of another with a displacement along
the z-axis perpendicular to the molecular planes.3 We have
elaborated on the work of ref 1 by calculating the six lowest
excited states of the dimer system at the TD-DFT B3LYP/6-
31G* level of theory as a function of interplanar distance along
the z-axis from z ) 2.8 to 10.0 Å. The structure of the perylene
molecule used in composing the dimer was optimized at the
B3LYP/6-311++G** level of theory. All calculations were
performed in Gaussian 03.4

By analogy with ref 1, we identify the lowest and second
lowest pair of excited states as being the charge resonance (CR),
M-M+TM+M-, and exciton resonance (ER), M*MTMM*,
states, respectively, Figure 1. This identification is substantiated
by the fact that these pairs belong to the same irreducible
representations. The CR states should converge to the energy
of M+ + M- or, equivalently, the difference ∆E of the ionization
potential (IP) and electron affinity (EA) of perylene. It is found
experimentally5 that ∆E ) 7.0 - 1.1 eV ) 5.9 eV, while at the
UB3LYP/6-31G* level of theory,6 E(M+ + M-) ) 6.0 eV. The
CR states, due to the constrained symmetry of the system, are

symmetry-adapted, linear combinations of CT states and should
thus show a 1/r12 (∼1/z) dependence in the asymptotic limit.
Crude fitting of the CR states to a model -R/z + � for z g
7.00 Å yields the asymptotic limit � ) 3 eV; thus, the energy
of the CR states is grossly underestimated. The CR problem7 is
related to the well-known CT problem in TD-DFT8 and has
only very recently been discussed in the context of excimer
formation.2

Inclusion of so-called exact exchange in the exchange-correla-
tion functional is of immense importance in the calculation of
CT and, thus, CR states.8 Therefore, we have redone the
calculation with the functional BH&HLYP, which incorporates
50% exact exchange.

The CR states are observed, Figure 2, to be moved above
the lowest pair of ER states. A bound state, an excimer, is
formed in the lowest ER state at z ) 3.60 Å. The excimer is
bound by De ) 0.42 eV, in excellent agreement with the value
of 0.44 eV obtained from solution experiments.9 Fitting the CR
states for z g 7.00 Å yields the asymptotic limit � ) 5 eV,
while E(M+ + M-) ) 6.1 eV at the UBH&HLYP/6-31G* level
of theory. Thus, the energy of the CR states is still underesti-
mated, but the ER states represent now correctly the lowest
excited states. The vertical transition energy ∆Ev from the first
excited state to the ground state at z ) 3.60 Å, that is, the
excimer emission, is 2.50 eV (496 nm), Table 1 (cf. Table 1 in
ref 1). At the TD-DFT BH&HLYP/6-311++G** level of
theory, this value is reduced to 2.33 eV, in better agreement
with experimental results, ∆Ev ) 1.94 and 2.145 eV.10 In
accordance with simple molecular exciton theory,11 the strongest
transition is to the second excited state at ∆Ev ) 3.30 eV (375
nm) with an oscillator strength of f ) 0.45. Transition to the
lowest CR state has f ) 0.24, probably due to intensity
borrowing from the bright ER state.
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Figure 1. Energy of the perylene pair in the D2h configuration as a
function of interplanar distance. The energy of the ground state 1Ag

(b) and that of each of the six lowest singlet excited states 1B3g (O),
1B2u (*), 2 1B2u (0), 2 1B3g ((), 1Au (×), and 1B1g (∇) is calculated at
the TD-DFT B3LYP/6-31G* level of theory. The energies are given
relative to the ground-state energy of the dimer at infinite separation,
E0

(∞). The energies of the first and second singlet excited state of the
perylene molecule (at the same level of theory) are indicated by
horizontal lines.
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As a means of investigating the crystal excimer, by analogy
with ref 1, we have performed ONIOM12 calculations at the
BH&HLYP/6-31G*:BH&HLYP/3-21G* level of theory for the
ground state and BH&HLYP TD/6-31G*:BH&HLYP/3-21G*
for the excited states. We use the R-perylene crystal structure,13

incorporating all nearest-neighbor pairs around the central pair
for a total cluster size of nine pairs. The energy minimum in
the ground state is at displacements from the eclipsed structure
in the x- and y-directions3 of 1.25 and 1.19 Å, respectively, and
z ) 3.62 Å, the experimental value being 3.45 Å. The strongest
transition (f ) 0.60) is again to the second excited state at 3.25
eV (381 nm) (3.10 eV (400 nm) using the 6-311++G** basis
set), in excellent agreement with the center of the absorption
band at 3.10 eV (400 nm) observed in R-perylene at room
temperature.10 The minimum on the first excited-state surface
is at displacements in the x- and y-directions of 0.95 and 0.79
Å, respectively, and at z ) 3.54 Å. This corresponds to a relative

displacement of ∆x ) -0.30, ∆y ) -0.40, and ∆z ) -0.08 Å
upon excitation from the ground-state minimum. The transition
energy from the first excited state to the ground state at the
excited state minimum, that is, excimer fluorescence from
R-perylene, is found to be 2.89 eV (429 nm) (2.71 eV (458
nm) using the 6-311++G** basis set).

Concerning the possibility of observing excimer formation
via time-resolved X-ray diffraction, the 110, 004, and 005
reflections are still predicted to be the most sensitive reflections.
However, the sensitivity of the fairly intense 110 reflection to
excimer formation is now about 25% smaller, whereas the weak
004 and very weak 005 reflections are about 2.5 and 3 times
more sensitive, respectively, than those reported in ref 1 upon
displacement of the experimental ground-state structure by the
calculated ∆ values. These changes are in perfect agreement
with the sensitivity analysis in ref 1.
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Figure 2. Energy of the perylene pair in the D2h configuration as a
function of interplanar distance. The energy of each of the six lowest
singlet excited states 1B3g ((), 1B2u (0), 2 1B2u (*), 2 1B3g (O), 1Au

(×), and 1B1g (∇) is calculated at the TD-DFT BH&HLYP/6-31G* level
of theory. Otherwise, this is the same as Figure 1.

TABLE 1: Type of State (ER or CR), Irreducible
Representation (Γ) of the D2h Point Group to Which the
State Belongs, Transition Wavelength λ, Vertical Transition
Energy ∆Ev, and Oscillator Strength f for the Perylene
Dimer at z ) 3.60 Å Calculated at the TD-DFT BH&HLYP/
6-31G* Level of Theorya

type Γ λ (nm) ∆Ev (eV) f

ER B3g 496 (533) 2.50 (2.33) 0.00 (0.00)
ER B2u 375 (396) 3.30 (3.13) 0.45 (0.47)
CR B2u 368 (381) 3.37 (3.25) 0.24 (0.16)
ER Au 330 (353) 3.75 (3.51) 0.00 (0.00)
CR B3g 318 (326) 3.90 (3.80) 0.00 (0.00)
ER B1g (Au) 303 (320) 4.10 (3.88) 0.00 (0.00)

a Values calculated at the TD-DFT BH&HLYP/6-311++G**
level of theory are given in parentheses.
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