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ABSTRACT: The presence of excimers, as revealed by broad, structureless,
and red-shifted emission, is quite common in a great many organic solution-
and solid-phase systems. A fundamental theoretical account of excimer
creation and relaxation has generated enormous interest over the years.
Here, a model based on a Holstein−Peierls Hamiltonian is presented to
account for absorption and photoluminescence in molecular dimers. The
model extends the Frenkel-charge transfer (CT)-Holstein model in order to
account for both local and nonlocal coupling to a slow intermolecular
vibrational mode. The model shows that excimer emission can be induced
either through (1) local intermolecular coupling to the dimer CT states or
through (2) the nonlocal Frenkel-CT coupling terms. Finally, by
incorporating both the local and nonlocal intermolecular coupling, the
measured absorption and excimer emission spectra for a set of two different bis(perylene diimide) covalently linked dimers are
successfully reproduced. The evolution from structured to unstructured excimer emission likely occurs via an increase in the nonlocal
coupling, but it can also be induced by the stabilization of the diabatic CT state.

■ INTRODUCTION

In 1955, Förster and Kasper,1 followed by Birks and co-
workers2−4 in the 1960s, pioneered spectroscopic studies on
pyrene in solution in order to better understand the mechanism
of the broad, structureless, Stokes-shifted peak that occurs only
in the fluorescence, but not absorption, spectrum upon
increasing concentration. This same characteristic fluorescent
signature is observed in a variety of other small organic π-
stacked dimers5−7 and has been commonly termed an
“excimer,” as was first coined by Stevens et al. in 1960 in
order to describe a dimer which is only stabilized in its excited
state.8 However, the term has been widely extended to
describe similarly classified peaks that also occur in the crystal
phase of π-stacked small organic chromophores.
Solution- and crystal-phase excimers are believed to be of

similar origin due to the strong overlap of the fluorescence
spectrum of a highly concentrated solution with the spectrum
of a crystal.9,10 The broad, structureless, red-shifted features of
the excimer are commonly attributed to a structural
reorganization from an initial excited state to a more stable,
bound excited state, from which emission occurs to a repulsive
ground state potential.5 The dissociative ground state potential
in the original model was approximated using two interacting
neutral spheres, a model that becomes even more approximate
when neglecting attractive van der Waals forces and favorable

interactions in a crystal environment.11 However, as pointed
out previously, excimer-like shifts can still arise from a bound
ground-state potential, where broadening arises from the
inclusion of intermolecular vibrations.12,13

While each state’s relative oscillator strength competes in the
steady-state absorption spectrum, emission commonly occurs
from the lowest energy excited states and therefore
fluorescence spectra can originate from a variety of different
geometries, ranging from the ground-state to deformed or
excited-state configurations.7 Overall, the literature commonly
agrees that excimer formation involves structural relaxation
along an intermolecular coordinate toward a geometry that
exhibits larger π-orbital overlap, typically within a picosecond
time scale for perylene diimide (PDI) dyes.11,14 Excimers have
been demonstrated to arise from exciton-like precursors on a
picosecond time scale, where the final excimeric state can
further relax preceding a nanosecond radiative decay.15,16 It is
therefore often assumed under the adiabatic approximation
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that steady-state emission dominantly occurs from the
“excimer geometry” or from a relaxed excited-state geometry;13

however, some theoretical approaches attribute excimer
signatures to an average emission over several different
geometries.17,18

Original studies involving crystalline pyrene had suggested
that the low-energy fluorescence peak arises from a) dipole−
dipole interactions5 or b) charge transfer transitions;19

however, subsequent theories supported excimer states arising
from Frenkel exciton and charge transfer (CT) exciton mixing
in a relaxed intermolecular geometry.5,10,12,20−22 Recently,
Wasielewski et al. postulated an upper and lower threshold for
the magnitude of the Frenkel-CT coupling required for
excimer formation;23 however, an intuitive physical justifica-
tion is lacking, highlighting the need to better understand the
role of CT states in excimer evolution.
Most excimer fluorescence spectra are recorded at room

temperature, where emission no longer occurs from only the
lowest energy state. The pioneering work of Birks and co-
workers first determined that excimer formation of pyrene in
solution is diffusion-controlled, concentration-dependent, and
reversible.2−4 Some experiments show a relative decrease of
the excimer peak accompanied by an increase in monomer
fluorescence with temperature, presumably as the dimer
dissociates.9,10,24,25

Oddly, some experiments observe structured excimer peaks
in solution, even after subtracting out monomer emission.13,26

Furthermore, even in the crystal-phase, some experiments
reveal a competition between conventional excimer emission
and exciton (or monomer-like) structured emission,27,28 while
in other studies, excimer emission appears dominant.29,30

However, in a crystal lattice or in a rigid covalently linked
dimer such as that in Figure 8 (see section Comparison to
Experiment), the “monomer” emission peak becomes more
difficult to justify. In some cases, a blue-shifted vibronically
structured peak grows in with temperature, which has been
attributed to a lower exciton peak31 or the emergence of a free-
exciton band.32 Recently, temperature-dependent emission
studies on a PDI foldamer revealed that in one solvent both the
excimer and the “monomer”-like signatures increase in
intensity as a function of temperature,28 a trend that
contradicts an interpretation based on an equilibrium between
monomer and foldamer (dimer) phases. While excimer
emission remains commonplace in many systems, the detailed
nature of excimers remains theoretically elusive.
Formerly, exciton models have not been considered suitable

for describing excimer formation due to their neglect of
intermolecular vibrational modes, and therefore, ab initio dimer
methods have been the favored theoretical approach.13,33 Some
drawbacks to relying on ab initio methods to implement the
intermolecular behavior in the emission is that the inclusion of
many atoms and vibrations is computationally expensive, while
obtaining accurate relative CT and Frenkel states remains quite
theoretically challenging.34

Previous approaches including local vibronic coupling via
Holstein-style Frenkel-CT Hamiltonians have been successful
in simulating fluorescence spectra with clear intramolecular
vibronic progressions (effective modes on the order of 1400
cm−1).35−37 In this paper, we expand the Hamiltonian to
include also local and nonlocal (i.e., Peierls-like) coupling
involving a slow, torsional mode, such as that pioneered by
Silbey and Munn,38 in order to describe excimer emission. In
our approach, exciton states, CT states, intramolecular

vibrations, and intermolecular vibrations are all treated on
equal footing in order to simulate both absorption and
emission, which, to the best of our knowledge, has not been
done previously. The use of a simple model helps to clarify the
minimum physical requirements to observe excimer emission,
and can powerfully point to spectroscopic trends as a function
of a small set of physical parameters, at a smaller computa-
tional cost.
The model proposed in this work gives insight into the role

that Frenkel excitons, CT states, intramolecular vibrations, and
intermolecular vibrations all play in the formation of excimer
emission in dimers of small organic chromophores. We find
that excimer signatures can be induced by either (1) local
coupling of the dimer CT states to an effective intermolecular
vibrational mode or (2) nonlocal coupling, in which the
intermolecular vibrational mode modulates the coupling
between the Frenkel and CT states. However, both local and
nonlocal coupling are required to successfully simulate
experimental spectra with reasonable parameters. Our model
suggests that the excimer states have a large charge transfer
character, which is consistent with the small transition dipole
moments and long lifetimes observed in many experimental
studies of excimers.29,39,40

In what follows, we consider the absorption and emission
spectra of two bis-PDI dyes presently referred to as bis-PDI-A
and bis-PDI-B, taken from ref 41. Bis-PDI-A displays a
conventional broad, structureless, and Stokes-shifted excimer
emission, while bis-PDI-B exhibits an unstructured broad
excimer peak at lower energy, but with a structured
intramolecular vibronic progression of a 1400 cm−1 mode at
higher energies, typical signatures of either monomer emission
or emission from Frenkel excitons coupled to intramolecular
vibrations. We find that weaker nonlocal couplings, at
reasonable CT energies, generate a composite fluorescence
spectrum that exhibits both structured and unstructured
components whereas stronger nonlocal coupling, or further
stabilization of the diabatic CT state, further Stokes shifts the
excimer peak until no intramolecular vibronic structure is
achieved at room temperature. In a simplified picture, the
structured components can be attributed to having more
Frenkel-exciton character whereas the unstructured compo-
nents arise from the strong intermolecular coupling to the CT
state. While other approaches employ an averaging over
emission spectra at various geometries,17,18 our model treats
the intermolecular coordinate quantum mechanically, yielding
emitting states which themselves are wave function super-
positions over Frenkel and CT basis functions with a prescribed
number of intermolecular vibrational quanta.

■ METHODS
In what follows, we consider a simple dimer system, which is
useful for understanding excimers in both the solution and
crystal phase.7 In fact, recent studies suggest that in organic
thin films the initial delocalized excitation very rapidly localizes
to a dimer on a femtosecond time scale, further accentuating
the importance of studying dimer systems.42,43 However, our
model could be straightforwardly extended to a linear stack of
three or more chromophores. The model proposed in this
paper builds on the physical insight obtained by previous
investigations, the first of which corresponds to a structural
reorganization of a dimer in the excited state.
The Holstein model includes structural reorganization via a

local vibronic coupling term governed by ℏωλ, where ω is the
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vibrational frequency and the dimensionless quantity λ is
proportional to the relative displacement between the minima
of the ground and excited state potentials along the associated
vibrational coordinate (see Figure 1).44 The corresponding
nuclear relaxation energy is given by ℏωλ2, where λ2 is the
Huang−Rhys (HR) factor.

Our previous work on systems of small organic chromo-
phores or polymers has mainly focused on intramolecular
vibrational coupling involving a fast vinyl stretching mode ωf ≈
1400 cm−1 in aromatic systems with a HR factor λf

2 ≈ 1
obtained from experimental monomer spectra (Figure 1a).35,36

In the present work, we incorporate structural reorganization
along an intermolecular coordinate in the dimer excited state
through a slow intermolecular vibrational mode, with the
coupling governed by ℏωsλs. We consider a mode energy of
the order of ωs ≈ 100 cm−1, an order of magnitude smaller
than the intramolecular mode, but with a HR factor as high as
20 in order to obtain a substantial relaxation energy. Such a
mode has been deemed essential for excimer formation.45 The
mode can consist of any compression, sliding or torsional
motion; the specifics are not required as input in the proposed
model. In the following analysis, it is assumed that the motion
is along the coordinate which relaxes to the dimer’s first excited
state minimum, which is assumed to be a torsional motion in
PDI13 or perylene14 dimers.
The inclusion of intermolecular vibrations with large

reorganization energies has the ability to induce a large Stokes
shift and broadening, two typical features of excimer spectral
signatures. To this end, one must consider how progression
along the intermolecular coordinate impacts the energies of the
various dimer excited states (i.e., Frenkel-like vs CT) with the
possible formation of new excited state equilibrium geometries,
where the reorganization energy relates to the strength of the
coupling through λs. As pointed out previously,46 the coupling
can be significant in excited states with a large CT character,
since relative changes in orientation between a cation and
anion will influence the site energy of the CT state. Therefore,

we introduce local intermolecular vibrational coupling to the
CT states, but neglect it for the Frenkel states, as depicted in
Figure 1b.
Intermolecular vibrations will not only impact the local

diabatic energies as described above but will also induce
changes in the electronic coupling between the monomeric
components of the dimer during evolution along the
intermolecular mode (Figure 1b). While exciton coupling
between transition dipoles requires large changes in geometry
in order to significantly alter the coupling, it has been
previously demonstrated that the transfer integrals involved in
Frenkel-CT coupling are highly sensitive to even small sub-
Angstrom shifts in relative geometry.47 Therefore, the so-called
nonlocal coupling between Frenkel and CT states induced by
the intermolecular mode will be incorporated in our model,
while nonlocal coupling between Frenkel states is assumed to
be negligible. Many groups have previously included nonlocal
intermolecular coupling in dynamics studies either by using a
Holstein−Peierls Hamiltonian48,49 or by Taylor expanding the
coupling constants along a Born−Oppenheimer intermolecular
vibrational coordinate.46

Overall, the Holstein−Peierls (HP) Hamiltonian analyzed in
this work can be decomposed into pure electronic components
consisting of Frenkel (HF) and CT (HCT) terms as well as
vibrational/vibronic terms involving the fast intramolecular
mode (Hvib

f ) and the slow intermolecular mode (Hvib
s ),

H H H H HHP F CT vib
f

vib
s= + + + (1)

For a dimer, the electronic Frenkel Hamiltonian can be
expressed as

H E J1 1 2 2 1 2 2 1SF 1 C= [| ⟩⟨ | + | ⟩⟨ |] + [| ⟩⟨ | + | ⟩⟨ |] (2)

where the state |n⟩ (n = 1,2) indicates that the nth monomer is
electronically excited to the S1 state, while the remaining
monomer is unexcited (S0). The S0 → S1 transition energy is
ES1 and JC is the Coulomb coupling due to interacting HOMO
→ LUMO transition dipole moments on neighboring
chromophores. Next, the CT electronic part of the dimer
Hamiltonian in eq 1 can be expressed as

H E

t

t

( 1 , 2 1 , 2 2 , 1 2 , 1 )

( 1 , 2 1 2 , 1 2 h.c.)

( 1 , 2 2 2 , 1 1 h.c.)

CT CT

e

h

= | ⟩⟨ | + | ⟩⟨ |

+ | ⟩⟨ | + | ⟩⟨ | +

+ | ⟩⟨ | + | ⟩⟨ | +

+ − + − + − + −

+ − + −

+ − + −
(3)

which includes the CT site energies ECT as well as the coupling
between Frenkel and CT states through the electron (hole)
dissociation integrals, which under the approximation of a one-
electron Hamiltonian (ĥ) are equivalent to the electron (hole)
transfer integrals te(th).

36 The electron (hole) transfer integrals
are related to the molecular orbital overlap between the
LUMO (HOMO) orbitals of the monomers A and B,

t h

t t h

LUMO LUMO

HOMO HOMO

e A B

h H A B

= ⟨ | |̂ ⟩

= − = −⟨ | |̂ ⟩ (4)

The hole transfer integral is negated relative to the matrix
element of ĥ connecting two neighboring HOMO orbitals
(tH).

50 This arises because moving a hole forward is equivalent
to moving a valence electron backward. Generally, the signs of
te and th depend on the chosen phase convention which relates
the molecular orbitals on A to those on B.51 The phase

Figure 1. Diabatic potential wells corresponding to (a) the fast
intramolecular vibration along coordinate, qf, and (b) the slow
intermolecular vibration along coordinate qs. In (b) strong local
coupling of the CT state (|1+2−⟩ or |2+1−⟩) is represented by a
significant shift of the potential well along qs relative to the ground
state well. The intramolecular vibrational mode in (a) is represented
by a 1400 cm−1 symmetric vinyl stretching mode. The intermolecular
coordinate in (b) includes a change in the relative orientation (angle)
between the two PDI molecules in the dimer. The operator form of
the dimensionless coordinate, q̂s = (bs

† + bs)/2, is consistent with the
shift of the CT well minimum by λs

CT. A similar construct for the
coordinate operator applies to the fast mode.
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convention must be consistent with the directions of the
transition dipole moments on A and B.
Within the electronic basis set, the two diabatic Frenkel

states of the dimer are defined as,

k

k

0
1
2

1 2

1
2

1 2

F

Fπ

| = ⟩ = {| ⟩ + | ⟩}

| = ⟩ = {| ⟩ − | ⟩}
(5)

For dimers with aligned transition dipole moments, the phase
convention is chosen such that only the k = 0 state is optically
allowed from the vibrationless electronic ground state. There
are also two diabatic symmetry-adapted CT states

k

k

0
1
2

1 , 2 2 , 1

1
2

1 , 2 2 , 1

CT

CTπ

| = ⟩ = {| ⟩ + | ⟩}

| = ⟩ = {| ⟩ − | ⟩}

+ − + −

+ − + −

(6)

Finally, only states with the same momentum couple,
producing two upper (+) and two lower (−) adiabatic
eigenstates of the purely electronic Hamiltonian HF + HCT:

k c k c kk k
F,CT F

,
F CT

,
CT| ⟩ = | ⟩ + | ⟩± ± ±

(7)

where the relative Frenkel (CT) character of each state is given
by its coefficients cF

k,±, cCT
k,±. For a dimer, the kth eigenvalue (k =

0, π) in the upper (+) or lower (−) band is

E
E E

E E
t t t t k

2

2
2 cos( )

k
k

k

F CT

CT F
2

e
2

h
2

e h

i

k
jjjjj

y

{
zzzzz

=
+

±
−

+ + +

±

(8)

where EF
k = ES1 + JC cos(k). Note that the energy expression in

eq 8 slightly differs from that corresponding to a linear
aggregate with periodic boundary conditions due to the latter
having two nearest neighbors.47

The third term in the Hamiltonian in eq 1 accounts for local
vibronic coupling involving the fast intramolecular mode with
frequency ωf as was done in our previous works.35,36,47 The
HR factor for the shifted harmonic well corresponding to state
S1 is λf

2, while the HR factors for the shifted cation and anion
wells are (λf

+)2 and (λf
−)2, respectively. In the Hamiltonian,

bn
†(bn) is the creation (annihilation) operator of a vibration in
the S0 potential on chromophore n, where we have suppressed
the subscript f for notational simplicity. Assuming periodic
boundary conditions, the Hamiltonian reads:

H b b b b n n

b b

n n n n

b b

n n n n

( )

( )

, ( 1) , ( 1)

( )

, ( 1) , ( 1)

n n f
n

n n

n
n n

n
n n

vib
f

f f
1

2

f

f f
1

2

f

f f
1

2

1 1 f

∑

∑

∑

ω ω λ λ

ω λ λ

ω λ λ

= − [ + − ]| ⟩⟨ |

− [ + − ]

× | + ⟩⟨ + |

− [ + − ]

× | + ⟩⟨ + |

†

=

†

+

=

† +

+ − + −

−

=
+

†
+

−

+ − + −
(9)

where we have set ℏ = 1. (Note under periodic boundary
conditions chromophore n + 1 is understood to be
chromophore 1 when n is 2.) In the following analysis, we
approximate (λf

+)2 + (λf
−)2 ≈ λf

2 and (λf
+)2 = (λf

−)2 as done in
previous work.52,53

The final additions to the Holstein−Peierls Hamiltonian,
which are essential to excimer formation, incorporate the
coupling to an effective slow intermolecular vibrational mode,
with frequency ωs ≈ 100 cm−1. The local (HL

s ) and nonlocal
(HNL

s ) components involving only the slow mode are expressed
through

H b b H Hvib
s

s s s L
s

NL
sω= + +†

(10)

where bs
† (bs) is the creation (annihilation) operator of an

intermolecular phonon in the unshifted potential of the dimer.
The local coupling involving the slow mode is accounted for in
HL

s and represents a shift of the harmonic potential well only
for CT states with HR factor (λs

CT)2. We have,

H b b n n n n( ) , ( 1) , ( 1)
n

L
s

s s
CT

1

2

s s s
CT∑ω λ λ= − [ + − ]| + ⟩⟨ + |

=

† + − + −

(11)

Additionally, nonlocal coupling involving the slow mode is
manifested in potentially large changes in the Frenkel-CT
coupling along the intermolecular coordinate, qs, as realized, for
example, by the increased molecular orbital overlap in the
relaxed excimer geometry.54 We incorporate this effect by
expanding te/h to first order in qs

t t g qe/h e/h
0

e/h s≈ + (12)

where te
0 and th

0 represent the electron and hole transfer
integrals, respectively, corresponding to the relaxed ground
state geometry (see Figure 1), and where the nonlocal coupling
is governed by

g
t
qe/h
e/h

s

≡
∂
∂ (13)

One can incorporate the nonlocal coupling term, ge/hqs,
quantum mechanically through a Holstein−Peierls model. In
reduced coordinates, the nonlocal Frenkel-CT coupling term
in the Hamiltonian can be written as

H g
b b

g
b b

( )
2

( 1 , 2 1 2 , 1 2 h.c.)

( )
2

( 1 , 2 2 2 , 1 1 h.c.)

NL
s

e
s s

h
s s

=
+

| ⟩⟨ | + | ⟩⟨ | +

+
+

| ⟩⟨ | + | ⟩⟨ | +

†
+ − + −

†
+ − + −

(14)

where the operator form of the dimensionless coordinate qs is
q̂s = (bs

† + bs)/2. With qs so defined, its expectation value at the
diabatic CT potential minimum occurs when ⟨qs⟩ = λs

CT.
Hence, the nonlocal coupling parameter can be approximated
(assuming λs

CT ≠ 0) from the extreme geometries as

g
t t

e/h
e/h
R

e/h
0

s
CTλ

≈
−

(15)

where te
R and th

R are the electron and hole transfer integrals,
respectively, calculated at the relaxed excited state geometry,
see Figure 1.
The basis set used in this paper is similar to the multiparticle

basis set pioneered by Philpott55 and applied in many previous
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works involving Frenkel-CT coupling;35,47,56 however, here we
include an additional intermolecular vibrational degree of
freedom. Accordingly, one-particle states are represented as
|n, ν;̃ νs

F⟩, where an exciton is localized on site n with ν̃
intramolecular vibration quanta in the S1 potential, while the
neighboring chromophore is in its electronic ground state, with
no vibrational quanta in the S0 potential. In addition, there are
νs
F vibrational quanta in the intermolecular potential well
corresponding to the Frenkel (F) exciton. Two-particle states, |
n, ν;̃ n′, ν′; νsF⟩, include at least one additional intramolecular
vibration ν′ in the neighboring chromophore’s (n′) ground-
state (S0) potential. Finally, the charge transfer states can be
written as |n+, ν+; (n + 1)−, ν−; νs

CT⟩, where a cation is localized
on site n+ with an intramolecular vibration ν+ in the cation
potential and an anion is localized on the neighboring
chromophore (n + 1)− with an intramolecular vibration ν−

in the anion potential. (For a dimer, chomophore n + 1 is
understood to be chromophore 1 when n is 2). In addition,
there are νs

CT intermolecular vibrational quanta in the (shifted)
harmonic well corresponding to the CT state. It is important to
note that the basis set so described is formally complete for a
dimer. A given eigenstate of HHP can then be expanded as,

c n

c n n

c n n

, ;

, ; , ;

, ; ( 1) , ;

n
n

n n
n n

n
n

,
, ; s

F

, ,
, ; , ; s

F

, ,
, , ; s

CT

F

s
F s

s
F s

F

s
CT s

CT

∑ ∑

∑ ∑ ∑

∑ ∑

ν ν

ν ν ν

ν ν ν

|Ψ ⟩ = | ̃ ⟩

+ | ̃ ′ ′ ⟩

+ | + ⟩

α
ν ν

ν ν
α

ν ν ν
ν ν ν

α

ν ν ν
ν ν ν

α

̃

′ ′
̃ ′ ′

+ + − −

∼

∼

+ −
+ −

(16)

Generally, an emitting state of the form eq 16 possesses
qualities of both Frenkel and CT excitons, yielding observables
which take on an intermediate character. For example, under
local coupling, the expectation value of the slow coordinate qs
lies between 0 (Frenkel-exciton) and λs

CT (CT-exciton). This
view is consistent with the findings of refs 57 and 58, where
vibrational spectroscopy was used to show that in certain
molecular dimers, the excimer properties are intermediate
between those of local and CT excitations.
Absorption and emission formulas incorporating intermo-

lecular vibrations are listed in section SI.2, using the dipole
operator defined as

g g1 2 h.c.Fμ μ̂ = ⃗ {| ⟩⟨ | + | ⟩⟨ | + } (17)

where |g⟩ represents the electronic ground state. For the
absorption spectra, hot transitions are included by taking a
thermal average over a Boltzmann distribution of vibrationally
excited electronic ground states. A Boltzmann distribution of
the emitting eigenstates was also taken to determine the
temperature-dependent emission spectra. In what follows, we
neglect the effects of self-absorption, disorder, and triplet
states, the small CT transition dipole moment, as well as the
anharmonicity of low-frequency wells. Furthermore, we assume
that the k = 0 exciton retains all of the oscillator strength, and
therefore neglect any dipole moment misalignments caused by
motion along the intermolecular coordinate. For the bis-PDI-A
and bis-PDI-B applications, we therefore neglect the oscillator
strength of the lower Davydov component induced by the
small deviations from an eclipsed geometry. We found that
these approximations do not effect the essential physics of

excimer formation, and the details of their photophysical
effects will be left for future work.

■ RESULTS AND DISCUSSION
Local and Nonlocal Intermolecular Coupling in

Linear Absorption Spectra. The model proposed in this
work is able to simulate both the absorption and emission
spectra with a common set of parameters. Figure 2 depicts the

calculated absorption spectrum of a PDI monomer (Figure 2a)
and a model HH-dimer (Figure 2b) using the Hamiltonian in
eq 1 (see the Supporting Information for details). The clear
vibronic progression observed in both the monomer and dimer
is a result of local coupling to the fast intramolecular mode. In
the dimer, the molecules are eclipsed so that the transition
dipole moments on each monomer are parallel as in an H-
aggregate. Accordingly, the Coulomb coupling is positive and
the electron and hole transfer integrals out-of-phase (H-like),
as is the case for the PDI dimers considered in detail later on.
Hence, the dimer can be described as a HH-aggregate.47,51

Accordingly, in going from the monomer to the dimer, one
observes an inversion of the ratio between the first two
vibronic peaks.
Furthermore, Figure 2 demonstrates that, in the case of this

study’s experimentally relevant couplings, which includes also
out-of-phase nonlocal couplings (ge = −gh; see section
Comparison to Experiment), the absorption spectrum is
practically unchanged by the inclusion of either local or
nonlocal coupling to the slow, intermolecular mode. This
supports the approach in previous works that the coupling
parameters corresponding to the ground state geometry are
mainly responsible for the absorption spectrum. Hestand and
Strong demonstrated how nonlocal couplings can variously
broaden the different k exciton states in linear absorption
spectra;37 however, in their model, the nonlocal coupling is
incorporated indirectly through an average over different
ground-state geometries produced by molecular dynamics. Our
model is restricted to a single intermolecular mode, but treats
the nonlocal (and local) coupling fully quantum mechanically.

Figure 2. Calculated room temperature linear absorption spectrum of
(a) a PDI monomer and (b) an eclipsed (“sandwich”) dimer which
demonstrates the effect of H-promoting electronic couplings (JC > 0,
teth < 0) in inverting the relative intensities of the first two vibronic
peaks, independent of slow-mode coupling. In (b) the full
Hamiltonian, HHP, is employed. Only small changes are caused by
the local ((λs

CT)2 = 14) and nonlocal (gh = −ge = 280 cm−1)
intermolecular coupling terms in eq 1. Spectra were simulated with the
parameters: ECT − ES1 = 1400 cm−1, JC = 333 cm−1, th = −te = 280
cm−1, ωs = 100 cm−1, ωf = 1400 cm−1, λf

2 = 0.7, and with a linewidth
of 420 cm−1. For the “No Coupling” curve (black) in (b): λs

CT = ge =
gh = 0.
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Although the absorption spectrum is practically unaffected
by either local or nonlocal intermolecular coupling involving
the slow mode, such is not the case for the fluorescence
spectrum. As demonstrated in the following sections, emission
is profoundly impacted by the slow mode, which causes
evolution toward a relaxed excited state. Whereas absorption is
mainly governed by transitions from the ground state, along
with a few hot-band transitions involving the slow
intermolecular mode, emission derives from a relaxed
(displaced) excited state geometry with transitions terminating
on a number of intermolecular vibrational quanta in the
electronic ground state potential. As discussed in the
proceeding sections, not all coupled Frenkel-CT states are
shifted equally along the intermolecular coordinate, making for
a rather complex emission profile, generally consisting of
structured and unstructured elements.
Excimer Mechanisms. Previous work suggests that

excimer emission arises due to Frenkel-CT mixing.10,59 In a
closely-packed π-stacked system, the molecular orbital overlap
will induce mixing between Frenkel and CT excitons through
eq 4. Prior implementations of a Frenkel-CT Holstein model
(based on the first three terms in eq 1) have analyzed
absorption and fluorescence spectral signatures of Frenkel-CT
interference in closely-packed organic aggregates that display
only vibronically structured emission, but no evidence of
excimers.35,56 To describe excimer formation, one requires at
least Frenkel-CT mixing and relaxation along a slow mode.
The increase in Frenkel-CT mixing that is induced by the

larger π-orbital overlap at a new relaxed geometry is believed to
generate excimer signatures in the fluorescence. Several
experiments distinguish between CT states and excimer states

by the amount of charge transfer character at the excimer
geometry,21,29 where transient absorption excimer signatures
typically do not exhibit pure anion and cation peaks.27,60

However, the exact mechanism of excimer formation and a
clear role of the CT states or Frenkel-CT mixing in excimer
emission are not well understood. The following sections aim
to provide further insight into the role that CT states and
intermolecular vibrations play in inducing excimer emission in
molecular dimers.

Excimers via Local CT Coupling to the Intermolecular
Mode. The electronic interference between Frenkel and CT
excitons in a molecular dimer can be visualized through the
following coupling matrix element, which makes use of eqs 3,
5, and 6:

k H k t teF
ik

CT CT e
0

h
0⟨ | | ⟩ = + (18)

Hence, when te
0 = th

0, only the optically bright k = 0 Frenkel
exciton and k = 0 CT exciton will mix. Conversely, when te

0 =
−th0, as is relevant in the present work, only the optically dark k
= π states will mix. In real systems, the transfer integrals are
unequal in magnitude and therefore mixing between both the
Frenkel and CT k = 0 states as well as between both the
Frenkel and CT k = π states will occur. Nevertheless, one can
see that the two optically allowed adiabatic Frenkel-CT k = 0
states can have varying degrees of Frenkel and CT character,
depending on the signs and magnitudes of the transfer
integrals, as well as the energy mismatch between EF and ECT.
Incorporating local intermolecular vibrational coupling to

the CT state of the dimer via HL
s leads to a shifted CT diabatic

well relative to the Frenkel diabatic well, as depicted in Figure
3a. The energetic offset between the diabatic Frenkel and CT

Figure 3. (a) Diabatic potential wells corresponding to local (S1) and CT excitations in a dimer, drawn with respect to the intermolecular
coordinate, qs. ES1, ECT

0 correspond to the ground state geometry and ECT, ES1
R correspond to the relaxed first excited state geometry along qs. (b)

Calculated room temperature fluorescence spectrum based on HHP − HNL
s displaying excimer formation upon stabilizing ECT, where ΔE = ECT −

ES1. Parameters: JC = 333 cm−1, th
0 = −te0 = 420 cm−1, λf

2 = 0.7, (λs
CT)2 = 15, ωs = 100 cm−1, ωf = 1400 cm−1, and a line width of 420 cm−1. c)

Simplified energy level diagram for the geometry corresponding to the minimum of the Frenkel well (left) and at the minimum of the CT well
(right) when th

0 = −te0. The splitting at the eclipsed geometry (right) is the source of the excimer peak (dark purple) in b) and its large CT character,
when ECT < EF

L. The splitting at the ground state geometry (left) is responsible for the thermally activated structured emission deriving from the
upper Frenkel-like states (blue), dressed with intramolecular vibrations. ΔL represents the energy difference between the relaxed k = π excimer state
and the unrelaxed Frenkel-like k = 0 state. Note: this cartoon depicts only the electronic diabatic states where only the intermolecular vibrational
coordinate is considered. Intramolecular vibrations also couple to the transitions as seen in b), and are only included in the electronic ground state
to which emission occurs in (c), in order to satisfy symmetry requirements (see text).
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states and hence the Frenkel-CT mixing now evolves along the
coordinate qs, as the CT state is increasingly stabilized and the
Frenkel state is increasingly destabilized, leading to greater CT
character in the relaxed excited state vs ground state
geometries. The electronic coupling will also be modulated
by intermolecular overlap factors:

k H k t t; ; eCT
ik

h s
F

s
CT

F s
F

CT s
CT

e
0 0ν ν ν ν⟨ | | ⟩ = { + }⟨ | ⟩ (19)

Under the assumption that |λs
CT| is large, corresponding to a

large reorganization energy of the CT state along an
intermolecular vibrational coordinate, our model shows that a
Stokes shift and broadening can occur in the emission
spectrum even without the implementation of the nonlocal
coupling (ge = gh = 0), as long as the diabatic CT minimum is
sufficiently below that of the lowest electronic Frenkel state
(see Figure 3):

E ECT F
L< (20)

In section SI.3, we show through perturbation theory how an
intermolecular Stokes shift is induced under the inequality (eq
20). With the incorporation of intramolecular vibronic
coupling, it is possible to obtain excimer formation for both
relative phase combinations between te

0 and th
0 via local

intermolecular vibronic coupling to the CT states; however,
here we focus on the experimentally relevant case te

0 ≈ −th0, as
observed in bis-PDI A and B quantum calculations listed in
Table 1 in the Comparison to Experiment section. Further
investigation into how the different relative phase combina-
tions affects excimer signatures will be left to future work.
Figure 3b shows how the calculated room-temperature

emission spectrum for an HH-aggregate varies with increasing
CT state stabilization. The spectra are evaluated using HHP −
HNL

s and therefore include intramolecular vibrational coupling
in addition to local intermolecular vibrational coupling. When
ECT and ES1 are equal, the spectrum contains a pronounced
vibronic structure, resembling a progression based on the fast
intramolecular mode. However, as ECT dips below ES1, the
emission becomes more red-shifted and excimer-like. The
simplified energy level diagram in Figure 3c approximately
accounts for the observed behavior. When the energy ordering
obeys eq 20, the lowest-energy (excimer) states such as |k =
π⟩F,CT

R,− and |k = 0⟩CT
R acquire dominant CT character, and are

significantly shifted along the intermolecular coordinate. The
resulting emission is Stokes-shifted and broadened, since it is
composed of transitions which terminate on the electronic
ground state with a range of intermolecular quanta.
Interestingly, since the lowest-energy excimer state arises
from k = π mixing (since te

0 = −th0), low-temperature emission
must terminate on states with at least one intramolecular
vibrational quantum, as is necessary for H-aggregates, where
“0−0” emission is forbidden in the ideal case. For example, k =
π excimer emission can terminate on the ground electronic
state with one intramolecular vibration delocalized over both
molecules such that the molecular vibrations are out-of-phase,
i.e. a q = π phonon state. In this case, an additional 1400 cm−1

Stokes shift will arise.
Under eq 20, the higher-energy eigenstates of HHP − HNL

s

such as those that derive from |k = π⟩F,CT
0,− and |k = 0⟩F

0 (shaded
blue in Figure 3c) are more Frenkel-like in character and
therefore do not couple as strongly to the intermolecular
vibrational modes. Emission from such states is characterized
by a prominent intramolecular vibronic progression, i.e.

“structured” emission. However, since the high-energy states
require thermal activation, the structured emission becomes
substantial only when the energy gap ΔL, defined in the figure,
is not large compared to kbT. In the perturbative limit, one can
approximate ΔL ≈ ES1 − ECT, and hence, the temperature
activation is strongly dependent on the diabatic energy gap;
structured emission becomes prominent when the Frenkel-CT
coupling is relatively weak and the diabatic energy gap ES1 −
ECT is small. If one further increases ΔL, for instance, by further
stabilizing ECT as shown in Figure 3b, the fluorescence
spectrum becomes less structured and almost purely excimer-
like. Moreover, for fixed ΔL, the structured emission grows in
with increasing temperature, as demonstrated later on (see
Comparison to Experiment section).
While incorporation of local vibronic coupling between the

CT state and the slow intermolecular mode can successfully
simulate excimers (Figure 3b), the parameters needed to
reproduce experiment are somewhat questionable. Some
groups have argued61 or observed62 ECT < ES1 in excimer/
exciplex formation. However, others have maintained that ECT
cannot be lower in energy than the lowest Frenkel state in
perylene diimide dimers.33,63 Studies suggest that when
including a polarizable medium the energy of the Frenkel
state EF can be even more stabilized than the CT state by the
crystal’s polarizability, and that even if the CT state is in its
most stabilized geometry, it is never observed to be more
stable than the lowest Frenkel state.64,65

Even though Figure S3 shows that local coupling involving a
slow intermolecular vibrational mode can induce a structured/
unstructured composite fluorescence spectrum (resembling
bis-PDI B in the Comparison to Experiment section), the
transfer integrals te/h

0 needed to produce the composite
spectrum do not reflect the large molecular orbital overlap in
the excited state geometry, and furthermore, ECT is required to
be perhaps nonphysically stabilized below EF

L. The more
traditional approach that ECT > ES1 in PDI dimers, as well as
the ability to account for larger CT transfer integrals at the
excited state geometry, is achievable if one further includes
nonlocal intermolecular coupling, as discussed in the following
section.

Excimers via Nonlocal Frenkel-CT Coupling. Incorporation
of the Frenkel-CT nonlocal intermolecular vibrational coupling
allows one to account for changes in the CT transfer integrals
which occur during relaxation along the intermolecular
coordinate. For example, in bis-PDI A and bis-PDI B (see
Figure 8 in Comparison to Experiment section), a large
increase in the transfer integrals reflects an increase in the
molecular π-orbital overlap as the two PDI molecules rotate
toward a more eclipsed arrangement. In order to isolate the
nonlocally induced excimer behavior, in this section, we
neglect the local intermolecular vibrational coupling and set
λs
CT = 0. In this case, ge/h are taken from the general expression
given by eq 13.
We guide the readers to Bred́as et al.’s46 intuitive picture

describing how nonlocal coupling induces a reorganization
energy in the adiabatic states. A similar analysis, conducted
here under the simplified conditions ECT = ES1 and JC = 0,
shows that nonlocal coupling induces changes in the k-
dependent upper-energy (U) and lower-energy (L) potential
wells as shown in Figure 4. The minimum of each well is
shifted by λU/L

k and relaxed in energy by ER
k with
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Details of the derivation can be found in SI.6. In eq 21a, sU/L
k

represents a sign, which matches the sign of the product
[−cFk,±cCTk,±], with the wave function coefficients taken from eq 7.
Hence, for a given k, the upper and lower potential wells are
shifted equally, but in opposite directions, as shown in Figure
4. As also indicated in the figure, the relaxation energies, ER

k

(for a given k), are equal for both upper and lower potential
wells. Equation 21 highlights how the relative phase between ge
and gh alters the shifts and reorganization energies of all four
potential wells, but the lowest energy well is most relevant for
excimer emission. Generally, when the phase relationship
between ge and gh matches that between te

0 and th
0 the

reorganization energy for the lowest energy state is enhanced,
leading to more red-shifted emission.
We now show that nonlocal coupling alone can give rise to a

composite emission spectrum. Continuing to adopt this study’s
experimentally relevant out-of-phase electron and hole transfer
integrals, (thte < 0) as exists in HH-aggregates, Figure 5a,
depicts the k-dependence of the upper and lower potential
wells when th > 0, te < 0, and gh = −ge > 0. With such phase
relationships, both th and te maintain their phase but increase
in magnitude as the molecules progress along the intermo-
lecular coordinate. The greatest splitting occurs between the
states with k = π in accordance with eq 8. Both states have
equal relaxation energies, ER

π , given by eq 21b but with
potential wells shifted in opposite directions. By contrast, the k
= 0 states are entirely unaffected by nonlocal coupling.
Figure 5b demonstrates the evolution of structured-

unstructured composite emission spectrum with increasing
nonlocal coupling g, where g = gh (= −ge) . The calculated
spectra are based on the Hamiltonian, HHP − HL

s and as such
also include intramolecular vibrational coupling. Figure 5b
shows how the emission spectrum generally becomes more
excimer-like (structureless) with increasing g. Yet, if thermally
activated, the unshifted k = 0 states can also contribute to the

fluorescence spectrum, producing an intramolecular vibronic
progression with a high-energy component near the monomer
0−0 frequency. Figure 5a shows that thermal activation occurs
when kbT becomes comparable to or larger than the quantity
ΔNL, defined in the figure. Under the simplified conditions in
Figure 5, ΔNL = |te

0 − th
0| − |te

0 + th
0| + ER′(π). The expression is

approximate since it ignores the relatively small changes due to
intramolecular vibrational coupling.
Unlike for excimer emission induced by local coupling alone,

a nonlocally induced Stokes shift and broadening does not
require eq 20. Hence, traditional energy orderings for some
small organic chromophores such as PDI (ECT > ES1) can be
accommodated by the inclusion of nonlocal coupling terms.
Figure S4 demonstrates our best attempt to fit the
experimental spectrum of bis-PDI B. In order to obtain the
correct Stokes shift of the excimer and a more pronounced
vibronic progression, we found ECT is required to be much
higher than advanced electronic structure methods predict for
PDI. While Figures 5a and S4 show how nonlocal
intermolecular vibrational coupling can induce excimers in

Figure 4. (a) Frenkel and CT diabatic potential wells with respect to
the intermolecular coordinate under the resonance condition (ECT =
ES1) and with JC = 0. (b) Activating Frenkel-CT mixing via HCT in eq
3 results in split upper (U) and lower (L) Frenkel-CT potential wells,
with the well minima given by, E±

k from eq 8. (c) Final inclusion of
nonlocal coupling via HNL

s results in oppositely displaced potential
wells. The well minima are given by EU/L

k = E±
k − ER

k . Note, the
relaxation energy, ER

k is the same for both upper and lower wells.

Figure 5. (a) Representation of the four Frenkel-CT adiabats when gh
= −ge > 0, th

0 ≈ −te0 > 0, and ECT = ES1. Substantial splitting occurs
between the k = π states, along with substantial nonlocal shifting and
relaxation. By contrast, the k = 0 states are minimally split with no
relaxation. Red (orange) arrow represents the excimer (structured)
emission. Structured emission from the k = 0 state is thermally
activated as kbT approaches ΔNL, with the vibronic structure deriving
from intramolecular vibrational coupling. (b) Calculated room
temperature fluorescence spectra based on HHP − HL

s . Note the
increasing Stokes shift with increasing g = gh = −ge > 0. Here, ECT =
ES1, JC = 0, th

0 = −te0 = 420 cm−1, ωs = 100 cm−1, and ωf = 1400 cm−1.
In addition, λf

2 = 0.7. Note: only the intermolecular vibrational
coordinate is shown in (a); however, the intramolecular vibrations are
necessary for k = π emission.
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the fluorescence spectrum, including a higher energy
“monomer”-like peak, alone it fails to simulate the
experimental spectrum for bis-PDI B with reasonable
parameters (Table S3).
Excimers via Local and Nonlocal Coupling. The more

realistically “complete” picture, where excimers are formed via
both local and nonlocal coupling, is necessary to accurately
reproduce experiment with reasonable parameters. With the
additional relaxation associated with nonlocal coupling, one
can maintain a relatively high energy CT state, which is
physically more relevant, and still obtain excimer emission.
This is demonstrated in Figure 6a which shows the
fluorescence spectrum for a HH-aggregate (JC > 0, te = −th)
at T = 0 K and T = 293 K evaluated using the full HP
Hamiltonian and with ECT − ES1 = +1400 cm−1. Based on the
coupling parameters in the figure, we obtain ECT − EF

π ≈ 1733
cm−1, in violation of eq 20. In Tables S4−S6, we have analyzed
the composition of the emitting eigenstates at both temper-
atures in order to provide some physical insight into their
origin. Figure 6b−d portrays the dominant couplings involved
in states providing the excimer-like emission at 0 K (Figure 6b)
and the high-energy structured emission at 0K (Figure 6c) and

T = 293 K (Figure 6d). It is important to recognize that the
eigenstates of the Hamiltonian in eq 1 reflect a quantum
mechanical treatment of the nonlocal coupling involving the
intermolecular coordinate. Accordingly, the total emission
spectrum is not simply the average over the qs-dependent
emission spectra, as would be the case if the intermolecular
coordinate was treated classically via MD simulations.
The low-temperature excimer emission in Figure 6a is due to

enhanced relaxation near the CT well minimum (qs
0 = λs

CT)
induced by nonlocal coupling. Strong nonlocal coupling arises
mainly from the experimentally motivated phases of te

0, th
0, ge,

and gh used in Figure 6, which lead to increases in both |te| and
|th| as one progresses along the intermolecular coordinate
toward qs

0 = λs
CT, (see eq 12). When |ge| and |gh| are sufficiently

large, the resulting Frenkel-CT splitting at qs
0 = λs

CT is more
than enough to drive the energy of the (k = π) excimer state
low enough to compensate for the energy increase, ECT − EF;
see Figure 6b. Figure 7a shows that at room temperature the
nonlocal coupling g needs to exceed roughly 200 cm−1 in order
to achieve dominant excimer emission. In the adiabatic limit,
the enhanced relaxation can be understood from Figure 5. The
shift of the lowest-energy potential well-induced by the
nonlocal coupling is positive (to the right in Figure 5) and

Figure 6. (a) Calculated fluorescence spectrum for an HH-aggregate including local and nonlocal intermolecular vibrational coupling at T = 0 K
(orange) and room temperature (maroon). Here, the complete HP Hamiltonian in eq 1 is employed with JC = 333 cm−1, th

0 = −te0 = 280 cm−1, gh =
−ge = 280 cm−1, ECT − ES1 = 1400 cm−1, λf

2 = 0.7, (λs
CT)2 = 14, ωs = 100 cm−1, ωf = 1400 cm−1, and a line width of 420 cm−1. (b) Origin of the

dominant diabatic couplings responsible for the low-energy excimer emission in (a), where red shading emphasizes the coupling between Frenkel
and CT states near the CT minimum geometry. (c) Lower-temperature and (d) higher temperature origins of the dominant diabatic couplings
responsible for the high-energy “0−0” emission in (a).

Figure 7. (a) Calculated room temperature absorption and fluorescence spectra for an HH-aggregate based on the HP Hamiltonian in eq 1,
demonstrating that the excimer peak grows in with nonlocal coupling, g = gh = −ge > 0. g increases from 0 to 280 cm−1 in the right panel and
continues from 294 to 420 cm−1 in the left panel in increments of 14 cm−1. (b) Calculated room temperature absorption and fluorescence spectra
demonstrating excimer formation upon stabilizing ECT. ΔE = ECT − ES1 decreases from 2800 cm−1 (dark red) to 1400 cm−1 in the right panel and
continues from 1260 to 140 cm−1 in the left panel, in decrements of 140 cm−1. Absorption spectra are negligibly changed upon increasing g or
stabilizing ECT. Simulation parameters: JC = 333 cm−1, th

0 = −te0 = 280 cm−1, ωs = 100 cm−1, ωf = 1400 cm−1, λf
2 = 0.7, (λs

CT)2 = 14, and with a line
width of 420 cm,−1. ECT − ES1 = 1400 cm−1 in (a) and gh = −ge = 280 cm−1 in (b).
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therefore in the same direction as the shift of the CT minimum
(λs

CT > 0), resulting in a constructively enhanced shift and
relaxation energy. We will further explore this interesting
interference effect in a future work.
The coupling between states with the strongest nonlocal

interactions (near qs
0 = λs

CT) is mainly responsible for forming
the k = π excimer states. Under the parameters considered in
Figure 6, the excimer states adopt dominant CT character
since at qs

0 = λs
CT the diabatic CT energy is still lower than the

diabatic Frenkel energy (see Figure 6b). The resulting
emission at T = 0 K is substantially Stokes-shifted (red box
Figure 6a), resembling the mechanism of excimer formation
through local intermolecular coupling alone. Further analysis
shows that excimer emission can exist even when the energy of
the diabatic CT state is higher than the diabatic Frenkel state
near qs = λs

CT, as long as nonlocal coupling is sufficiently strong.
Future investigations will consider such excimers with smaller
CT character.

In contrast, the structured emission observed at higher
temperatures derives from thermally activated states which
form from the coupling between low-energy Frenkel-like states
and low-energy CT states (see Figure 6c,d), which are
weakened by small intermolecular vibronic overlap factors.
The resulting eigenstates have dominant (k = 0) Frenkel
exciton character and are responsible for the negligibly Stokes
shifted “0−0” emission peak (light blue box Figure 6a), which
grows in with temperature. Tables S4−S6 provide more
characteristics of all the emitting states, for example their CT
character and average shift along the intermolecular coordinate.
Since all emitting states derive their oscillator strength from

the k = 0 Frenkel component, higher-energy states with
dominant Frenkel character (and smaller intermolecular local
and nonlocal coupling), as shown in Figure 6, require only a
small population to be observed in the fluorescence spectrum.
These higher-energy states become more difficult to temper-
ature-activate if the excimer state is relatively further stabilized.
As displayed in Figure 7 this can occur by either (a) increasing

Figure 8. (a) Chemical structure of bis-PDI A and bis-PDI B. Gas phase optimized (b) DFT (TDDFT) ground state (first excited state) geometry
of bis-PDI A with truncated R = C4H9 and (c) TDFT (TDDFT) ground state (first excited state) geometry of bis-PDI B with truncated R =
CH(C3H7)2, optimized using ω-B97XD/def2-svp in Gaussian 16.

Figure 9. (a) Experimental absorption and emission spectrum of bis-PDI A measured in toluene at room temperature. (b) Experimental absorption
and emission spectrum of bis-PDI B measured in toluene at room temperature. (c) Experimental temperature-dependent fluorescence spectra of
bis-PDI B from −10 to 60 °C in toluene. (d) Calculated room temperature absorption and emission spectra of bis-PDI A. (e) Calculated room
temperature absorption and emission spectra of bis-PDI B. (f) Calculated temperature dependent spectra from −10 to 60 °C. Experimental
fluorescence data was digitized from ref 41 and converted to wavenumbers (cm−1) using the appropriate Jacobian factor.74 Experimental absorption
data was digitized from ref 31 such that toluene is the consistent solvent. Calculated spectra are based on the complete HP Hamiltonian in eq 1
using the fit parameters listed in Table 1.
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the nonlocal coupling or (b) further stabilizing ECT relative to
the monomer transition frequency. One observes from Figure
7 similar trends as seen in the isolated mechanisms due to the
(a) nonlocal and (b) local intermolecular vibrational coupling.
Interestingly, in the limit of ECT ≫ ES1, both the local and

nonlocal intermolecular coupling appear to have a negligible
effect on the fluorescence spectrum (see SI.7) and previous
exciton model approaches, which incorporate only the
intramolecular vibronic coupling to the fast mode ωf, are
justified.
Comparison to Experiment. In this section, we apply our

model to account for the absorption and emission spectra of
two covalently linked dimers of perylene-3,4:9,10-bis-
(dicarboximide) derivatives referred to as bis-PDI A and bis-
PDI B in Figure 8. In addition, we investigate the temperature-
dependent trends for bis-PDI B. Unfortunately, we are not
aware of any temperature-dependent spectral recordings for
bis-PDI A, to which to compare our theory. Figure 9 displays
the experimental absorption and emission spectra, digitized
from refs 31 and 41. The figure also shows our simulations
based on reasonable physical parameters. Notwithstanding the
relative simplicity of the model described herein, it manages to
accurately describe the experimental spectra.
Methods and Parameters. Ground state and excited state

geometries of the bis-PDIs in Figure 8 were optimized in
Gaussian 1666 using the ω-B97XD functional67 with the def2-
svp basis set68 for DFT and TD-DFT methods, respectively.
The functional includes dispersion and has been previously
applied to PDI dimers.69 The exciton coupling (JC) and the
CT transfer integrals (te/h

0/R) were calculated at each geometry.
The exciton coupling was calculated using the transition
density method,70 and screened by a dielectric constant (ϵ = 3)
to account for the solvent environment. The exciton coupling
used in the model corresponds to the coupling at the ground
state geometry. Nonlocal perturbations to JC were neglected, as
the screened couplings change only from 342 to 393 cm−1 in
bis-PDI A and from 327 to 375 cm−1 in bis-PDI B in going
from the ground to the first excited state geometries. Transfer
integrals were calculated using B3LYP71 and cc-pVDZ,72 where
magnitudes and phases were determined through a procedure
described in Valeev et al.73 and where the phase convention
remains consistent with translational symmetry between
monomer orbitals within the dimer.
Table 1 lists parameters from the corresponding quantum

mechanical methods calculated for a bis-PDI A and bis-PDI B
from Figure 8 with truncated substituents as well as parameters
optimized to fit experiment. A monomer frequency of ES1 =
18 740 cm−1, an effective intramolecular Huang−Rhys factor of
0.7, and an effective intramolecular vibrational frequency of
1400 cm−1 were fit to the monomer emission spectrum
recorded in ref 41 as shown in Figure S2. The calculated
fluorescence spectra do not display any additional spectral
shifts outside of what is produced from the given set of
parameters. We did, however, add a small gas-to-crystal red
shift of about 250 cm−1 to the absorption spectrum of bis-PDI
A and bis-PDI B. .
The nonlocal couplings listed in Table 1 were calculated

from eq 15 using the fit transfer integrals and λs
CT. The transfer

integrals te/h
0/R needed to fit experiment are smaller than those

calculated. However, calculations were performed in the gas
phase, neglecting solvation effects. Regardless of the discrep-
ancies in the transfer integrals, the relative trend of increasing

te/h
0/R in bis-PDI A in both the ground and excited states relative
to bis-PDI B holds, which is justified by the changes in orbital
overlap due to the steric differences in their substituents. The
truly adjustable parameters in our model are mainly λs

CT and
ECT − ES1. We fixed ECT − ES1 to a value within agreement with
previous calculated estimates obtained for PDI,75 and λs

CT was
adjusted to fit the experimentally observed Stokes shift and
relative composite structured-unstructured emission observed
in bis-PDI B. Only electronic coupling parameters were
changed in going from bis-PDI B to bis-PDI A. In reality, bis-
PDI A’s different geometry would induce a different ECT as
well as the reorganization energy for the intermolecular mode;
however, it is assumed these changes are small in order to
highlight the trends involving changes in the Frenkel-CT
electronic and nonlocal couplings.

Absorption. The absorption spectrum for bis-PDI A and
bis-PDI B was also reproduced using the fit parameters listed
in Table 1, as shown in Figure 9d,e. The simulated spectrum in
each case captures the intensity ratio 0−0/1−0, which is
significantly reduced from the monomer ratio (see Figure S2)
in both cases. Comparing the vibronic ratios of bis-PDI A and
bis-PDI B with that of the monomer, reveals that bis-PDI A is a
stronger HH-aggregate47,51 than bis-PDI B. While both dimers
share similar-in-magnitude H-like Coulomb coupling, bis-PDI
A has stronger CT-mediated H-like behavior due to larger out-
of-phase transfer integrals te/h

0 . Thus, the 0−0/1−0 ratio in the
spectrum of bis-PDI A is smaller than that observed in bis-PDI
B.

Structured to Unstructured Excimer Emission. Using the
same set of parameters used to simulate the absorption spectra,
the model is able to capture discrepancies in the emission
spectra between bis-PDI A and B. Interestingly, we find that
smaller nonlocal coupling, as for bis-PDI B (in Figure 9b,e),
leads to a composite excimer emission spectrum: one that
displays both vibronically structured (1400 cm−1 mode)
emission as well as unstructured emission. Previously, the
structured portion was attributed to monomer contamination.

Table 1. Calculated and Optimized Parameters for Bis-PDI
A and Bis-PDI Ba

bis-PDI A bis-PDI B

QC fit QC fit

ECT − ES1 (cm
−1) 770 770

te
0 (cm−1) −575 −460 −440 −350
th
0 (cm−1) 444 355 208 166
te
R (cm−1) −2600 −1490 −1733 −1185
th
R (cm−1) 2240 1741 1946 1250
ge (cm

−1) −230 −187
gh (cm

−1) 310 252
JC (cm−1) 342 342 327 327
ϵ 3 3
γem (cm−1) 700 700
γab (cm

−1) 490 490
λf
2 0.7 0.7

(λs
CT)2 20 20

ωs (cm
−1) 100 100

ωf (cm
−1) 1400 1400

aDefinitions of parameters are given in the Methods Section of this
paper, with the exception of √2γem/ab which defines the standard
deviation of the Gaussian line width for the emission/absorption
transitions. Note that JC includes screening by the dielectric constant
ϵ.
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Conversely, stronger nonlocal coupling, as for bis-PDI A (in
Figure 9a,d), leads to a further Stokes-shifted, structureless,
more traditional excimer emission.
While the previous Sections imply that conventional excimer

emission can arise from a stabilization of the CT state, it is
more physically justifiable that excimer emission in bis-PDI A
is due to an increase in the nonlocal coupling. This arises from
an increase in molecular orbital overlap in the first excited state
geometry of bis-PDI A as compared to bis-PDI B (Figure 8).
This is not a new concept; previously, Yoo et al. proposed
larger orbital overlap in the solid-phase vs solution-phase of
PBI B, observing differences in fluorescence intensity and
lifetimes between the two phases and hypothesizing that the
rigid solid-phase structure favors orbital overlap.76 Other
previous work has demonstrated that varying the PDI linker
can also result in different overlap between dimers and
therefore different excimer spectra.40 However, the connection
to the nonlocal intermolecular vibrational coupling was not as
clear, nor was there an obvious trend between the amount of
orbital overlap in the excited state and spectral features
observed in the emission.
The results of bis-PDI B displayed in Figure 9e,f support a

mechanism in which the upper k = 0 Frenkel-dominated states
are activated with temperature, so that the intramolecular
vibronic progression belonging to the Frenkel exciton grows in
with temperature. The intramolecular vibronic structure is
resolvable because the Frenkel component does not locally
couple to intermolecular vibrations. In contrast, in the case of
bis-PDI A in Figure 9d, the nonlocal coupling is just large
enough for the excimer state(s) to be sufficiently stabilized
preventing thermal activation of the states responsible for the
vibronically structured emission. It is quite interesting that the
unstructured (excimer) emission in bis-PDI B also increases
with increasing temperature, as was also found for other
covalently linked PDI dimers in ref.28 Our simulations in
Figure 9f capture this effect as well. The increase in excimer
emission can be traced back to the presence of slightly higher
lying k = 0 excimer-like states with higher oscillator strengths
than the lowest-lying k = π excimer. The observed increase of
both components with temperature provides further evidence
that the structured emission is not derived from a monomer, or
strongly localized dimer state, in equilibrium with the excimer
state, since in this case increasing temperature would favor one
state at the expense of the other.
While the basic temperature dependence is well-reproduced,

the authors acknowledge a discrepancy in the highest energy
transition peak in the emission spectrum of bis-PDI B
compared to that in experiment. In part, this could be due
to the simplicity of our model. However, it is also likely that
our DFT/TDDFT calculations cannot accurately reproduce
the structure of the dimer in solution. Since the transfer
integrals (and therefore the nonlocal couplings) are very
sensitive to small shifts in relative geometry, small changes in
the dimer’s geometry could influence the spectrum. The
authors draw attention to the emergence of a higher-energy
transition, similar to that which we obtained in our
calculations, for bis-PDI B in a different solvent (2-ME-
THF).31 Figure 9 compares our simulations to experiments
done in toluene because this is the solvent at which the
temperature-dependence was experimentally recorded. How-
ever, overall the basic spectral trends strongly agree with the
proposed mechanisms in this paper.

■ CONCLUSION

The Holstein−Peierls exciton model presented here treats
excitons, charge transfer states, intramolecular vibrations, and
intermolecular vibrations all on equal footing. The HP model
was shown to capture the basic photophysics of excimer
formation in a set of two different covalently linked bis-PDI
dimer complexes. Insight from this model suggests that
excimer emission can be induced through both local and
nonlocal electron-vibrational coupling with respect to a slow
intermolecular vibrational coordinate, but both mechanisms are
required to reasonably simulate experiment.
The model is supported by good agreement with the

experimental fluorescence (and absorption) spectra of two
different bis-PDI dyes that display different excimer signatures.
The out-of-phase electron and hole transfer integrals, te

0th
0 < 0,

in the ground state geometry of the covalently bound dimer
reinforce H-like behavior, as reflected in the reduced 0−0/1−0
vibronic ratio in the absorption spectrum. Nonlocal coupling
derives from the increasing magnitudes of both te and th as the
molecules progress along the slow coordinate, bringing them
into a more eclipsed (“relaxed”) geometry where the CT
integrals are significantly larger, |te

R| > |te
0| and |th

R| > |th
0| . We find

that the bis-PDI-B complex has smaller nonlocal coupling than
bis-PDI-A resulting in the former exhibiting a composite
structured/unstructured emission spectrum, whereas bis-PDI-
A exhibits the more traditional broad, structureless and red-
shifted excimer spectrum. The smaller nonlocal coupling in bis-
PDI-B is likely due to a large steric hindrance induced by
substituents that disfavor molecular orbital overlap in the
excited state geometry.
According to our model, the structured features of excimer

emission can be attributed to higher-energy states that have
dominant Frenkel exciton character which negligibly couple to
intermolecular vibrations, but with much stronger coupling to
intramolecular vibrations. Hence, the model does not require
the presence of monomers to observe structured “monomer”-
like emission. As demonstrated in the emission spectrum for
bis-PDI B, these upper-lying Frenkel-like states are thermally
populated so that vibronic structure grows in with increasing
temperature. Larger nonlocal Frenkel-CT coupling or further
stabilization of the diabatic CT state will induce a larger
splitting between the lowest-energy excimer-like state and the
Frenkel-like states, resulting in a more traditional broad,
structureless, and red-shifted excimer emission. However,
under certain conditions, CT state stabilization, achievable,
for example, in polar solvents, can lead to symmetry-breaking
charge separation (SBCS) which competes with excimer
formation, as has been established by several groups for
covalently bound PDI dimer complexes.77−80 Interestingly,
SBCS has also been observed in nonpolar solvents,81 showing
that the competition between excimer and SBCS formation is
not simply regulated by CT stabilization. We are currently
employing our model to further investigate SBCS as well as
additional excimer signatures like mid-IR absorption.82,83
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