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We present a theoretical study on the temperature-dependent absorption and photoluminescence spectroscopy
of rubrene multichromophores by combining the time-dependent long-range-corrected density functional theory
with the exciton model. The spectra of rubrene multichromophores up to heptamers are calculated, and the
effects of exciton-phonon coupling and temperature on the photophysical properties of both H- and
J-aggregated oligomers are addressed. It is found that the spectral behavior of rubrene aggregates is very
much dependent on aggregation details. As the temperature increases, higher excitonic states become populated,
and low-energy dark states in H-aggregated oligomers become observable gradually while the peak intensities
near the 0-0 transition decrease for J-aggregated oligomers.

I. Introduction
Aggregates of π-conjugated molecules, from polymer films

to crystals, have attracted enormous interest due to a wide range
of applications in electronic and optoelectronic devices, such
as field effect transistors (EETs)1-3 and (organic) light emitting
diodes (OLEDs).4,5 Optical and electronic properties of the
aggregates are different from those of the monomers because
close intermolecular contacts in the aggregates result in strong
intermolecular interactions, which are an important factor for
understanding (and optimizing) device performance. Insights
into these interactions can be gained by studying optical spectra
of the aggregates because intermolecular interactions make their
imprints on the spectra. Previous studies have revealed that
photoluminescence (PL) efficiencies of H-aggregates and
J-aggregates6-9 are very different due to the different symmetry
of the lowest excited state, and their PL spectra hinge on the
temperature when the thermal energy is comparable to the
energy spacings between their electronic states.

Recent successful synthesis of single-crystalline rubrene
provides attractive application potentials due to the high hole
mobility of this material, which, in the range of 10-40 cm2/V
s, is among the highest of the acenes, comparable to that of
amorphous silicon.10-12 There are many explorations focused
on improving its field-effect transistor performance and inves-
tigating its transport behavior.11-19 However, fundamental
information about its intrinsic electronic structures has been still
insufficient. The understanding of the effect of exposure to
ambient air and visible light or oxidation on its transport
characteristics and photophysical properties is also controversial.
The electronic structures and photophysical properties of various
materials can be investigated using photoemission measure-
ments. Kloc and co-workers measured the PL spectra of rubrene
at room temperature20 and 20 K,21 finding the latter blue-shifted
with respect to the former. In their work, they only focused on

the role of oxygen defects, while the temperature effect on the
emission spectra was not systematically explained and the
microscopic origins of temperature-induced behaviors remain
unknown.

Additionally, unlike the rigid three-dimensional inorganic
semiconductors, the conformations of the π-conjugated rubrene
molecules are changed during electron transport and photoex-
citation due to the strong electron-nuclear coupling. Their
electronic excitation is therefore always associated with a lattice
deformation. To reveal the underlying physics and understand
the effects of intermolecular interactions, electron-phonon
couplings, and temperature on the PL spectra of rubrene crystal,
we conduct a detailed theoretical study on the vibrationally
resolved absorption and emission spectra. Spectra of an isolated
molecule are not difficult enough to understand. But for an
aggregate, which includes a large collection of molecules, not
only the intrinsic optical properties of the individual components,
but also the geometrical arrangements of neighboring molecules
(such as the mutual orientations and the intermolecular dis-
tances), the defects, oxidation, and the surrounding environment,
can exert considerable influence on the response of a bulk
sample to incident radiation. Therefore, more difficulties are
encountered to understand the spectra of aggregates. The
messages attained from theoretical study undoubtedly can help
one to understand the spectra and reveal the effects of their own
on the spectra. Additionally, spectral fitting provides us with
accurate values of important structural parameters such as
exciton-phonon coupling strengths and intermolecular transfer
integrals, which can facilitate modeling of rubrene’s physical
properties.

Because of the large size of the studied systems, we combine in
this work time-dependent density functional theory (TDDFT)
calculations with the exciton model to theoretically investigate the
absorption and PL spectra of H- and J-aggregated rubrene
multichromophores. The microscopic parameters in the exciton
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Hamiltonian origin from a first-principles DFT/TDDFT calculation
performed on the individual chromophore or chromophore pairs.

The paper is organized as follows. Section II introduces the
methodology. The vibronally resolved absorption and emission
spectra of rubrene oligomers are given in section III, where we
will show how the spectra evolve as the temperature fluctuates
and the aggregate size increases. Detailed discussions on the
microscopic origins of temperature-induced effects on PL
spectra, and the spectra of mixed H-aggregated and J-aggregated
rubrene multichromphores, are given in section IV. A conclusion
is finally drawn.

2. The Theoretical Model

A. The Displaced Multiple Harmonic Oscillator Model.
The spectral intensity related to the initial state i, weighted by
the probability Pi that the initial state is occupied, can be written
as

Here µ(t) ) e(iĤt)/pµe-(iĤt)/p. Assuming a two-state model, within
the adiabatic approximation the molecular Hamiltonian is given
by

Under the harmonic oscillator approximation, the nuclear
Hamiltonians of the electronic ground and excited states for a
single molecule are written, respectively, as

Here ωeg is the difference between the potential energy minima
of the two electronic states with the zero-point energy correction.
ωg and ωe denote vibrational frequencies of the electronic ground
and excited states, respectively. With respect to the Hamilto-
nians, vibrationally resolved absorption and emission cross
sections of a molecule, R(ω) and �(ω), are calculated as

with the dipole-dipole autocorrelation function

and

Here the dephasing factor γ is introduced to account for the
influence of the environment and � ) 1/(KT). Subscripts “a”
and “e” correspond to absorption and emission, respectively.
The dimensionless nuclear coordinates qg and qe are related
by

where D is the displacement between the equilibrium
configurations of two electronic states and S is the Dushinsky
rotation matrix which allows the ground state and the excited
state to have different coordinate systems. When the momenta
and positions of the nuclei change very little after photoex-
citation, the intensities of vibrationally resolved electronic
absorption or emission spectra can be calculated according
to the Franck-Condon (FC) principle. Under the Condon
approximation, the correlation function Ca(e)(t) can be carried
out analytically.22 We have previously combined this model
with TDDFT to investigate the vibrationally resolved absorp-
tion and emission spectra of conjugated polymers.23-25 In this
work the electronic absorption and emission spectra of the
rubrene monomer are calculated with this model.

B. Vibrationally Coupled Frenkel Exciton Model. To
calculate the spectra of aggregates with respect to the above
model, one has to conduct the geometrical optimization and
the vibrational frequency calculation of the ground and
excited states for the aggregates. However, even low-cost
TDDFT approaches are limited to small-size systems cur-
rently. Therefore, to simulate the absorption and emission
spectra of aggregates, one usually uses the model Hamiltonian
such as the vibrationally coupled Frenkel exciton (FE) model
(see, e.g., refs 7 and 26-30). The parameters in the exciton
Hamiltonian are frequently obtained by fitting the experi-
mental spectra. Here we also utilize the exciton model, but
the microscopic parameters in the model Hamiltonian are
obtained from TDDFT calculations performed on an indi-
vidual chromophore and a chromophore pair. Below we will
give a brief description of the vibrationally coupled FE model.

The Hamiltonians of the aggregates in the weak intermo-
lecular coupling regime can be constructed from those of the
monomers. Considering an aggregate consisting of p monomers,
and neglecting the weak intermolecular interactions between
monomers in the electronic ground state |g(1), g(2), ..., g(p)〉 )
|g〉, one writes the ground state Hamiltonian for the aggregate
with the number of p monomers as

Upon excitation, p zeroth-order states are incorporated corre-
sponding to the configurations

I(ω) ) ∑
f
∫-∞

∞
Pi〈i|µ(t)|f〉 · 〈f|µ|i〉e-iωt dt

)∫-∞

∞
Pi〈i|µ(t) ·µ|i〉e-iωt dt

(1)

H ) |g〉Hg〈g| + |e〉(ωeg + He - iγ/2)〈e| (2)

Hg
h(q) ) 1/2 ∑

i

n

ωi
g[(pi

g)2 + (qi
g)2] (3)

He
h(q) ) 1/2 ∑

i

n

ωi
e[(pi

e)2 + (qi
e)2] + ωeg (4)

R(ω) ∝ ω∫-∞

∞
dt exp(iωt - γ|t|) Ca(t) (5)

�(ω) ∝ ω3 ∫-∞

∞
dt exp(-iωt - γ|t|) Ce(t) (6)

Ca(t) )
Tr[e-�HgeiHgt/pµe-iHet/pµ]

Tr[e-�Hg]
(7)

Ce(t) )
Tr[e-�HeeiHet/pµe-iHgt/pµ]

Tr[e-�He]
(8)

qe ) Sqg + D (9)

Hg(q1, ..., qp) ) |g〉[ ∑
n)1

p

Hg
M(qn)]〈g| (10)

(M1* - M2 - · · · - Mp), (|e(1), g(2), · · · , g(p)〉 ) |e, 1〉)
(M1 - M2* - · · · - Mp), (|g(1), e(2), · · · , g(p)〉 ) |e, 2〉)

l
(M1 - M2 - · · · - Mp*), (|g(1), g(2), · · · , e(p)〉 ) |e, p〉)

(11)
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where Mn (Mn*) denotes the nth monomer in its electronic ground
(excited) state. The excited electronic configurations interact
with each other via excitonic coupling J, and the excited state
nuclear Hamiltonian is a p × p matrix of the form

with

In eq 12, Jm,n is the exciton coupling between two FE states of
monomers on sites m and n. Under a first-order approximation
in the single excitation theory, the excitation energy-transfer
coupling of two molecular fragments is approximated to be31-33

Here Φm
i denotes the total wave function of the system with

molecule m in its ith excited state Ψm
i and molecule n in its

ground state Ψn
0, while Φn

j denotes the total wave function of
the system with molecule n in its jth excited state Ψn

j and
molecule m in its ground state Ψm

0 . H is the Hamiltonian of the
system. J is split into the following three terms as

where Jm,n
coul and Jm,n

ex are defined, respectively, as

Here Fm
i (rb) and Fn

j (rb′) are the transition densities of the ith excited
state of molecule m at rb and the jth excited state of molecule n
at rb′, respectively, ω0 is the transition frequency, and gXC(rb, rb′,
ω0) is the exchange-correlation kernel between rb and rb′. For a
molecular dimer, Jm,n

overlap ) -ω0∫drb Fm
i*(rb)Fn

j (rb).
After getting the ground state and excited state Hamiltonians

of aggregates, one can obtain the spectra of aggregates according
to eq 5, eq 6, and eq 7. The numerical simulations are
implemented in a basis set representation. The basis sets are
chosen to be

where |ψ(n, k)〉 corresponds to the kth eigenvector (k ) 1, ...,
N) of the Hamiltonian Hn(q1, ..., qp). In such a case, eq 12
becomes a (p × N) × (p × N) matrix. The Lanczos algorithm
is employed to extract the low-lying eigenvalues and eigenvec-
tors of the matrices.

In this work we assume that the electrons in a monomer (M)
couple only with one effective mode ω. In this case the ground
state and the excited state Hamiltonians of the monomer are
simplified, respectively, into Hg

M ) -(1/2)(d2/dq2) + (1/2)ω2q2,
and He

M ) -(1/2)(d2/dq2) + (1/2)ω2(q - qe)2 + ∆EFE. Then
the absorption and emission spectra of the monomer are
correspondingly evaluated with the following analytical formula

Here Γ is a line-shape function, and S is the Huang-Rhys factor,
which is related to qe as S ) (1/2)ωqe

2. By fitting the
experimental spectra or the theoretical spectra of monomer with
those from the one effective oscillator model approximation,
one obtains the effective frequency ω and the nuclear coordinate.

III. Results

A. The Vertical Excitation Energies of Monomer and
Dimers. To understand the effect of the intermolecular interac-
tions on the spectra and check the influence of DFT exchange-
correlation (XC) functionals on electronic excitation, at first we
calculate excitation energies of a rubrene monomer and three
types of dimers along the a, b, and c directions. We employ
both TDHF and TDDFT with the popular hybrid XC functional
B3LYP34 and the long-range-corrected (LRC) functional LRC-
PBE (µ ) 0.33/a0, and a0 denotes the bohr radius).35,36

It has been found that TDDFT with the conventional
functionals (even the popular hybrid XC functionals) provides
a poor description of the polarizabilities of large extended
π-conjugated systems, and the long-range intermolecular charge-
transfer (CT) excitations, due to the known problems on the
nonlocality and asymptotic behavior of available density func-
tionals. Here we use the recently developed LRC-DFT scheme,
LRC-PBE, to eliminate spurious CT states in TDDFT. The
calculated vertical excitation energies are shown in Table 1,
and the exciton couplings between the lowest Frenkel excitons
are given in Table 2. A locally modified version of Q-chem37

is employed.
In the calculations, we adopt the rubrene crystal structure as

reported in ref 38. We assume that the rubrene crystal forms an
orthorhombic unit cell with space group Bbcm D2h

18(64) and
lattice parameters a ) 7.187 Å, b ) 14.430 Å, and c ) 26.901
Å. The structure of a rubrene dimer is directly extracted from
the crystal in order to mimic the structural as well as spectral
features of the crystalline rubrene. The molecular and crystal
structures are shown in Figure 1.

As seen in Table 1, TD-B3LYP underestimates the energy
of CTE for all the three types of dimers, while TDHF and TD-
LRC-PBE (µ ) 0.33/a0) eliminate the catastrophic underestima-
tion of CT excitation. TD-B3LYP gives four excited states with
their excitation energies lower than that of the second excited
state of the monomer, which are significantly different from
the results of TDHF and TD-LRC-PBE. These lowest four
excited states originate from mixing the lowest intramolecular
localized excitations with the lowest intermolecular CT excita-
tions. According to the mixed Frenkel-CT exciton model, the

He(q1, · · · , qp) )

( H1 J12 · · · J1,p-1 J1,p

J12 H2 · · · J2,p-1 J2,p

l
J1,p-1 J2,p-1 · · · Hp-1 Jp-1,p

J1,p J2.p · · · Jp-1,p Hp

) (12)

Hn(q1, · · · , qp) ) He
M(qn) - Hg

M(qn) + ∑
m)1

p

Hg
M(qm)

(13)

Jm,n ) 〈Φm
i |H|Φn

j 〉 (14)

Jm,n ) Jm,n
coul + Jm,n

ex + Jm,n
overlap (15)

Jm,n
coul ) ∫ d rb∫ d rb′ Fm

i*( rb)
1

|r - r'|
Fn

j ( rb′)

Jm,n
ex ) ∫ d rb∫ d rb′ Fm

i*( rb)gXC( rb, rb', ω0)Fn
j ( rb′)

(16)

|φi〉 ) |ψ(n, k)〉; i ) (p - 1) / n + k (17)

R(ω′) ∝ ω′[ ∑
m)0

e-SSm

m!
Γ(pω′ - (∆EFE + mω))]

(18)

�(ω′) ∝ ω′3[ ∑
m)0

e-SSm

m!
Γ(pω′ - (∆EFE - mω))]

(19)
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energies of CT excitons produced by TD-B3LYP are 2.192,
2.272, and 2.431 eV for dimer a, b, and c, respectively. As the
CT excitons get close in energy to the lowest Frenkel excitons,
both types of excitons mix effectively to form new hybrid states.
The results produced by TDHF and TD-LRC-PBE (µ ) 0.33/
a0) also display that the stronger FE-CTE mixing takes place in
dimer a, which can be corroborated by electron (hole) transfer
integrals, approximately evaluated by half of energy differences
of LUMO + 1 and LUMO (HOMO and HOMO - 1) as shown
in Table 3.

Because the contribution from CTE to the low-lying excited
states of dimers b and c is small, i.e., the through-space
intercenter charge delocalization along b and c directions in

rubrene crystal is insignificant, the FE model alone is efficient
to simulate the spectra of oligomers b and c. However, the
significant overlap between frontier orbitals on adjacent chro-
mophores leads to through-space intercenter charge delocaliza-
tion in the a (stacking) direction, and a mixing FE-CTE model
Hamiltonian is required to correctly describe the spectra of
oligomers a. Considering the large energy difference (>1 eV)
between lowest FE and CTE of dimer a, one may also need to
include more coupled localized FE states. Although the CT
transitions usually have little intrinsic dipole strength, when they
mix with FEs, the hybrid eigenstates are formed. At the end
CT transitions lead to the substantial changes in dipole moment,
broaden the absorption bands of multimers, and produce large
Stokes shift on PL. We have employed the mixed FE-CTE
model to study the spectra of H-aggregated perylene bisimide
dyes in our recent work.39 In this work we focus on the
temperature-induced behaviors and the aggregation effect on
PL of both H- and J-aggregated multimers. Only the multimers
along the b and c directions are treated, and those along the a
direction do not get involved. The FE model is employed.

B. Vibrationally Resolved Electronic Absorption and
Emission Spectra of Monomer. Limited by computational
resources, we perform calculations of optical spectra using the
displaced multiple harmonic oscillator model for the rubrene
monomer only. The equilibrium geometries, normal coordinates,
and vibrational frequencies of ground and excited states of the
rubrene monomer are calculated at the B3LYP/SVP and TD-
B3LYP/SVP theoretical levels within the TURBOMOLE soft-
ware package,40 respectively. The SVP basis set is comparable

TABLE 1: Singlet Excitation Energies and Their
Corresponding Oscillator Strengths for a Rubrene Monomer
and Dimers along a, b, and c Directionsa

system states TD-B3LYP TDHF TD-LRC-PBE

monomer 1 2.3333(0.1490) 2.8655(0.3782) 2.8428(0.2813)
2 3.2791(0.0000) 3.9342(0.0001) 3.6550(0.0001)
3 4.4881(0.0000) 4.2735(0.0000)
4 5.3105(2.4397)
5 5.4578(0.0000)
6 5.5913(0.0982)

dimer a 1 2.0987(0.0663) 2.8198(0.0000) 2.8131(0.0000)
2 2.1811(0.0000) 2.8482(0.6143) 2.8376(0.4786)
3 2.3277(0.0000) 3.9216(0.0005) 3.6450(0.0000)
4 2.4432(0.1732) 3.9249(0.0000) 3.6454(0.0000)
5 3.2940(0.0000) 4.4221(0.0000) 3.9695(0.0000)
6 4.4503(0.0058) 3.9824(0.0219)
7 4.8245(0.0000) 4.2770(0.0000)
8 4.8797(0.0115) 4.3311(0.0003)

dimer b 1 2.2683(0.0001) 2.8328(0.0043) 2.8279(0.0044)
2 2.2735(0.0119) 2.8893(0.6522) 2.8700(0.5129)
3 2.3219(0.0040) 3.9319(0.0001) 3.6523(0.0002)
4 2.3469(0.2352) 3.9346(0.0001) 3.6694(0.0001)
5 3.2380(0.0000) 4.4821(0.0003) 4.2688(0.0000)
6 4.5091(0.0005) 4.3023(0.0008)
7 5.2263(0.0000)
8 5.2449(0.0001)

dimer c 1 2.3234(0.3518) 2.8486(0.8738) 2.8466(0.6919)
2 2.3404(0.0000) 2.8821(0.0000) 2.8718(0.0000)
3 2.4319(0.0000) 3.9345(0.0000) 3.6548(0.0000)
4 2.4320(0.0001) 3.9349(0.0001) 3.6549(0.0002)
5 3.2789(0.0000) 4.4919(0.0000) 4.2816(0.0007)
6 4.4997(0.0015) 4.2852(0.0007)
7 5.2950(0.0000)
8 5.4859(0.0000)

a The energy unit is eV.

TABLE 2: Calculated Exciton Couplings of the Three
Dimers and the Energy Splittings of the Corresponding
Excited Statesa

system J Jcoul (S2 - S1)/2 (S4 - S3)/2

TD-B3LYP
dimer a 20.87 14.78 41.2 57.75
dimer b 15.63 13.37 2.6 12.5
dimer c -6.96 -7.80 8.5 0.05

TDHF
dimer a 27.86 26.66 14.20 1.65
dimer b 27.07 27.15 28.25 1.35
dimer c -16.92 -16.94 16.75 0.2

TD-LRC-PBE
dimer a 22.89 23.34 12.25 0.2
dimer b 21.43 21.43 21.05 0.86
dimer c -12.49 -12.46 12.60 0.05

a The energy unit is meV.

Figure 1. Molecular and crystal structure of rubrene. The ab, ac, and
bc surfaces of the crystal are shown above, and the hydrogen atoms
are omitted for clarity. Three arrows on ab and ac surfaces indicate
the directions of two nearest neighbor molecules along the a, b, and c
directions. A synthesized rubrene crystal sample is shown at the bottom
left corner, where the arrows show that the largest surface is ab.

TABLE 3: Orbital Energies of the Three Dimersa

method system HOMO - 1 HOMO LUMO LUMO + 1

TD-B3LYP dimera -0.172 -0.164 -0.073 -0.069
dimerb -0.169 -0.168 -0.072 -0.072
dimerc -0.171 -0.171 -0.074 -0.074

TDHF dimera -0.224 -0.212 0.039 0.046
dimerb -0.220 -0.218 0.042 0.043
dimerc -0.221 -0.221 0.040 0.040

TD-LRC-PBE dimera -0.253 -0.244 -0.020 -0.014
dimerb -0.250 -0.249 -0.018 -0.017
dimerc -0.252 -0.251 -0.019 -0.019

a The energy unit is hartree.
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to the popular Pople basis set 6-31G(d). In the calculation of
the optical spectra, we set the dephasing factor γ to 110 cm-1

and the 0-0 transition energy ωeg to 2.36 eV. The calculated
PL spectra of rubrene monomers at 20 and 300 K are shown in
Figure 2 together with the fitting spectra using the one effective
harmonic oscillator model. Because of its single-mode nature,
the vibrationally coupled FE model is not capable of reproducing
the fine structure of each peak as well as the temperature effect
on this spectral feature, which was revealed by the displaced
multiple harmonic oscillator model. We only focus on the
positions of the peaks and their relative intensities. As shown
in Figure 2, the multimode method and its single-mode
approximation agree with each other very well for both
absorption and emission spectra. The fitting parameters ω )
0.175 eV, ∆EFE ) 2.3333 eV, and qe ) 29.50/(�hartree) will
be used to calculate the spectra of rubrene aggregates later.

C. Spectra of H- and J-Aggregated Oligomers. Here we
consider the aggregation effect by altering the mutual orientation
of the neighbor chromophores. The vibrationally coupled FE
model is used to calculate the aggregate spectra.

1. H-Aggregated Oligomers. The value of the exciton
coupling J is positive along the b direction, and this is indeed
the case for H aggregates. We take the aggregates along this
direction as an example to illustrate the temperature effect on
PL of H aggregates. Here we set the exciton coupling value to
be J ) 21.43 meV which comes from the TD-LRC-PBE
calculation. Due to the large value ω ) 0.175 eV of the effective
frequency, we neglect the temperature effect on the population
of ground states. The spectra of the aggregates with the different
number of chromophores are shown in Figure 3.

In agreement with the Frenkel exciton theory, the absorption
spectra show a slight blue shift in this case which can be easily
seen in Figure 4. As the aggregate size increases, the vibrational
level carrying the strongest oscillator strength converges to a
higher energy, which corresponds to a blue shift. As seen from
Figure 3, the emission spectra have a strong temperature
dependence. The 0-0 transition is absent at low temperatures
due to symmetry considerations, and it becomes appreciable as

the temperature increases. This effect can be explained by the
energy-level intervals and the temperature-induced alternations
of populations of the vibrational states. If no coupling exists,
the excited vibrational states are equally spaced by ∼0.175 eV,
but after accounting for the coupling J, each vibrational state
expands to one phonon band as shown in Figure 4. The transition
from the first phonon band to the ground state corresponds to
the 0-0 transition in the spectra, and the relative thermal
population distribution among the levels of the first phonon band
depends very much on temperature. As for dimer b, the energy
spacings of the lowest three neighbor excited states become
∼0.002 620 eV and ∼ 0.1676 eV. The second vibrational
excited state can easily be thermally populated. The relative
population distributions of the lowest two states are very much
dependent on temperature. For example, at T ) 20 K, the
populations of the first two vibrational excited states are
∼0.8206 and ∼0.1794, while at T ) 300 K, they become
∼0.5241 and ∼0.4736, respectively. Thus at lower temperatures,
only the lowest vibrational level of the first phonon band which
carries little oscillator strength is populated making the 0-0
transition absent in spectra, while at higher temperatures, the
vibrational level which carries oscillator strength is populated
making the 0-0 transition appear.

2. J-Aggregated Oligomers. The value of J is negative along
the c direction, and therefore a multimer along this direction
can be considered as a J aggregate. Here we take aggregates
along the c direction as an example to illustrate the temperature
effect on PL of J aggregates. In this case, we set the value
of exciton coupling to be J ) -12.49 meV. The spectra of
aggregates is shown in Figure 5 together with the spectra of
the monomer. In agreement with the Frenkel exciton theory,

Figure 2. (Color online) Calculated absorption and emission spectra
of a rubrene monomer at T ) 0 and 300 K with the displaced multiple
harmonic oscillator model. The spectra fitted with the one effective
oscillator model are also included for comparison. The vertical axis is
in arbitrary units.

Figure 3. (Color online) Calculated absorption and emission spectra
at two temperatures for oligomers along the b direction. The temperature
has little effect on the absorption spectra, so only one red dashed line
is shown for the absorption spectra for each oligomer. The black solid
lines are the fitted spectra of the monomer. The vertical axis is in
arbitrary units.
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the absorption spectra is slightly red-shifted, which can be easily
seen in Figure 6. The vibrational level carrying the strongest
oscillator strength converges to a lower energy as the aggregate
size increases, which corresponds to a red shift.

As we can see from Figure 5, the intensity of the highest-
energy emission band increases with decreasing temperature.
This effect can also be explained by the oscillator strength
distribution of the first phonon band. The temperature fluctua-
tions can easily alter the relative population distribution among
the levels in the first phonon band. For example, for dimer along

the c direction, the two energy spacings among the first three
vibrational excited states are ∼0.0015 and ∼0.1707 eV, and at
20 K, the occupation probabilities of the first two vibrational
excited states are ∼0.7076 and ∼0.2924, respectively, while at
300 K, the numbers become ∼0.5135 and ∼0.4842, respectively.
At lower temperatures, only the lowest vibrational level of the
first phonon band which carries the largest oscillator strength
is populated making the 0-0 transition much stronger in spectra,
while at higher temperatures, more electrons are populated in
the higher vibrational level, which carries little oscillator
strength, making the intensity of the 0-0 transition become
weaker.

IV. Discussions and Concluding Remarks

To shed more light on the temperature-induced effect on the
spectra, we present a detailed analysis on the coupled excitonic
states which can be obtained by solving the time-independent
Schrödinger equation, He|ψι〉 ) Ei|ψι〉. The energies of the first
six excitonic states of dimer b and dimer c are give in Table 4
with “symm” and “asymm” indicating the symmetric and
antisymmetric excitonic states, respectively. The wave function
contours for the first six excitonic states of dimer b and dimer
c are plotted in Figure 7. These states can be classified by
symmetry as symmetric or antisymmetric upon reflection about
a mirror plane, that is, q1 ) q2 (q1 and q2 are two normal phonon
coordinates of the dimer described by a two-dimensional
harmonic oscillator). Therefore, for dimer b, the lowest excitonic
state is antisymmetric and the second lowest excitonic state is
symmetric, while the lowest excitonic state of dimer c is
symmetric and the second lowest excitonic state is antisymmetric.

Figure 4. Calculated oscillator strength of the first phonon band of
oligomers along the b direction; the energy of the ground state is taken
as zero. The oscillator strength for the monomer is also shown for
comparison.

Figure 5. (Color online) Calculated absorption and emission spectra
at different temperatures for oligomers along the c direction. The
temperature has little effect on the absorption spectra, so only one red
dashed line is shown for the absorption spectra for each oligomer. The
black solid lines are the fitted spectra of the monomer. The vertical
axis is in arbitrary units.
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It has been assumed that the Hamiltonian of the dimer’s
ground state is just that of a two-dimensional isotropic harmonic
oscillator. If the total vibrational quanta of the two-dimensional
harmonic oscillator are N for one vibronic state, then the

degeneracy of this state is (N + 1). So only the lowest level
with zero vibrational quanta is nondegenerate and totally
symmetric, while the other levels are degenerate containing
nonsymmetric and symmetric wave functions. For example, the
third lowest vibrational level of the dimer’s ground state is triply
degenerate, the three degenerate wave functions are (2, 0), (0,
2) and (1, 1), the former two wave functions are nonsymmetric,
and the last one is symmetric.

The ground state wave function can be written as

where k1 and k2 are the vibrational quanta of monomer 1 and
monomer 2, respectively, and the excitonic state is a linear
combination of Frenkel excitons

Figure 6. Calculated oscillator strength of the first phonon band of
oligomers along the c direction; the energy of the ground state is taken
as zero. The oscillator strength for the monomer is also shown for
comparison.

TABLE 4: Energies of Excitonic States of Dimer b and
Dimer c with Their Symmetries Being Indicated in
Parenthesesa

state dimer b dimer c

1 2.5064(asymm) 2.5073(symm)
2 2.5090(symm) 2.5089(asymm)
3 2.6767(asymm) 2.6796(symm)
4 2.6815(asymm) 2.6824(symm)
5 2.6841(symm) 2.6839(asymm)
6 2.6886(symm) 2.6866(asymm)

a The energy unit is eV.

Figure 7. (Color online) Contour plots of wave functions of the first
six dimer excitonic states. q1 and q2 are the two normal phonon
coordinates. For dimer b, the first six excitonic states are 1e, 2e, 3e,
4e, 5e, and 6e, respectively, while for dimer c, the first six excitonic
states are 2e, 1e, 6e, 5e, 4e, and 3e, respectively.

|g〉 ) |0, k1, k2〉
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where, for example, |1,k3,k4〉, 1 means the Frenkel exciton
located at monomer 1, and k3 and k4 are the vibrational quanta
of monomer 1 and monomer 2, respectively. According to the
Fermi golden rule, the intensity of the transition from |e〉 to |g〉
is proportional to the following integral

Here k3 ) k4 is assumed. µ1 and µ2 denote the transition dipole
moments of the two monomers (for dimer we have µ1 ) µ2),
the subscript “ge” means the Franck-Condon integral of the
monomer, and “gg” means the overlap integral of two vibronic
wave functions (orthogonalized) of one harmonic oscillator.

If |g〉 ) |0, n1, n2〉 (symmetric), then

For the excitonic state 1 of dimer b, we have C1,n3,n1
) -C2,n1,n3

,
so the transition from this excitonic state to the symmetric
ground state |n1, n2〉 is forbidden due to the phase relation
between intramolecular vibrations. And if we take |g〉 ) |n1,
n2〉 nonsymmetric, that is, n1 * n2, then the integral 〈g|µ|e〉 will
be nonzero and the transition will be optically observed.

To gain more insight into the effect of this symmetry
classification, we calculated the emission spectra assuming that
only the lowest (excitonic state 1) or the second lowest excitonic
state (excitonic state 2) is populated. The results are shown in
Figures 8 and 9. The peak around 2.33 eV corresponds to the
transition from the corresponding excitonic state to the lowest
dimer ground state. Its absence indicates the transition is
symmetry forbidden, while its presence indicates the transition
is symmetry allowed. As we can see, the transition from
excitonic state 1 of dimer b or excitonic state 2 of dimer c to
the lowest dimer ground state is symmetry forbidden, while that
from excitonic state 2 of dimer b or excitonic state 1 of dimer
c is symmetry allowed. The appearance of the sidebands in the
spectra indicates that the transition from that excitonic state,
which is assumed to be populated exclusively, to the other
vibrational levels of the dimer ground state with nonsymmetric
wave functions is symmetry allowed. This non-Condon emission
(the sidebands of a forbidden transition are activated) is the result
of the quantum interference of the Frenkel exciton states.41,42

However, as seen in Figure 8 and Figure 9, this non-Condon
emission is absent in the PL spectra of the symmetric excitonic
states. Similarly, in addition to the two lowest excitonic states,
the other four excitonic states can also be classified as symmetric
or antisymmetric by whether the peak around 2.51 eV (corre-
sponding to the transition from this excitonic state to the lowest
dimer ground state) is present in the emission spectra assuming
the corresponding excitonic state is exclusively populated.

The PL spectra at a certain temperature is just the sum of the
spectra of all the excitonic states weighted by their thermal
populations. So it is easy to understand the spectra of the dimers
in Figure 3 and Figure 5. As mentioned in the above section,
the populations of the first two lowest excitonic states dominate
at temperatures lower than 300 K, and the population weight
of excitonic state 2 increases with T. The PL spectra at 0 K
mainly comes from electronic transition from excitonic state 1,
so the 0-0 peak around 2.33 eV is absent in Figure 3 for dimer
b and appreciable in Figure 5 for dimer c. When the temperature
increases, the 0-0 peak intensity gradually increases for dimer
b and decreases for dimer c.

As for both dimer b and dimer c, the oscillator strength in
the first phonon band only has two values (one is the biggest
and the other is zero) according to which we can give a definite
symmetry classification of the excitonic states. When the
aggregate size increases, the excitonic states do not have a
definite symmetry classification as those of the dimers, and the
strength has a wider distribution, which is also determined by
the phase relation of the phonon modes of different chro-
mophores. This relation can also be reflected by the intensity
of the 0-0 transition in the emission spectra assuming this
excitonic state is exclusively populated.

In the absorption spectra, the 0-0 line is apparently present
due to the allowed transition from the ground state with n ) 0
to the first phonon band no matter which excitonic state in the
phonon band carries the strongest oscillator strength. However,
at all the range of temperatures (T ) 0-300 K), only the lowest
ground state is significantly populated; therefore, the temperature
effect on the absorption spectra is not appreciable.

In order to account for both H- and J-type couplings in the
crystal, Figure 11 displays the spectra for a rubrene tetramer

|e〉 ) ∑
k3,k4

(C1,k3,k4
|1, k3, k4〉 + C2,k3,k4

|2, k3, k4〉)

〈g|µ|e〉 ) 〈0, k1, k2|µ|

∑
k3,k4

(C1, k3, k4|1, k3, k4〉 + C2, k3, k4|2, k3, k4〉)

∑
k3,k4

(µ1C1, k3, k4〈k1|k3〉ge〈k2|k4〉gg

+ µ2C2,k3,k4
〈k1|k3〉gg〈k2|k4〉ge)

) ∑
k3

(µ1C1,k3,k2
〈k1|k3〉ge + µ2C2,k1,k3

〈k2|k3〉ge

〈g|µ|e〉 ) ∑
n3

(µ1C1,n3,n1
〈n1|n3〉ge + µ2C2,n1,n3

〈n1|n3〉ge)

Figure 8. (Color online) Calculated emission spectra for dimer along
the b direction assuming that excitonic state 1 or 2 is exclusively
populated. Excitonic state 1 refers to the lowest excitonic state, while
excitonic state 2 refers to the second lowest excitonic state. Emission
intensities are given in arbitrary units.

Figure 9. (Color online) Calculated emission spectra for dimer along
the c direction assuming that excitonic state 1 or 2 is exclusively
populated. Excitonic state 1 refers to the lowest excitonic state, while
excitonic state 2 refers to the second lowest excitonic state. Emission
intensities are given in arbitrary units.
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shown in Figure 10. As we can see, the temperature-dependent
behavior is similar to those of H aggregates. This is easily
explained by the fact that the magnitude of H-type coupling in
the tetramer is twice as large as that of J-type coupling. Figure
12 plots the oscillator strength distribution. The fact that
the lowest excitonic state in the first phonon band carries little
oscillator strength induces the same phenomenon as H-type
aggregates shown in the above section. We may expect that
the optical emission of rubrene thin film is dominated by the
coupled H aggregates.

Spano and co-workers43 have studied aggregate emission in
regioregular polythiophene and concluded that optical emission
is overwhelmingly dominated by weakly coupled H aggregates.
Their temperature-dependent PL spectra show a systematic
increase of the 0-0 peak intensity with temperature, which
qualitatively agrees with our conclusion about H-type aggregate
here. The dynamic red shift and the loss of 0-0 peak intensity
with time in the time-resolved PL spectra at 10 K just indicate
energy diffusion to more ordered domains.

As for J-type coupling, the intensity of the 0-0 peak should
increase with decreasing temperature. The attenuation of the
0-0 transition at lower temperature can be called subradiance,

which is also the result of coherent emission. The excitonic
coherence is lost (dephasing) as the temperature increases, which
thus induces the destruction of superradiance or subradiance.
The influence of temperature on supperradiance (subradiance)
discussed here coincides with the conclusions by Zhao and co-
workers.44 Energetic disorder is another factor which affects the
exciton coherence.44,50-54 In addition to temperature and disorder-
induced dephasing, polaronic effects can also destroy excitonic
coherence and take control of the superradiance (subradiance).44-46

For example, self-trapping will occur when the Huang-Rhys
factor is large47-49 for weakly coupled aggregates. The polaronic
effects, which may be important for the rubrene single crystal,
are overlooked by our model as our exciton wave function is
not distorted by phonon.

To conclude, spectra simulation of the aggregates shows that
H-aggregated coupling and J-aggregated coupling will induce
distinctly different temperature-dependent behavior on PL
spectra which can be explained by the exciton-phonon cou-
pling. This temperature-induced behavior can give us some hints
toward understanding the experimentally observed temperature-
dependent spectral characteristics of aggregates.

Our current work is mainly focused on the temperature-
induced behavior and the aggregation effect on PL spectra of
both H- and J-aggregated rubrene multimers. Only the multimers
along b and c directions in rubrene crystal are taken into account.
Therefore our calculated spectra should be different from those
of rubrene crystal. The multimers along the a direction should
play the dominate role in the spectral characteristics of rubrene
crystal. Further work which includes the chromophores in all
the directions, and considers the contributions from CTEs, is
essential to produce the experimental spectra of rubrene crystal.
We expect to report the results in the near future.
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