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Understanding molecular spectra
Dimers, excimers and exciplexes
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Understanding molecular spectra
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Molecular reconfiguration leads to 
Stokes shifts

3J. Chen, Phys. Chem. Chem. Phys., 2015, 17, 27658

Molecule: 9-(9,9-dimethyl-9Hfluoren-3yl)-14-phenyl-
9,14-dihydrodibenzo[a,c]phenazine (FIPAC) in MeTHF
(methyl tetrahyrofuran) solution

S*: saddle-like
P*: planar-like

Two excited isomers
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A classic spectrum at low temperature

4

• Perylene in n-hexane solution
• Perfect replica of absorption and emission
• Homogeneously broadened phonon lines narrow as the random disorder is “frozen” out
• Numerous vibronics apparent in this progression: rotons, librons, etc…
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Important distinctions between electronic orbitals and 
electronic states

5

HOMO	

HOMO-1	

HOMO-2	

HOMO-3	

HOMO-4	

LUMO	
LUMO+1	
LUMO+2	

LUMO+3	

Orbitals	

Eg	

S0	

Vacuum	

States	

IP	

S1	 S2	

Eg-EB	

1. Orbital energies refer to 
single electrons

2. Orbital energies are 
referenced to the vacuum 
level: All HOMO and LUMO 
energies < 0

3. State energies refer to 
collections of electrons: they 
are calculated from a linear 
combination of orbitals

4. State energies are 
referenced to each other 
(not vacuum)

5. States are formed after 
relaxation and include the 
electron-hole binding 
energy

6. States comprised of two or 
more electrons, and hence 
their spin multiplicity 
determines their character.

7. States and orbitals cannot 
co-exist meaningfully on the 
same diagram

(ionization 
potential) (e-h binding energy)

EA (electron
affinity)



Organic Electronics
Stephen R. Forrest

A (complicated) example of states

6(mCBP)
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Lee et al., Nat. Comm., 8, 15566 (2017)
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Spectral dependence on molecular 
stiffness
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the geometric changes upon electronic excitation are small,
thus implying that the coupling to vibrational modes is similar
in the two states. This is fulfilled at any temperature for rigid
chromophores, such as oligoacenes and ladder-type oligophe-
nylenes (LnPs).[16] In this case, full mirror symmetry is ob-
served, depicted schematically as A-type in Figure 3. The ver-
tical transition energy (Evert) for absorption (abs) and
emission (em) is given by

Evert(abs) = E00 + DEeq(abs) (2a)

and

Evert(em) = E00 – DEeq(em) (2b)

where DEeq is the equilibration energy (sometimes also re-
ferred to as relaxation or reorganization energy, see Fig. 2).
Experimentally, Evert for the absorption or emission process
can be estimated as

Evert!abs" #
!

A!E" $ E dE!
A!E"dE

!3a"

or

Evert!em" #
!

IF!E" $ E dE!
IF!E"dE

!3b"

with A(E) representing the absorbance and IF(E) the fluores-
cence intensity at a given energy, respectively. Note that Equa-
tion 3a can be applied quantitatively only when no higher-lying
electronic transitions are hidden under the low-energy absorp-
tion band. If this is the case, the S0 → S1 absorption spectrum
can be extracted by a method described earlier:[17] The emission
spectrum is mirrored at E00 and, where necessary, convoluted by
an exponential distribution to account for the different torsional
potentials in the S0 and S1 states (see below),[9] so that the simu-
lated absorption spectrum A′(E) fits the measured one in the
low-energy region. Equation 3a is then applied to A′(E) to ex-
tract the actual Evert(abs). When there is perfect mirror symme-
try between the absorption and emission spectra, the equilibra-
tion energies are equal (see Fig. 2a):

DEeq(abs) = DEeq(em) (4)

The situation becomes somewhat more complicated for
flexible molecules, such as oligo(phenylene vinylenes) (nPVs),
oligothiophenes (nTs) or oligophenylenes (nPs), the chemical
structures of which are shown in Figure 1. In the S0 state,
these molecules exhibit a shallow potential well, associated
with torsions around the inter-ring single bonds, so that the
excited vibrational states of low-frequency torsional modes
are easily accessed by thermal activation. In the S1 state, these
inter-ring bonds are significantly shortened, and much higher

frequencies are obtained for the torsional modes
compared to S0 (cf. the different curvatures of S0

and S1 in Fig. 2b).[9,18] As a result, the absorption
spectra of flexible molecules at elevated tempera-
tures no longer exhibit mirror symmetry with re-
spect to the emission spectra; the absorption spec-
tra are broad and featureless, whereas the emission
spectra are still somewhat structured, as shown for
the B- and C-types in Figure 3. For B-type mole-
cules (e.g., nPVs and long nTs (n ≥ 3)), the equilib-
rium geometry is planar in both the S0 and S1 states
when T → 0 K, and yields a mirror symmetry. In
C-type molecules (e.g., nPs) the equilibrium geom-
etry is nonplanar in the ground state,[19–21] and
there is no mirror symmetry between the absorp-
tion and emission, regardless of the temperature
(Fig. 3c).[22] A different behavior is observed for
molecules where the S1 state is symmetry-forbid-
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Figure 2. a) Schematic representation of potential energy surfaces for
displaced, undistorted harmonic oscillators in the normal coordinate rep-
resentation coupled to symmetry-allowed, high-energy, in-plane modes.
The vertical (Evert(em), Evert(abs)) and adiabatic (E00) electronic transi-
tions are indicated. b) Schematic representation of potential energy sur-
faces for undisplaced, distorted oscillators coupled to out-of-plane tor-
sional modes [9]. The vertical transitions associated to the emission and
absorption processes are indicated.
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Figure 3. Schematic representation of the emission and absorption spectra of A-, B-,
and C-type molecules in solution at room temperature and at low temperature.
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the geometric changes upon electronic excitation are small,
thus implying that the coupling to vibrational modes is similar
in the two states. This is fulfilled at any temperature for rigid
chromophores, such as oligoacenes and ladder-type oligophe-
nylenes (LnPs).[16] In this case, full mirror symmetry is ob-
served, depicted schematically as A-type in Figure 3. The ver-
tical transition energy (Evert) for absorption (abs) and
emission (em) is given by

Evert(abs) = E00 + DEeq(abs) (2a)

and

Evert(em) = E00 – DEeq(em) (2b)

where DEeq is the equilibration energy (sometimes also re-
ferred to as relaxation or reorganization energy, see Fig. 2).
Experimentally, Evert for the absorption or emission process
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with A(E) representing the absorbance and IF(E) the fluores-
cence intensity at a given energy, respectively. Note that Equa-
tion 3a can be applied quantitatively only when no higher-lying
electronic transitions are hidden under the low-energy absorp-
tion band. If this is the case, the S0 → S1 absorption spectrum
can be extracted by a method described earlier:[17] The emission
spectrum is mirrored at E00 and, where necessary, convoluted by
an exponential distribution to account for the different torsional
potentials in the S0 and S1 states (see below),[9] so that the simu-
lated absorption spectrum A′(E) fits the measured one in the
low-energy region. Equation 3a is then applied to A′(E) to ex-
tract the actual Evert(abs). When there is perfect mirror symme-
try between the absorption and emission spectra, the equilibra-
tion energies are equal (see Fig. 2a):

DEeq(abs) = DEeq(em) (4)

The situation becomes somewhat more complicated for
flexible molecules, such as oligo(phenylene vinylenes) (nPVs),
oligothiophenes (nTs) or oligophenylenes (nPs), the chemical
structures of which are shown in Figure 1. In the S0 state,
these molecules exhibit a shallow potential well, associated
with torsions around the inter-ring single bonds, so that the
excited vibrational states of low-frequency torsional modes
are easily accessed by thermal activation. In the S1 state, these
inter-ring bonds are significantly shortened, and much higher

frequencies are obtained for the torsional modes
compared to S0 (cf. the different curvatures of S0

and S1 in Fig. 2b).[9,18] As a result, the absorption
spectra of flexible molecules at elevated tempera-
tures no longer exhibit mirror symmetry with re-
spect to the emission spectra; the absorption spec-
tra are broad and featureless, whereas the emission
spectra are still somewhat structured, as shown for
the B- and C-types in Figure 3. For B-type mole-
cules (e.g., nPVs and long nTs (n ≥ 3)), the equilib-
rium geometry is planar in both the S0 and S1 states
when T → 0 K, and yields a mirror symmetry. In
C-type molecules (e.g., nPs) the equilibrium geom-
etry is nonplanar in the ground state,[19–21] and
there is no mirror symmetry between the absorp-
tion and emission, regardless of the temperature
(Fig. 3c).[22] A different behavior is observed for
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Figure 2. a) Schematic representation of potential energy surfaces for
displaced, undistorted harmonic oscillators in the normal coordinate rep-
resentation coupled to symmetry-allowed, high-energy, in-plane modes.
The vertical (Evert(em), Evert(abs)) and adiabatic (E00) electronic transi-
tions are indicated. b) Schematic representation of potential energy sur-
faces for undisplaced, distorted oscillators coupled to out-of-plane tor-
sional modes [9]. The vertical transitions associated to the emission and
absorption processes are indicated.
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Figure 3. Schematic representation of the emission and absorption spectra of A-, B-,
and C-type molecules in solution at room temperature and at low temperature.
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Stiffer molecules show less broadening of phonon lines at high temperatures
E00=adiabiatic transition energy ~ EG

Gierschner, J., et al. 2007. Adv. Mater., 19, 173.

3 different phenylene spectra

decreasing molecular stiffness
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How big is the excited state?

8

lating E00, obtained from the optimized excited-state geometry;
and the equilibration energy DEeq as[27]

DEeq !
!

k

hmkSk "6#

where h is Planck’s constant (6.626 × 1034 J s), and mk and Sk

are the frequencies and Huang–Rhys factors, respectively, of
the vibrational modes k coupled to the electronic transition.
The Huang–Rhys factors are computed by projecting the nor-
mal coordinates of the modes on the geometric changes in-
duced upon electronic excitation by using[27]

Sk ! 2p2c
h

mk"DQk#2 "7#

where c is the speed of light (2.997 × 108 m s–1), and DQk the
change in the normal coordinate Qk between the two electro-
nic states. It is generally assumed here that the vibrational
modes are the same in the two states (undistorted harmonic
oscillators), and that Duschinsky coupling effects[27] can there-
fore be neglected. A more general approach takes into ac-
count the distortion of the oscillators, providing a general re-
cursion formula for the Franck–Condon factors for distorted,
displaced harmonic oscillators.[28] Such models can further in-
clude thermal excitations of torsional modes, thus allowing for
the simulation of room-temperature absorption spectra of
B-type molecules.[9]

2.2. Extrapolation Procedure to the Polymer Limit

To estimate the transition energy of a polymer from the
transition energies obtained for the corresponding oligomers,
the latter are usually plotted as a function of 1/N, with N the
number of double bonds along the shortest path connecting
the terminal carbon atoms of the molecular backbone. A line-
ar relationship is typically observed between the experimental
transition energies and 1/N for oligomer sizes ranging from 2
to 6 repeat units (n), while the transition energy of the mono-
mer (n = 1)deviates from the linear behavior, as illustrated in
Figure 5 for oligothiophenes. Because longer oligomers of
well-defined chain length (n > 6) were not available until the
mid 1990s,[29] the linear dependence prevailing for medium-
size oligomers stimulated a large number of research groups
to extrapolate the oligomer values to the limit of an ideal infi-
nite conjugated polymer chain by linear regression.[30–44] How-
ever, the experimental optical bandgaps of oligomers with
n > 6[45–48] were always significantly larger than the extrapolat-
ed values. This became more and more evident with the grow-
ing length of soluble oligomers.[11,49] The most prominent ex-
ample is the synthesis and characterization of well-defined
alkyl-substituted oligothiophenes containing up to 96 mono-
mer units by Otsubo and co-workers (see Fig. 6).[46,47] The ac-
tual polymer values are always larger than the values obtained
by linear extrapolation, provided that the properties of the
polymer and those of the corresponding oligomers are mea-
sured under the same conditions, i.e., with the same solvent
and at the same temperature. In order to quantify this effect,

Meier et al.[45] intensively discussed the concept of “effective
conjugation length” (ECL),[50–53] defined by them as the con-
jugation length at which the wavelength of the absorption
maximum in the series of oligomers is not more than 1 nm
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Figure 5. Experimental adiabatic transition energies (E00) of oligothiophenes
nT extrapolated to vacuum [12]. For n > 1, E00 was obtained by the extrapola-
tion method described in Section 2.4, Equation 10. Solid line: Kuhn fit to
the oligomer values according to Equation 8. Dotted lines: 95 % confidence
bands. Dashed line: linear fit. NMCC: maximum conducive chain length.
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Figure 6. Experimental adiabatic transition energies E00 (F1 positions) of
alkyl-substituted oligothiophenes nT up to the 48-mer in dichlorometh-
ane [47]. Solid line: Kuhn fit. Dashed line: linear fit.
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• N=number of double bonds in the oligomer
• Result ⇒ excited state is < 6 units
• Chain twists or kinks limit the extent of the 

electron charge distribution

Low energy absorption cutoff of thiophene
oligomers vs. no. of monomer segments, m. 

Gierschner, J., et al. 2007. Adv. Mater., 19, 173.

which has been partially relaxed by an incomplete geometry
optimization using molecular mechanics (UFF method as
implemented in Gaussian 9828). The optimization avoids
unrealistic structures, where stressing forces would not only
break the π-conjugation, but also the σ-bonds. Usually the
oligothiophene molecule would try to escape the stress on the
σ-bonds by torsion of the bonds between the thiophenyl rings.
Because torsions shall be studied separately, for the horizontal
kink we allowed this degree of freedom (constricted to transoid
character) for the four thiophenyl rings forming the kink. The
others remain in the same plane. In the case of azimuthal kinks
(see below) we froze the torsional degree of freedom in the
geometry optimization for the whole molecule. In Figure 4 we
present the transition density for the two lowest singlet
excitations (S1 and S2) for the horizontally kinked dodeci-
thiophene. Even though the transition densities for the S1
excitation are more concentrated on the longer branch of the
kinked molecule, there is no clear segmentation. The transition
density on the other branch is still significant. This has an
important effect on the orientation of the transition dipole: It
is out of line with the longer branch. For the S2 excitation at
first view one would assume a similar picture where only the
transition density is now concentrated on the shorter branch.
However, a closer investigation reveals that the symmetry

of the transition density for the S2 excitation is completely
different from that obtained for the S1 excitation. They result
in transition dipoles (µ1 and µ2) nearly perpendicular to each
other. For spectroscopic units the transition dipoles should have
been parallel to the respective branches left and right of the
kink. Also the strengths of the transition dipoles do not
correspond to the length of the two branches. For the S2
excitation we obtained only 20% of the oscillator strength of
the S1 excitation. Due to the fact that the oscillator strength of
an oligothiophene depends linearly on its length, we would have
expected to get a ratio of 5:7 (or 4:6 for excluding the two
thiophenyl rings forming the kink). However, the transition
energies of 2.37 eV for the S1 excitation and of 2.61 eV for the
S1 excitation fit quite well to oligomers of six and four
thiophenyl rings, respectively.
The next defect to be studied, the azimuthal kink, is obtained

by bending the dodecithiophene out of the molecular plane. Here
the transition density (Figure 5) does not show any sign of

segmentation. On the contrary, the transition densities are
concentrated around the azimuthal kink. In the same way as
for the horizontal kink the different symmetries of the transition
densities result in transition dipoles µ1 and µ2, which are nearly
perpendicular to each other. Also the ratio between the oscillator
strengths of the S2 and the S1 excitation of approximately 1:5
is not what one would expect for a clear segmentation into two
branches of 4-5 and 6-7 rings, respectively. The S2 energy of
2.5 eV does roughly fit to oligomers of 4-6 thiophenyl rings.
However, the S1 energy of 1.9 eV is even lower than that of
the S1 excitation of the straight dodecithiophene (2.14 eV). We
attribute this to an increased ground-state energy due to the stress
on the binding π-bond at the azimuthal kink. In the S1 state the
π-bonds at the kink have a more antibinding character and thus
they are less stressed. Consequently, the transition energy from
S0 to S1 is lowered. The S2 state has a node at the kink. Thus
the π-bonds remain of a similar binding character as in the
ground state and the transition energy from S0 to S2 is not
lowered.
Concluding, we can state that neither horizontal nor azimuthal

kinks give rise to a spatial segmentation of the transition density
of a polythiophene chain.
3.3. Torsions and Cisoid Defects. Our model for the torsional

defect in a polythiophene chain is a straight dodecithiophene
with six transoid thiophenyl rings at the one end and four
transoid thiophenyl rings at the other end. These subchains are
planar in themselves but perpendicular to each other. They are
bridged by two thiophenyl rings each of them turned by 150°
in respect to the neighbors. A subsequent geometry optimization
has not been applied, because such torsions between two
thiophenyl rings are not significantly hindered for dihedral
angles between 130° and 210°. Actually the 2,2′-bithiophene
has a structure where the dihedral angle between the two
thiophenyl rings is about 150°, though the barrier at 180°, i.e.,
for the planar geometry, is very low.30-32

It has been suggested that torsions of 90° around the axis of
the chain breaks the π-conjugation completely. Contrary to this,
we found that for the given geometry the transition densities
have not even a node at the torsional defect (Figure 6). With
respect to the distribution along the molecular axis, the transition
densities are very similar to those obtained for the planar
molecule. Consequently, the oscillator strength for the S1
excitation (f1 ) 4) is approximately the same as for the planar
transoid dodecithiophene, and the optical transition to the S2
state, which in the planar case is forbidden by symmetry, has

Figure 4. Transition densities and dipoles (µ) for the first (S1) and
second (S2) singlet-excited state of a horizontally kinked transoid
dodecithiophene.

Figure 5. Transition densities and dipoles (µ) for the first (S1) and
second (S2) singlet-excited state of an azimuthally kinked transoid
dodecithiophene.

6166 J. Phys. Chem. B, Vol. 108, No. 20, 2004 Beenken and Pullerits

dodecithiophene
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Excitons

• Collective response of a solid to the excitation of a 
molecule
• Excited states that transport energy 
• But not charge, except for charged excitons

• The excited state transfers from molecule to molecule.
• Excitons have momentum
• Energy migration is known as exciton diffusion.

• Migration can happen in gas, solution and especially 
solids.

9
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Three Types of Exciton
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(a)$ (b)$ (c)$

Wannier-Mott Charge Transfer Frenkel

EB = − q2

8π a0 ε rε0( )
1
n2  

a0 =
4π ε0ε r( )!2

mr
*q2Bohr Model:
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Jablonski Diagrams: 
Life Histories of Excitons

11

Kasha’s rule
The radiative transition from
a given spin manifold occurs
from the lowest excited 
state.
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Relationships between emission and absorption: 
The Einstein Coefficients
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Aul$Bul$Blu$

u$

l$
Spontaneous
absorption

Stimulated
emission

Spontaneous
emission

In terms of the transition matrix elements:

(m,n = corresponding vibronic levels).  And:

But Aul is simply the sum of all radiative transition rates:

Then in terms of frequency:

 
Bln,um = π

3ε0!
2 φln H int φum

2
= π
3ε0!

2 µln,um
2

 
Aum,ln =

!
π 2

ωnr
c

⎛
⎝⎜

⎞
⎠⎟
3

Bln,um

τ R
−1 = Au0,ln

n
∑

 
τ R

−1 = 8π
2nr

3

3ε0!c
3 νu0,ln

3

n
∑ µu0,ln

2

µln,um is the transition dipole from
the lower to the upper state between 
vibronics n and m, respectively.
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Oscillator Strength

13

 
fin, fm = 2meε0c

πq2nr
σ ω( )∫ dω = 2303mec

2

NAπq
2nr

ε !ν( )∫ d !ν = 4.39 ×10
−9

nr
ε !ν( )∫ d !ν

The absorption cross section is:

This leads to more practical expressions for the oscillator strength: 

 σ 0 ω( ) = !ωBln,umγ ω( ) / c
Normalized line shape

Decadic molar absorption
Coefficient [l-cm-1-M-1] 

α ν( ) = ln10ε ν( )C = 2.303ε ν( )C
C=concentration [M/l]

wavenumber=ν/c

Recall this is simply |µif,e|2FCif

Absorption coeff’t relationships:
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What is the strength of a vibronic
transition?

14

 
fin, fm =

!ν in, fm

!ν i0, f 0

FCn,m

• The strength of a transition depends on the overlap between the excited and 
ground state vibronics, i.e. on the Franck-Condon factor FCn,m!

• It is convenient to reference the oscillator strength to the 0-0 transition νi0,f0
• Two cases to consider:

(b)	(a)	

ΔQ	

ΔE	ΔE	

Displaced oscillator Distorted oscillator

• Rigid shift of nuclear coordinates on excitation
• Vibronic progression is unaffected
• Red shift of spectrum= bathochromic shift
• Blue shift=hypsochromic

• No net shift of nuclear coordinates
• Electronic potential changes
• Energies between vibronics changes
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Example 1: Displaced Oscillator
• A Poisson distribution describes the overlap and state filling. Hence

• Such that:

• Where:

15

FCn,m = Zme−Z /m!

 
fin, fm =

!ν in, fm

!ν i0, f 0

Zm

m!
e−Z

 
Z = 1

2
kΔQ2 / h !ν i0, fm ΔQ = ΔR p

2

p

N

∑ :Sum of squares of nuclear 
displacements

Ultrathin PTCDA layers
separated by NTCDA
layers of equal thickness

Haskal, et al. Phys. Rev. B, 51, 4449 (1995).

: Ratio of vibronic intensity to that at 0-0

Z = Huang-Rhys factor
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Example 2: Distorted Oscillator

NTCDA under hydrostatic pressure
Vibronic spacings and relative peak intensities shift 

indicating manifold distortion

 
FCif = 1−ξ 2( )1/2 ξ m 1i 3 i 5 i i i m −1( )

2 i 4 i 6 i i im
;

FCif = 0; FCif = 0; 

ξ = ω i0 −ω fm( ) ω i0 +ω fm( ) = Δω ω i0 +ω fm( )

 G Δω( ) = exp −!Δω / D −1( )kBT( )

D =ω i0 ω fm

FC Shift for the distorted oscillator:

m even

m odd

where

Relative peak absorption intensities also 
scale with distortion:

where

Jayaraman, et al., 1985, J. Chem. Phys. 82, 2682.
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Energy Gap Law
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The larger the energy gap, the lower the probability for non-radiative recombination. 
⇒As the energy gap of a molecular species decreases, radiative transitions have a higher 
probability for non-radiative decay: 

 
kif = Aexp −γ Eg / !ω p( )

γ = log
Eg

ΩEp

⎛

⎝⎜
⎞

⎠⎟
−1

Ω= number of modes contributing to the 
maximum phonon energy,
= ½ the Stokes shift.

Series of aromatic hydrocarbons and
their deuterated isotopes (filled circles).
η=relative number of H or D atoms in molec.

Siebrand & Williams, J. Chem. Phys. 46, 403 (1967). 
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Energy Gap Law
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Example of thermally activated delayed fluorescent molecules whose energy gaps are 
varied via ligand substitution from deep blue to IR
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Shi, S., et al.  2019. J. Am. Chem. Soc., 141(8), pp.3576-3588.

Cu-metallated, emissive TADF compounds
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Dimers
• Interaction of an isolated pair of molecules

• First step in building up a solid: smallest possible aggregate unit

• Chemical dimer: the pair forms a bond
• Physical dimer: the pair is attracted by a bonding force, typically van der 

Waals
• New energy levels appear that do not exist in the individual molecules

• Treatment much like that of a H2 molecule.
• Ground state: ψG(r1, r2) =ψ(r1)ψ2(r2):   ψ(r1,2) = ground state of individual molecules 

comprising the pair. 
• These identical molecules have identical energies: E1=E2=E0

• When interacting to form a dimer, the energy is perturbed:

• With (for vdW interactions): 

19

EI = ψ 1(r1)ψ 2 (r2 ) H int ψ 1(r1)ψ 2 (r2 )

H int = −A12 r12
6



Organic Electronics
Stephen R. Forrest

Normal Modes of a Dimer

20

′ψ ± =
1
2

′ψ 1(r1)ψ 2 (r2 )±ψ 1(r1) ′ψ 2 (r2 )( )
Excited state ‘oscillates’ between the two molecules forming two normal modes:

(-)(+)

Two energies associated with these normal modes:

′EI = ′ψ 1(r1)ψ 2 (r2 ) H int ′ψ 1(r1)ψ 2 (r2 ) : Coulomb energy

E± = ± ′ψ 1(r1)ψ 2 (r2 ) H int ψ 1(r1) ′ψ 2 (r2 ) : Resonance energy

′ET = E0 + ′E + ′EI + E±Giving a total dimer energy of:

=Ground state + excited state of one molecule + energies of the pair



Organic Electronics
Stephen R. Forrest

The Dimer Spectrum

21

µ± = − q
2

′ψ 1(r1)ψ 2 (r2 )±ψ 1(r1) ′ψ 2 (r2 ) r ψ 1(r1)ψ 2 (r2 ) = 1
2

µ1 ± µ2( )
Symmetry prevents some transitions from occurring

Transition moment:

Bacteriochlorophyll

Note red shift and
lower signal

E0+EI

E’I-E+

E’+E’I

E0

E’
µ+

µ-
E’I+E-

2µ1

X X

Olsen & Cox Photosynth. Res. 30, 35 (1991).
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Comparison of Monomer and 
Dimer Spectra

22

Scanned by CamScanner

• 9-chloroanthracene in cyclohexane glass
• 1400 cm-1 transitions labeled
• Other intramolecular transitions are apparent in the monomer spectrum

sandwich dimer

monomer

n→ 0

Chandross & Ferguson. 1966. J Chem. Phys. 45 3554.

Monomer  Dimer
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Excimers and Exciplexes
• A dimer with no ground state is an excimer.

• A molecular couple comprised of two different molecular species is an 
exciplex.

23
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Examples of Excimer Emission in 
Fluorophors and Phosphors

24
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Fig. 1. Pyrene: A = 10e2M, B = 7.75 x lO@M, C = 5~5 x lOaM, 
D = 3.25 x 10-3M, E = 10-3M, G = lo-*M. 

fluorescence spectrum extended to a wavelength A < 390 nm (m,a), and a Wratten 18A filter for 
solutions whose spectrum was at I > 390 nm. 

The light emerging from the exit slit of the monochromator was detected with an E.M.I. 
type 6256s photomultiplier which has a fused silica window. An exit slit width of 0.12-0.15 mm 

was found to give adequate resolution and intensity. The over-all spectral response of the 
monochromator and photomultip~er was calibrated over the range 330 nm < L Q 630 nm 
using a tungsten-filament lamp of known cofour temperature (.2S54°K). Identical responeo 
curve~i were obtained with direct illumination of the monochromator entrance aperture and via 
a MgO diffuse reflector. The spectral response curve dflered slightly from an earlier one obtained 
from the spectral response of the photomultiplier as measured with fluorescent integrating 
solutions [8] and the estimated transmission spectrum of the monochromator. This accounts 
for any differences (- few nm) between the fluoroecence spectra and previously reported data 
obtained using the earlier calibration curve [6]. 

[8] .J. B. SIRIS and I. H. XUNRO, Br& J. Appl. R&p. 12, 519 (1961). 
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Examples of Excimer Emission in 
Fluorophors and Phosphors
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Exciplexes
• Concept of donor and acceptor molecules:

• An excitation moves from an excited donor (D*) to a ground state 
acceptor (A0) 

• Since there is an energy difference between D and A, an exciplex
results in charge transfer (shared charge) between molecules: 

• Excitation shared by two different molecules forming a complex: the 
amount of charge transfer depends on energy asymmetry

25

D*+A0 → D+A−( )

D+# A%#

HOMO#

LUMO#

Exciplex#

Cation Anion

D*+A0 → D0 + A*

′ψ T =α ′ψ 1ψ 2 + βψ 1 ′ψ 2 + γψ 1
+ψ 2

− +δψ 1
−ψ 2

+

ψ T
0 =α 0ψ 1ψ 2 + γ

0ψ 1
+ψ 2

− +δ 0ψ 1
−ψ 2

+
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Example of an Exciplex
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(MEH-PPV), and also the electronically inactive poly(methyl 
methacrylate) (PMMA), were purchased from Sigma-Aldrich.  

 We fi rst carried out quantum chemical calculations based 
on the density functional theory (DFT) to investigate the effect 
of specifi c electron-withdrawing units (–CF 3  and –CN) within 
the molecules on their frontier energy levels. It was found that 
LUMO energy levels of acceptors were lowered in the order of 
increasing strength of electron-withdrawing units, as shown in 
Table S1 of the Supporting Information. These results were evi-
denced by experimentally observing LUMO energy levels in the 
fi lm state (see Figure  1 b), which were obtained from HOMO 
energy levels (measured using ultraviolet photoelectron spec-
troscopy (UPS)), and optical bandgaps ( E  g  opt ) (shown as the 
UV–vis absorption onset). 

 Compounds  1 ,  2 , and  3  showed virtually identical PL emis-
sion wavelengths ( λ  em ) peaking at 455, 453, and 450 nm (see 
 Figure    2  ), respectively, when acceptors with 15 wt% to PVK 
concentration were embedded in electronically inactive PMMA 
fi lms (excitation wavelengths ( λ  ex ) were 355, 340, and 353 nm, 
respectively, and UV–vis absorption spectra are shown in 
Figure S1). The electron-rich and hole-transporting polymer, 
PVK, which has excellent fi lm-forming properties, [ 7 ]  was used as 
an electron-donating matrix to induce excited-state interactions 
with the electron-defi cient supramolecular acceptors in this 
study ( λ  em,PVK  = 408 nm). As expected, emission wavelengths 
of all three acceptors exhibited remarkable shifts in PVK fi lms 
compared with those in PMMA. Figure  2  clearly demonstrates 
that acceptor-embedded PVK (denoted as PVK/acceptor) fi lms 
show red-shifted PL emissions with respect to those of PMMA 
fi lms embedded with the same acceptors (PMMA/acceptor); 
emission wavelengths of  1 ,  2 , and  3  were 478, 515, and 591 nm, 
respectively in PVK (excitation wavelengths ( λ  ex ) were 355, 340, 
and 353 nm, respectively). However, when the concentration of 
acceptors were increased over 30 wt% of PVK, exciplex emis-
sion was gradually decreased, while the excitonic emission of 
the acceptors was increased, as shown in Figure S2. A higher 
concentration of acceptors in PVK/acceptor brings about the 
increased size of acceptor domains beyond that of the exciton 
diffusion length in the blend fi lm, which results in gradual 
emission changes from exciplex to exciton, as observed also in 
the SVA-treated PVK/acceptor fi lms discussed later.  

 It should be noted that the absorption spectra of these 
acceptor-embedded PVK fi lms are simple sum of those of PVK 
and supramolecular acceptors, as shown in Figure S1, and no 
new absorption bands are observed, ruling out any ground-state 
CT interactions. These results are clearly in accord with the 
unique characteristics of exciplexes. [ 8 ]  

 It is well known that the energy of the exciplex emission 
( hv  em ) is related to the frontier energy levels of the two compo-
nents (donor and acceptor) comprising the complex, according 
to  hv  em  ∼ HOMO donor  – LUMO acceptor  +  C , where  C  is the 
empirical Coulombic binding energy of the electron and hole 
in the donor−acceptor ion pair of the exciplex. [ 9 ]  Consistent 
with this equation, exciplex emission wavelengths of  1 ,  2 , and 
 3  in PVK were effectively controlled by the energy differences 
( ∆E ) between the LUMO energy levels of the acceptors and the 
HOMO energy levels of the donor (see Figure  1 ; energy levels 
of PVK in fi lm state were measured using the same method 
as explained above). In other words, the smaller the ∆ E  values, 

a high fl uorescence effi ciency in the fi lm state. Furthermore, 
exciplex/exciton color switching depending on the evolution 
of supramolecular nanostructures at the nanoscale interface is 
demonstrated.  

 2.     Results and Discussion 
 The molecules used in this work as electron acceptors are 
1-cyano- trans -1,2-bis-(4′-methylbiphenyl)ethylene) (CN-MBE, 
 1 ), [ 5a ]  1-cyano- trans -1,2-bis-(3′,5′-bis-trifl uoromethyl-biphenyl)
ethylene (CN-TFMBE,  2 ), [ 5b ]  and 3,3′-(1,4-phenylene)bis(2-
(3,5-bis(trifl uoromethyl)phenyl)acrylonitrile (CN-TFPA,  3 ), [ 5e ]  
as shown in  Figure    1  a. These three molecules are selected 
in this work because they show the identical emission color 
(i.e., the same value of the highest occupied molecular orbital 
(HOMO)–lowest unoccupied molecular orbital (LUMO) gap), 
while having different electron affi nity values to vary their CT 
interaction with a given electron donor polymer. All mole-
cules were synthesized according to our previously published 
route. [ 5 ]  Electron donor polymers poly( N -vinylcarbazole) (PVK) 
and poly[2-methoxy-5-(2′-ethylhexyloxy)- p -phenylene vinylene] 

   Figure 1.    a) Chemical structures of polymer donors and supramolecular 
acceptors. b) Energy level diagram showing the HOMO and LUMO 
energy levels of the materials. 
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LUMO energy levels of acceptors were lowered in the order of 
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troscopy (UPS)), and optical bandgaps ( E  g  opt ) (shown as the 
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sion wavelengths ( λ  em ) peaking at 455, 453, and 450 nm (see 
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concentration were embedded in electronically inactive PMMA 
fi lms (excitation wavelengths ( λ  ex ) were 355, 340, and 353 nm, 
respectively, and UV–vis absorption spectra are shown in 
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PVK, which has excellent fi lm-forming properties, [ 7 ]  was used as 
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acceptors were increased over 30 wt% of PVK, exciplex emis-
sion was gradually decreased, while the excitonic emission of 
the acceptors was increased, as shown in Figure S2. A higher 
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as explained above). In other words, the smaller the ∆ E  values, 

a high fl uorescence effi ciency in the fi lm state. Furthermore, 
exciplex/exciton color switching depending on the evolution 
of supramolecular nanostructures at the nanoscale interface is 
demonstrated.  

 2.     Results and Discussion 
 The molecules used in this work as electron acceptors are 
1-cyano- trans -1,2-bis-(4′-methylbiphenyl)ethylene) (CN-MBE, 
 1 ), [ 5a ]  1-cyano- trans -1,2-bis-(3′,5′-bis-trifl uoromethyl-biphenyl)
ethylene (CN-TFMBE,  2 ), [ 5b ]  and 3,3′-(1,4-phenylene)bis(2-
(3,5-bis(trifl uoromethyl)phenyl)acrylonitrile (CN-TFPA,  3 ), [ 5e ]  
as shown in  Figure    1  a. These three molecules are selected 
in this work because they show the identical emission color 
(i.e., the same value of the highest occupied molecular orbital 
(HOMO)–lowest unoccupied molecular orbital (LUMO) gap), 
while having different electron affi nity values to vary their CT 
interaction with a given electron donor polymer. All mole-
cules were synthesized according to our previously published 
route. [ 5 ]  Electron donor polymers poly( N -vinylcarbazole) (PVK) 
and poly[2-methoxy-5-(2′-ethylhexyloxy)- p -phenylene vinylene] 

   Figure 1.    a) Chemical structures of polymer donors and supramolecular 
acceptors. b) Energy level diagram showing the HOMO and LUMO 
energy levels of the materials. 
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(MEH-PPV), and also the electronically inactive poly(methyl 
methacrylate) (PMMA), were purchased from Sigma-Aldrich.  

 We fi rst carried out quantum chemical calculations based 
on the density functional theory (DFT) to investigate the effect 
of specifi c electron-withdrawing units (–CF 3  and –CN) within 
the molecules on their frontier energy levels. It was found that 
LUMO energy levels of acceptors were lowered in the order of 
increasing strength of electron-withdrawing units, as shown in 
Table S1 of the Supporting Information. These results were evi-
denced by experimentally observing LUMO energy levels in the 
fi lm state (see Figure  1 b), which were obtained from HOMO 
energy levels (measured using ultraviolet photoelectron spec-
troscopy (UPS)), and optical bandgaps ( E  g  opt ) (shown as the 
UV–vis absorption onset). 

 Compounds  1 ,  2 , and  3  showed virtually identical PL emis-
sion wavelengths ( λ  em ) peaking at 455, 453, and 450 nm (see 
 Figure    2  ), respectively, when acceptors with 15 wt% to PVK 
concentration were embedded in electronically inactive PMMA 
fi lms (excitation wavelengths ( λ  ex ) were 355, 340, and 353 nm, 
respectively, and UV–vis absorption spectra are shown in 
Figure S1). The electron-rich and hole-transporting polymer, 
PVK, which has excellent fi lm-forming properties, [ 7 ]  was used as 
an electron-donating matrix to induce excited-state interactions 
with the electron-defi cient supramolecular acceptors in this 
study ( λ  em,PVK  = 408 nm). As expected, emission wavelengths 
of all three acceptors exhibited remarkable shifts in PVK fi lms 
compared with those in PMMA. Figure  2  clearly demonstrates 
that acceptor-embedded PVK (denoted as PVK/acceptor) fi lms 
show red-shifted PL emissions with respect to those of PMMA 
fi lms embedded with the same acceptors (PMMA/acceptor); 
emission wavelengths of  1 ,  2 , and  3  were 478, 515, and 591 nm, 
respectively in PVK (excitation wavelengths ( λ  ex ) were 355, 340, 
and 353 nm, respectively). However, when the concentration of 
acceptors were increased over 30 wt% of PVK, exciplex emis-
sion was gradually decreased, while the excitonic emission of 
the acceptors was increased, as shown in Figure S2. A higher 
concentration of acceptors in PVK/acceptor brings about the 
increased size of acceptor domains beyond that of the exciton 
diffusion length in the blend fi lm, which results in gradual 
emission changes from exciplex to exciton, as observed also in 
the SVA-treated PVK/acceptor fi lms discussed later.  

 It should be noted that the absorption spectra of these 
acceptor-embedded PVK fi lms are simple sum of those of PVK 
and supramolecular acceptors, as shown in Figure S1, and no 
new absorption bands are observed, ruling out any ground-state 
CT interactions. These results are clearly in accord with the 
unique characteristics of exciplexes. [ 8 ]  

 It is well known that the energy of the exciplex emission 
( hv  em ) is related to the frontier energy levels of the two compo-
nents (donor and acceptor) comprising the complex, according 
to  hv  em  ∼ HOMO donor  – LUMO acceptor  +  C , where  C  is the 
empirical Coulombic binding energy of the electron and hole 
in the donor−acceptor ion pair of the exciplex. [ 9 ]  Consistent 
with this equation, exciplex emission wavelengths of  1 ,  2 , and 
 3  in PVK were effectively controlled by the energy differences 
( ∆E ) between the LUMO energy levels of the acceptors and the 
HOMO energy levels of the donor (see Figure  1 ; energy levels 
of PVK in fi lm state were measured using the same method 
as explained above). In other words, the smaller the ∆ E  values, 

a high fl uorescence effi ciency in the fi lm state. Furthermore, 
exciplex/exciton color switching depending on the evolution 
of supramolecular nanostructures at the nanoscale interface is 
demonstrated.  

 2.     Results and Discussion 
 The molecules used in this work as electron acceptors are 
1-cyano- trans -1,2-bis-(4′-methylbiphenyl)ethylene) (CN-MBE, 
 1 ), [ 5a ]  1-cyano- trans -1,2-bis-(3′,5′-bis-trifl uoromethyl-biphenyl)
ethylene (CN-TFMBE,  2 ), [ 5b ]  and 3,3′-(1,4-phenylene)bis(2-
(3,5-bis(trifl uoromethyl)phenyl)acrylonitrile (CN-TFPA,  3 ), [ 5e ]  
as shown in  Figure    1  a. These three molecules are selected 
in this work because they show the identical emission color 
(i.e., the same value of the highest occupied molecular orbital 
(HOMO)–lowest unoccupied molecular orbital (LUMO) gap), 
while having different electron affi nity values to vary their CT 
interaction with a given electron donor polymer. All mole-
cules were synthesized according to our previously published 
route. [ 5 ]  Electron donor polymers poly( N -vinylcarbazole) (PVK) 
and poly[2-methoxy-5-(2′-ethylhexyloxy)- p -phenylene vinylene] 

   Figure 1.    a) Chemical structures of polymer donors and supramolecular 
acceptors. b) Energy level diagram showing the HOMO and LUMO 
energy levels of the materials. 
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(MEH-PPV), and also the electronically inactive poly(methyl 
methacrylate) (PMMA), were purchased from Sigma-Aldrich.  

 We fi rst carried out quantum chemical calculations based 
on the density functional theory (DFT) to investigate the effect 
of specifi c electron-withdrawing units (–CF 3  and –CN) within 
the molecules on their frontier energy levels. It was found that 
LUMO energy levels of acceptors were lowered in the order of 
increasing strength of electron-withdrawing units, as shown in 
Table S1 of the Supporting Information. These results were evi-
denced by experimentally observing LUMO energy levels in the 
fi lm state (see Figure  1 b), which were obtained from HOMO 
energy levels (measured using ultraviolet photoelectron spec-
troscopy (UPS)), and optical bandgaps ( E  g  opt ) (shown as the 
UV–vis absorption onset). 

 Compounds  1 ,  2 , and  3  showed virtually identical PL emis-
sion wavelengths ( λ  em ) peaking at 455, 453, and 450 nm (see 
 Figure    2  ), respectively, when acceptors with 15 wt% to PVK 
concentration were embedded in electronically inactive PMMA 
fi lms (excitation wavelengths ( λ  ex ) were 355, 340, and 353 nm, 
respectively, and UV–vis absorption spectra are shown in 
Figure S1). The electron-rich and hole-transporting polymer, 
PVK, which has excellent fi lm-forming properties, [ 7 ]  was used as 
an electron-donating matrix to induce excited-state interactions 
with the electron-defi cient supramolecular acceptors in this 
study ( λ  em,PVK  = 408 nm). As expected, emission wavelengths 
of all three acceptors exhibited remarkable shifts in PVK fi lms 
compared with those in PMMA. Figure  2  clearly demonstrates 
that acceptor-embedded PVK (denoted as PVK/acceptor) fi lms 
show red-shifted PL emissions with respect to those of PMMA 
fi lms embedded with the same acceptors (PMMA/acceptor); 
emission wavelengths of  1 ,  2 , and  3  were 478, 515, and 591 nm, 
respectively in PVK (excitation wavelengths ( λ  ex ) were 355, 340, 
and 353 nm, respectively). However, when the concentration of 
acceptors were increased over 30 wt% of PVK, exciplex emis-
sion was gradually decreased, while the excitonic emission of 
the acceptors was increased, as shown in Figure S2. A higher 
concentration of acceptors in PVK/acceptor brings about the 
increased size of acceptor domains beyond that of the exciton 
diffusion length in the blend fi lm, which results in gradual 
emission changes from exciplex to exciton, as observed also in 
the SVA-treated PVK/acceptor fi lms discussed later.  

 It should be noted that the absorption spectra of these 
acceptor-embedded PVK fi lms are simple sum of those of PVK 
and supramolecular acceptors, as shown in Figure S1, and no 
new absorption bands are observed, ruling out any ground-state 
CT interactions. These results are clearly in accord with the 
unique characteristics of exciplexes. [ 8 ]  

 It is well known that the energy of the exciplex emission 
( hv  em ) is related to the frontier energy levels of the two compo-
nents (donor and acceptor) comprising the complex, according 
to  hv  em  ∼ HOMO donor  – LUMO acceptor  +  C , where  C  is the 
empirical Coulombic binding energy of the electron and hole 
in the donor−acceptor ion pair of the exciplex. [ 9 ]  Consistent 
with this equation, exciplex emission wavelengths of  1 ,  2 , and 
 3  in PVK were effectively controlled by the energy differences 
( ∆E ) between the LUMO energy levels of the acceptors and the 
HOMO energy levels of the donor (see Figure  1 ; energy levels 
of PVK in fi lm state were measured using the same method 
as explained above). In other words, the smaller the ∆ E  values, 

a high fl uorescence effi ciency in the fi lm state. Furthermore, 
exciplex/exciton color switching depending on the evolution 
of supramolecular nanostructures at the nanoscale interface is 
demonstrated.  

 2.     Results and Discussion 
 The molecules used in this work as electron acceptors are 
1-cyano- trans -1,2-bis-(4′-methylbiphenyl)ethylene) (CN-MBE, 
 1 ), [ 5a ]  1-cyano- trans -1,2-bis-(3′,5′-bis-trifl uoromethyl-biphenyl)
ethylene (CN-TFMBE,  2 ), [ 5b ]  and 3,3′-(1,4-phenylene)bis(2-
(3,5-bis(trifl uoromethyl)phenyl)acrylonitrile (CN-TFPA,  3 ), [ 5e ]  
as shown in  Figure    1  a. These three molecules are selected 
in this work because they show the identical emission color 
(i.e., the same value of the highest occupied molecular orbital 
(HOMO)–lowest unoccupied molecular orbital (LUMO) gap), 
while having different electron affi nity values to vary their CT 
interaction with a given electron donor polymer. All mole-
cules were synthesized according to our previously published 
route. [ 5 ]  Electron donor polymers poly( N -vinylcarbazole) (PVK) 
and poly[2-methoxy-5-(2′-ethylhexyloxy)- p -phenylene vinylene] 

   Figure 1.    a) Chemical structures of polymer donors and supramolecular 
acceptors. b) Energy level diagram showing the HOMO and LUMO 
energy levels of the materials. 
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far based on multilayer structures by the consecutive evapora-
tion of two (or more) materials with different primary colors or, 
more conveniently, on spin-coated blends of soluble materials 
exhibiting different emissions. [ 10 ]  Although the latter method 
is much more viable for practical applications, it is seriously 
restricted due to the extreme diffi culty of emission color tuning 
related to the apparently unavoidable energy transfer crosstalk 
between different emitting species. [ 11 ]  Herein, we demonstrate 
for the fi rst time that the use of mixed supramolecular exci-
plexes provides white emission from spin-coating a single-layer 
polymer fi lm free from any energy transfer cross talk. 

 Attributed to the effi cient excited-state charge-transfer pro-
cess (exciplex formation), we obtained a large Stokes shift of 
PVK/ 3  (orange emission), which enabled us to avoid a spectral 
superposition between the absorption spectra of PVK/ 3  and 
the emission spectra of PVK/ 1   (sky blue emission), discour-
aging the energy transfer process, as shown in Figure  2  and 
S1. Moreover, the energy transfer to the exciplex species is 
inherently frustrated since their ground state population is only 
transient and thus depleted. [ 12 ]  As a result, we could achieve 
real white emission with CIE coordinates of (0.33, 0.35), con-
sisting of two exciplex emission peaks, by simply spin-coating 
a blend (PVK/ 1   and  3,  volume ratio of compounds  1  : 3  is 2:1, 
and the PL spectrum of white emission is shown in Figure  2 d). 
This result was possible due to the effective microphase seg-
regation of supramolecular acceptors with their domain sizes 
smaller than the exciton diffusion length (see below for a more 
detailed discussion). Compared to the exciplex emission peaks 
of the individual PVK/ 1   and PVK/ 3 , those in three-compound 
blends (PVK/( 1   and  3 )) were slightly blue-shifted to 486 nm and 
566 nm, respectively, most likely due to the partial miscibility of 

the larger red-shift in the emission wavelength, due to the 
more stabilized complex formation. Corresponding to such 
energy level modifi cation, we could easily obtain the sky blue 
(478 nm), green (515 nm), and orange (591 nm) emissions 
originating from the exciplexes formed at the interfaces of PVK 
and the nanostructured acceptors  1  ,  2  , and  3 , respectively. The 
relationships between  ∆E  and emission shifts for the exciplex 
formation are summarized in  Table    1   .  

 For display or lighting applications, obtaining white light is 
attracting ever-increasing interest, most of which has been so 

   Figure 2.    Normalized PL emission spectra of a) PMMA/ 1  and PVK/ 1 , b) PMMA/ 2  and PVK/ 2 , and c) PMMA/ 3  and PVK/ 3  fi lms. d) Normalized PL 
spectrum of white fl uorescent fi lm prepared from blend solution of PVK/ 1  and  3  (volume ration of  1  to  3  is 2:1) Insets images show emission wave-
length changes of blend fi lms (a–c) and white fl uorescence (d) under 365 nm UV light. 

  Table 1.    Information on the relationships between energy gap ( ∆E ) 
and emission shifts from exciplex formation ( ∆λ ), average decay time 
of emission ( τ  em,avg ) and absolute photoluminescence quantum yield 
(PLQY) of fi lms.  

Blend fi lms  λ  em  
[nm] a) 

∆ λ  em  
[nm] b) 

∆ E  
[eV] c) 

 τ  em,avg  
[ns] d) 

PLQY ( Φ  PL ) e) 

PMMA/ 1 455 – – 1.2 –

PMMA/ 2 453 – – 0.9 –

PMMA/ 3 450 – – 0.3 –

PVK/ 1 478 23 2.58 3.2 0.39 (0.44)

PVK/ 2 515 62 2.32 48.2 0.22 (0.78)

PVK/ 3 591 141 1.76 45.8 0.09 (0.45)

PVK/ 1  and  3 468 – – 1.2 0.11

566 7.5

  a)  λ  em : emission wavelength from blend fi lm;  b) ∆ λ  em : degree of emission wave-
length-shift after exciplex formation;  c) ∆ E  = HOMO donor  – LUMO acceptor ;  d)  τ  em : 
average fl uorescence lifetime;  e) PLQY of pristine PVK fi lm is 0.20 and values in 
parenthesis are PLQY of  1 ,  2 , and  3  in bulk polycrystalline states, respectively.   
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tion of two (or more) materials with different primary colors or, 
more conveniently, on spin-coated blends of soluble materials 
exhibiting different emissions. [ 10 ]  Although the latter method 
is much more viable for practical applications, it is seriously 
restricted due to the extreme diffi culty of emission color tuning 
related to the apparently unavoidable energy transfer crosstalk 
between different emitting species. [ 11 ]  Herein, we demonstrate 
for the fi rst time that the use of mixed supramolecular exci-
plexes provides white emission from spin-coating a single-layer 
polymer fi lm free from any energy transfer cross talk. 

 Attributed to the effi cient excited-state charge-transfer pro-
cess (exciplex formation), we obtained a large Stokes shift of 
PVK/ 3  (orange emission), which enabled us to avoid a spectral 
superposition between the absorption spectra of PVK/ 3  and 
the emission spectra of PVK/ 1   (sky blue emission), discour-
aging the energy transfer process, as shown in Figure  2  and 
S1. Moreover, the energy transfer to the exciplex species is 
inherently frustrated since their ground state population is only 
transient and thus depleted. [ 12 ]  As a result, we could achieve 
real white emission with CIE coordinates of (0.33, 0.35), con-
sisting of two exciplex emission peaks, by simply spin-coating 
a blend (PVK/ 1   and  3,  volume ratio of compounds  1  : 3  is 2:1, 
and the PL spectrum of white emission is shown in Figure  2 d). 
This result was possible due to the effective microphase seg-
regation of supramolecular acceptors with their domain sizes 
smaller than the exciton diffusion length (see below for a more 
detailed discussion). Compared to the exciplex emission peaks 
of the individual PVK/ 1   and PVK/ 3 , those in three-compound 
blends (PVK/( 1   and  3 )) were slightly blue-shifted to 486 nm and 
566 nm, respectively, most likely due to the partial miscibility of 

the larger red-shift in the emission wavelength, due to the 
more stabilized complex formation. Corresponding to such 
energy level modifi cation, we could easily obtain the sky blue 
(478 nm), green (515 nm), and orange (591 nm) emissions 
originating from the exciplexes formed at the interfaces of PVK 
and the nanostructured acceptors  1  ,  2  , and  3 , respectively. The 
relationships between  ∆E  and emission shifts for the exciplex 
formation are summarized in  Table    1   .  

 For display or lighting applications, obtaining white light is 
attracting ever-increasing interest, most of which has been so 

   Figure 2.    Normalized PL emission spectra of a) PMMA/ 1  and PVK/ 1 , b) PMMA/ 2  and PVK/ 2 , and c) PMMA/ 3  and PVK/ 3  fi lms. d) Normalized PL 
spectrum of white fl uorescent fi lm prepared from blend solution of PVK/ 1  and  3  (volume ration of  1  to  3  is 2:1) Insets images show emission wave-
length changes of blend fi lms (a–c) and white fl uorescence (d) under 365 nm UV light. 

  Table 1.    Information on the relationships between energy gap ( ∆E ) 
and emission shifts from exciplex formation ( ∆λ ), average decay time 
of emission ( τ  em,avg ) and absolute photoluminescence quantum yield 
(PLQY) of fi lms.  

Blend fi lms  λ  em  
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∆ λ  em  
[nm] b) 

∆ E  
[eV] c) 

 τ  em,avg  
[ns] d) 

PLQY ( Φ  PL ) e) 

PMMA/ 1 455 – – 1.2 –

PMMA/ 2 453 – – 0.9 –

PMMA/ 3 450 – – 0.3 –

PVK/ 1 478 23 2.58 3.2 0.39 (0.44)

PVK/ 2 515 62 2.32 48.2 0.22 (0.78)

PVK/ 3 591 141 1.76 45.8 0.09 (0.45)

PVK/ 1  and  3 468 – – 1.2 0.11

566 7.5

  a)  λ  em : emission wavelength from blend fi lm;  b) ∆ λ  em : degree of emission wave-
length-shift after exciplex formation;  c) ∆ E  = HOMO donor  – LUMO acceptor ;  d)  τ  em : 
average fl uorescence lifetime;  e) PLQY of pristine PVK fi lm is 0.20 and values in 
parenthesis are PLQY of  1 ,  2 , and  3  in bulk polycrystalline states, respectively.   

Adv. Funct. Mater. 2014, 24, 2746–2753

(a)$ (b)$

(d)$(c)$ (e)$

Kim et al., Adv. Functional Mater., 24, 2746 (2014).



Organic Electronics
Stephen R. Forrest

Excited states in crystals
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• Davydov bands: Broadening of the exciton spectrum occurs due to nearest neighbor 
interactions in a crystal.

• The number of branches in a crystal is equal to the number of inequivalent molecules in 
a basis: Davydov splitting

H = Hiµ + Viµ,kν
iµ<kν

N ,m

∑
µ

m

∑
i

N

∑Crystal interaction
of N molecules:

Indiv. molec. 
with basis m

Interact. between
molec. (e.g. vdW)

Wavefunctions now must be consistent with Bloch’s theorem: 
 
Ψ µ =

1
N

′ψ iµ exp ik iRiµ( )
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N
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Lattice translation vector
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Calculating Exciton Band Structure

28

 E(k) = E0 + ′E + ′EI + 2Eµµ cos k i ΔR( )

ΔE = 4Eµµ

Considering only nearest neighbors, we get the dispersion relationship:

Exciton bandwidth:

As previously: Ground + excited state of 1 molec.+interaction (Coulomb+resonance)
Lattice translation ΔR restricted to distances between nearest neighbors
Exciton now has momentum, k: It is mobile!

Each µ gives a different Davydov Band
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anthracene") can only be measured indirectly. The
absorption can be obtained as an excitation spectrum,
either of the delayed fluorescence due to triplet-triplet
annihilation, "or of the phosphorescence from purposely
added guest molecules with triplet energies lower than
the one of the host crystal under study, " or of the
triplet phosphorescence of the crystal itself." In
favorable cases, such as that of anthracene, when the
two Davydov components correspond to two di6erent
polarizations of the exciting light, "" it becomes
possible, in principle, to observe the splitting at room
temperature.
We report here measurements of Davydov splitting

and optical linewidth for the first line (0-0 transition)
of the singlet-triplet excitation spectrum for delayed
fluorescence in anthracene crystals at room temperature.
These data, in conjunction with reasonable assumptions
regarding the relative importance of various transfer
matrix elements, are used to estimate the scattering
time, mean-square velocity, and diffusion constant of
triplet excitons in the ab plane of anthracene at room
temperature. These calculations involve the assumption
of "free" exciton motion (negligible trapping effects),
and a constant relaxation-time approximation. They
do not involve the necessity of assuming either a band
or a hopping model, because the relevant temperature
is large compared to the exciton bandwidth. This point
is clarified in Appendix 8, where a simple derivation of
the diffusion equation is presented for a narrow-band
system at high temperatures, within a constant relaxa-
tion-time approximation.

EXPERIMENT

The experimental method was a re6nement of the
earlier apparatus" for measuring the singlet-triplet
excitation spectrum recording the emitted delayed
fluorescence intensity as a function of the wavelength
of the exciting light. The light from a 150-W xenon
lamp (Hanovia, model 901 C-1) was dispersed with a
500-mm Bausch and Lomb monochromator with 1-mm
slits (16.5 A per mm dispersion). The 100X100-mm
grating was imaged onto the crystal with achromatic
lenses to an area of 6X6 mm in a nearly collimated
beam incident normal to the ab plane of the crystal. .
Stray blue light was eliminated with a blue cutoff
filter (Corning C.S. 3-68). A gelatin polarizing filter
cemented between glass plates (Erwin Kasemann Ks
DEM-W-58) was placed in front of the crystal. The
delayed Quorescence from the crystal was detected
with an end-on photomultiplier (E.M.I. Model 6255-
SA) through two Corning filters (C.S. 5-58 and C. S.

"P. Avakian, E. Abramson, R. G. Kepler, and J. C. Caris,
J. Chem. Phys. 39, 1127 (1963)."N. Hirota, J. Chem. Phys. 44, 2199 (1966);A. P. Marchetti
and D. R. Kearns, J. Am. Chem. Soc. 89, 768 (1967).~ D. F. Williams, J. Chem. Phys. 47, 344 {1967);G. C. Smith,
Phys. Rev. (to be published).
'4 R. M. Hochstrasser, J. Chem. Phys. 47, 1015 (1967).
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4-"/2). The photomultiplier output was fed to a computer
of average transients (Technical Measurements Cor-
poration Mnemetron CAT Model 400) via an opera-
tional amplifier (Tektronix Type 0). The CAT was
triggered by a microswitch coupled to the motor-driven
wavelength-changing drum. For proper enhancement
of the signal-to-noise ratio, several dozen to several
hundred scans were employed. The crystals were
melt-grown from zone-reined anthracene2' and had a
triplet lifetime in excess of 20 msec. Similar results
were obtained with a Harshaw commercial crystal
(triplet lifetime 8 msec). The a and b axes of the
crystal were determined by measuring the dependence
of the steady-state delayed fluorescence intensity as a
function of orientation of the crystal with respect to
the electric vector K in the incident light beam. (De-
layed fluorescence intensity is maximum for K~~a, i.e.,
with KJ b.) The wavelength calibration of the CAT
channels was carried out by placing various spectral
lamps at the entrance slit of the monochromator and by
detecting the output light with a photomultiplier
through appropriate filters.
The incident photon Aux was scanned in the wave-

length range of interest using as a detector a calibrated
photodiode (E.G. and G. Model SGD-100). The flux
was found to be constant over a linewidth and, therefore,
no correction of the spectra was necessary.
The first band (0-0 transition) in the singlet-triplet

excitation spectrum is shown in Fig. 1. The height of
each band was normalized to 1.The delayed fluorescence
intensity at the peak with K~~b was about seven times
smaller than with EJ b. The emitted intensity was

"G. J. Sloan, Mol. Crystals 1, 161 (1966).
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FIG. 1. Davydov splitting in the first band (0-0 transition)
in the normalized triplet excitation spectrum for anthracene
crystals. The true height of the band with E~Ib crystal axis is
about 7 times smaller than vrith IJ b.
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Davidov splitting in Anthracene

29
Anthracene triplet splitting

ΔED = Davidov splitting energy due to interactions
between different molecules: j, l

ΔE = Davidov band energy due to interactions
between like molecules on different sites: j, j
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Calculated exciton bands
(excited by different polarizations, p.)

a

c

bBasis=2

Avakian et al. Phys. Rev. 165, 974 (1968)
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The correspondence between a 
molecule and a solid

30Lyons Model

• IP=ionization potential
• EA=electron affinity
• P=Polarization energy
• g,s=gas, solid

Pe
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Going from molecules to solids
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anthracene

Vibronic progression loses definition in the solid: why?

Wolf, H. C. 1959. In: SEITZ, F. & TURNBULL, D. (eds.) 
Advances in Solid State Physics. NY: Academic Press.
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How many molecules makes a solid?
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!

E in
t!!(
eV

)!

!

E in
t!!(
eV

)!

Very few!
More anisotropic media require a larger volume to become bulk-like

Shen, Z. & Forrest, S. R. 1997. Phys. Rev. 
B, 55, 10578.

One way to tell: how many 
molecules are needed for the 
dielectric constant to equal that of 
the bulk?



Organic Electronics
Stephen R. Forrest

33

Why don’t all the bands have the same 
value at k=0?

Scanned by CamScanner

Exciton bands in anthracene

Eµ = E0 + E + ′EI + 4Eµµ

Polarization energy due to environmentIndiv. molecule energy

Electron bands in anthracene

Polarization along different directions determines the dielectric constant 
⇒ direction dependent exciton momentum & energy


