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Excitons & Spin

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

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

• Migration can happen in gas, solution and 
especially solids.
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Three Types of Exciton
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Important distinctions between electronic orbitals and 
electronic states

4

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
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How big is the excited state?
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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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Jablonski Diagrams: 
Life Histories of Excitons
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Kasha’s rule
The radiative transition from
a given spin manifold occurs
from the lowest excited 
state.
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Oscillator Strength
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fin, fm = 2meε0c

πq2nr
σ ω( )∫ dω = 2303mec

2

NAπq
2nr

ε !ν( )∫ d !ν = 4.39 ×10
−9

nr
ε !ν( )∫ d !ν

It can be shown that the absorption cross section is:

This leads to more practical expressions for the oscillator strength: 

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

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:

Einstein spontan. abs.Ave. emission freq.



Organic Electronics
Stephen R. Forrest

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.
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Shi, S., et al.  2019. J. Am. Chem. Soc., 141(8), pp.3576-3588.
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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 ground state energy is perturbed:

• With (for vdW interactions): 

9

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

H int = −A12 r12
6
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Normal Modes of a Dimer
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′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
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The Dimer Spectrum
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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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Excimers and Exciplexes
• A dimer with no ground state is an excimer.

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

12
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Examples of Excimer Emission in 
Fluorophors and Phosphors
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Excimer Phosphorescence
Coexistence of monomer and excimer
emission = white light

402 J. B. BIRKS and L. G. CHRISTOPHOROU 
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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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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

14

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

15

FU
LL PA

PER

2747

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(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 
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nents (donor and acceptor) comprising the complex, according 
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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, 
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(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-
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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, 
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exciplex/exciton color switching depending on the evolution 
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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) 
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energy levels of the materials. 
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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 
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(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. 

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

FU
LL P

A
P
E
R

2747

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(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, 
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(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) 
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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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exhibiting different emissions. [ 10 ]  Although the latter method 
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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 
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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 
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(PLQY) of fi lms.  

Blend fi lms  λ  em  
[nm] a) 

∆ λ  em  
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∆ E  
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PMMA/ 1 455 – – 1.2 –

PMMA/ 2 453 – – 0.9 –

PMMA/ 3 450 – – 0.3 –
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  a)  λ  em : emission wavelength from blend fi lm;  b) ∆ λ  em : degree of emission wave-
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found in crysta lline solids. Excitons in OMCs have
been descr ibed as either Frenkel or charge-t ransfer
(CT) sta tes.196 A Frenkel exciton is a cor rela ted
elect ron-hole pa ir loca lized on a single molecule,
whereas the elect ron in a CT sta te is cor rela ted with
a hole located at a neighboring molecular site. In this
sense, CT excitons resemble Wannier excitons com-
mon in uncor rela ted inorganic systems, where the
in teract ion energy between atomic cores is la rge and
the radius of the exciton is often more than an order
of magnitude grea ter than the in tera tomic separa-
t ion . Independent of the sca le, these fundamenta l
excita t ions are ca lled excitons since they share the
proper ty of having a nonnegligible mobility with in
the crysta l. Due to it s spa t ia l exten t , it is possible
for the CT exciton binding energy to be modified from
its bulk value when the electron-hole pair separat ion
(or exciton radius) is on the order of the film th ick-
ness. On the other hand, we do not expect such
effects to be observed for Frenkel sta tes due to their
st rong loca liza t ion a t a single molecule. Given tha t
OMBD can crea te nanost ructures on the sca le of the
exciton radius, we now have the oppor tunity to study
many of the deta ils of these fundamenta l excita t ions
which have previously been inaccessible using bulk
structures, thereby providing a deeper understanding
of the physics of car r ier t ranspor t and the opt ica l
proper t ies of a large class of organic molecular solids.
With th is perspect ive in mind, considerable work

on quant ifying the opt ical propert ies in OMBD-grown
nanost ructures has been car r ied out over the last
severa l years. These studies have focused pr imar ily
on highly cont rolled, rela t ively defect free, and well-
character ized “model” compounds based on OMBD-
grown PTCDA thin films and it s ana logs. In th is
sect ion, we will discuss some of these results in deta il
since they lead to an ent irely new perspect ive and
understanding of fundamenta l excita t ions in OMCs
which have only been possible due to the precise
cont rol of st ructure and mater ia l pur ity through
OMBD growth . At the end of th is sect ion , we will
discuss phenomena in other , less thoroughly char -
acter ized organic-based mult ilayer st ructures.

4.1.1. Spectroscopic Identification of Excited States in
PTCDA
The fir st step in understanding quantum size

effect s in u lt ra th in , OMBD-grown organic films is to
unambiguously ident ify the var ious fea tures in the
molecula r exciton spect rum. For th is purpose, the
absorpt ion and fluorescence spectra of both films and
dilu te solu t ions of the model compound, PTCDA,
have been thoroughly studied.197 Thin films were
grown on cooled (⇠85 K) glass subst ra tes following
procedures discussed in sect ion 2. Solu t ion samples
were prepared by dissolving prepur ified PTCDA
crysta lline powder in dimethyl su lfoxide, (CH3)2S:O
(DMSO) and other solvents via sonica t ion . PTCDA
is found to be weakly soluble in DMSO, ensur ing a
small solvent /molecule interact ion, while limit ing the
most concent ra ted solu t ion to only 2 ( 1 µM.
The absorpt ion spectrum of the 2 µM stock solut ion

in DMSO, shown in Figure 4-2a , has four clear ly
resolved peaks with a shoulder on the high energy
side of the 2.7 eV peak. In addit ion , the low-energy
ta il (defined as the energy a t which the absorpt ion

is >5% of it s peak va lue) extends to E < 1.90 eV.
This is compared to the th in-film absorpt ion spec-
t rum (Figure 4-2b) with a broad fea ture a t E > 2.3
eV and a dist inct , nar row peak centered a t E ) 2.23
eV. Fur thermore, the low-energy ta il is compara-
t ively shor t , extending to only E ⇡ 2.0 eV.
There are significant differences between the fluo-

rescence spect ra of PTCDA solu t ions and th in films.
The solut ion fluorescence spect rum (Figure 4-2a) has
a maximum at E ) 2.32 eV, with a shoulder a t E )
2.18 eV. In cont rast , the th in-film shor t wavelength
fluorescence is completely quenched, with the peak
fluorescence centered a t E ) 1.70 eV, and with an
addit iona l fea ture a t E ) 1.55 eV. No significan t
changes in the shape of the th in-film or solu t ion
fluorescence spect ra were observed as the pump
energy was changed from E ) 2.72 to 2.05 eV.
The absorpt ion was a lso studied as a funct ion of

concentra t ion of PTCDA in solut ion (Figure 4-3a). To
quant ita t ively study the spectra l features, each solu-
t ion absorpt ion spect rum was fit to six Gaussian
peaks with the parameters provided in Table 7. The
four h igh-energy Gaussian curves cor respond to the
dist inct absorpt ion peaks, whereas the fit t ing pa-
rameters for the two lowest curves a t E ) 2.23 eV
and 2.12 eV were chosen to agree with electroabsorp-
t ion177 and photoconduct ion172,173 data in PTCDA thin
films. Table 7 a lso shows the resu lt s of a simila r fit
to the th in-film absorpt ion spect rum, where the two
lowest energy peaks are obta ined from these same
studies.

Figure 4-2. Absorpt ion (solid line) and fluorescence
(dashed line) spect ra of (a ) 2 µM solu t ion of PTCDA in
DMSO, and (b) 1000 Å thick PTCDA film. The energy
posit ion for each absorpt ion and fluorescence t ransit ion is
ident ified (from ref 197).

Ultrathin Organic Films Grown by OMBD Chemical Reviews, 1997, Vol. 97, No. 6 1843

Tight packing in PTCDA leads to strong CT oscillator strength

Bulovic, V., et al. 1996. Chem. Phys., 210, 1.
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where Mβ
AB is the interaction between molecules A and B in

the same unit cell andQAB(k⃗) is a lattice sum, which depends
only on the crystal structure. The convergence behavior of the
lattice sum is complicated and its limit for k⃗ → 0 depends on
the direction of k⃗. For the crystal structure of MePTCDI, this
spatial dispersion is dramatic if we consider infinite interac-
tion sums calculated by the Ewald method: Then Q = +33.7
for k⃗ ∥ a⃗ ∗, Q = −25.7 for k⃗ ∥ b⃗ ∗ andQ = +34.1 for k⃗ ∥ c⃗ ∗

where a⃗ ∗, b⃗ ∗, c⃗ ∗ are the reciprocal lattice vectors (⃗a ∗ along
the stacking direction). If we carry out the sum (42) only for
small interaction volumes and a small |k⃗| corresponding to
the momentum of the exciting light, we obtain values which
do not depend critically on the direction of k⃗ or the radius
of summation: For all three directions and summation ranges
between 3 and 20 lattice constants, the values of Q differ by
less then 2.7%. We will use the value of Q = +27.0, which
represents a summation range of three lattice constants and
k⃗ ∥ a⃗ ∗. This value is already close to the Ewald limit and
represents approximately the experimental k⃗ direction. The
obtained values for ∆Eβ are compared to the experimental
results in Table 1. Their order of magnitude and the general
trends agree well. We conclude that the observed splitting of
the peak positions is indeed the result of Davydov splitting
caused by coherent coupling of the one-dimensional exciton
states.
For PTCDA, the application of our model is much less reli-

able. We could not obtain samples that show polarized absorp-
tion spectra. This difficulty is not surprising since in PTCDA
the two non-equivalent molecules in PTCDAmake a large an-
gle of ϕ = 82◦, so that the crystal itself is less anisotropic
than in the case of MePTCDI. Furthermore, the peaks in the
absorption spectra (Fig. 2) are not as well separated. The
evaluation ofM depends strongly on the resolved peak struc-
ture, and prel

CT on the polarization dependence. Therefore, we
used for both the values fromMePTCDI. Point-dipole approx-
imation (for M ) and quantum chemistry (for M and prel

CT)
suggest similar values for both materials. The fitting pro-
cedure yields for the remaining parameters ∆0

F = 2.34 eV,
∆CT = 2.27 eV, |ϵ+| = 0.10, eV, and F0 = 0.37. With
|ϵ−| = 0.79|ϵ+| from the quantum chemical analysis for
PTCDA, we obtain the exciton band structure shown in Fig. 6.
The qualitative physical picture is very similar to the case of
MePTCDI.

VI. CONCLUSION

We presented a model Hamiltonian which includes several
vibronic Frenkel and one nearest-neighbor CT exciton and is
capable of describing energetic positions, peak intensities and
polarization directions of a one-dimensional crystal. In crys-
tals containing only one type of molecules, CT excitons are
usually considered to have a very small intrinsic oscillator
strength. Therefore, electro-absorption measurements are re-
garded as the most appropriate tool for their direct observation
[8]. We demonstrate that in quasi-1D crystals with strong or-
bital overlap the CT excitons can have a considerable intrinsic
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FIG. 6: Scheme of the exciton band structure in PTCDA. a) Ab-
sorption spectrum at 5K. b) Dispersion of the exciton bands (cf.
Fig. 5b). c) Transient emission spectrum of a poly-crystalline
PTCDA film at 5K (time window 0 − 40 ps after short pulse ex-
citation, streak-camera measurement, no correction for spectral in-
strument response).

transition dipole moment, which influences the polarization
direction of the mixed exciton. In a three-dimensional crys-
tal with two molecules per unit cell and weak coupling be-
tween the one-dimensional stacks, the CTE transition dipole
affects the observable polarization ratio. This mechanism
is discussed as a direct, qualitative proof for the mixing of
Frenkel and CT excitons in MePTCDI independent of electro-
absorption measurements.
Our model has been applied to polarized absorption spec-

tra of the perylene derivative MePTCDI. Using a fitting pro-
cedure, a set of six model parameters ∆0

F, ∆CT, M , |ϵ+|,
prel
CT, and F0 was obtained to describe the 12 independent ex-
perimental values for the peak positions and intensities. The
model fit can qualitatively explain all features of the absorp-
tion spectra. Because of the simplifications and the arbitrary
weighting factors in the fit, the obtained parameters can not
be considered as quantitative. However, we have shown that
our model is capable of representing qualitatively the physical
situation in the considered organic crystal. From a simplified
analysis we find a similar picture for PTCDA. The order of
magnitude of the proposed model parameters is confirmed by

Hoffmann, M., et al. 2000. Chem. 
Phys., 258, 73.

How can we be sure it’s a
CT state?

Solution

Film

Bulovic, V., et al. 1996. Chem. Phys., 210, 1.
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Solvatochromism and Polarization
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• The environment responds to changes in the dipole of the central molecule.
• The energy difference due to this response is the polarization energy
• Positive solvatochromism = red spectral shift = bathochromic shift.
• Negative solvatochromism = blue spectral shift = hypsochromic shift.
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Place a dipolar (fluorescent) molecule in 
increasingly polar solvents

20

The origin of solvatochromism
!

!

(0D)
(3.9D)

(11.3D)

In solution In solid: Solid-state solvation effect

Bulovic, V.,et al.. Chem. Phys. Lett., 287, 455.

Alq3

DCM2 in Alq3

low DCM2 high DCM2

dipole field from 
target molec.

dipole field 
polarizes solution

Solution polarizes 
the molec.
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Putting polarization in context
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Weak intermolecular binding 
➜ Molecular properties dominate...

... but are
subject to aggregate effects

Absorption Photoluminescence

Vibronics
Franck-Condon 

shift

λ

In
te

ns
ity

Electronic polarization (10-16s)

Vibronic polarization (10-15–10-14s)

Lattice polarization (10-13–10-12s)

(aka Stokes shift)

vdW binding

Intramolecular
phonons

Polarons & 
solvation effects



Organic Electronics
Stephen R. Forrest

Exciton Spin

• Organic solids are not strongly coupled
• Individual molecular properties retained in the solid
• Lack of degeneracy in the bands
⇒Spin of individual molecules largely preserved in the 
solid
This situation is substantially different than for strongly 
correlated inorganic semiconductors and metals.

• Spin multiplicity (and its violation) determines 
optical properties
• S=0, singlets; S=1,triplets

22
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GROUND STATE
spin anti-symmetric

Singlet
spin anti-symmetric

Triplet
spin symmetric

Relaxation allowed
fast, efficient
ʻFluorescenceʼ

25% 75%

Phosphorescence enhanced by 
mixing S+T eg: spin-orbit 

coupling via heavy metal atom

100% Internal Efficiency via Spin-Orbit Coupling 
Heavy metal induced electrophosphorescence ~100% QE

Relaxation disallowed
slow, inefficient
ʻPhosphorescenceʼ

Relaxation allowed
not so slow, efficient
ʻPhosphorescenceʼ

- + +

Baldo, et al., Nature 395, 151 (1998)

100%

x

MOLECULAR EXCITED STATES
AFTER ELECTRICAL EXCITATION
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Spin-Orbit Coupling
• Primary mechanism that results in violation of spin conservation
• Results in phosphorescence
• A result of quantum mechanical interactions of electron spin

and relativistic orbital angular momentum

B = − v × F
c2

Magnetic field due to a charge of velocity v in field F:

and

Orbital angular momentum is given by:

Giving:

As in the case for an electric dipole, the energy due to a magnetic dipole moment, m is

F(r) = −r̂ dV
dr

B = v × r̂
c2

dV
dr

l = r ×mev

B = − 1
merc

2
dV
dr
l

 Eint = −m iB
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Spin-Orbit Coupling, cont’d
The magnetic moment due to electron spin is:

This gives spin-orbit coupling in the electron reference frame of

Relativisitic effects: precession of the spin in its orbit in the laboratory frame gives:

From which we finally arrive at:

Now, for a hydrogenic atom: such that:

Using the hydrogenic wavefunctions gives:

 
ms = −gSµB

s
!
= −gS

q
2me

s

g-factor  Bohr magneton
≈2

 
HSO = −gS

q
2me

2c2
1
r
dV
dr
l i s

B→− v × F
2c2

 
HSO = − q

2me
2c2
1
r
dV
dr
l i s = ξ(r)l i s

V (r) = −Zq / 4πε0r

nlml = Rnl (r)Ylml
(θ ,φ)

Fine structure        Rydberg
 
ESO = 2πα 2R∞Z

4c
n3l l + 1

2( ) l +1( )! l i s

ξ r( ) = − Zq2

8πε0me
2c2

1
r3

 (Rnl ∼ (Z / a0 )
3/2 )
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Characteristic Transition Rates

1014$1012$1010$108$106$104$102$100$

knr$

k’Ph$ kPh$ kF$
kISC$

Transi.on$rate$(s31)$

kVR$

kIC$

Quantum yields: (Ratio of photons emitted to photons absorbed into 4π solid angle)

ΦF =
kF

kF + knrS + kISC

ΦP =
Φ ISCkPh
kPh + knrT

Φ ISC = kISC
kISC + kF + knrS

Fluorescence:

Phosphorescence: ;

kph’ = phosphorescent transition rate in the absence of S-O coupling
kph = phosphorescent transition rate in the presence of S-O coupling
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Electrophosphorescence: 100% IQE Achieved
Need to mix singlet and triplet states:

- make both singlet and triplet decay allowed.

Pt, Ir, etc...

Ligand molecular orbital
Spin orbit coupling mixes states: proportional to atomic number: Z4

-+
ligand

exciton

metal
ligand

+
-

MLCT exciton

metal
ligand

Use metal-organic complexes with heavy transition metals

Pt
N N

NN

PtOEP

N
Ir

3

Ir(ppy)3

Type I phosphor
Exciton localized on organic

Type II phosphor
Metal-ligand charge transfer exciton

most mixing ~ 1µs triplet lifetimeless mixing ~ 100 µs triplet lifetime
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N-Heterocyclic carbene (NHC) ligand for blue

28

NHC Ir (III) complex = Ir(C^C:)3 Conventional design = Ir(C^N)3

vs. fac-Ir(ppz)3Ir

N
C

N

C

C
N

Ir

C
C

C

C

C
C

fac-Ir(pmP)3 mer-Ir(pmP)3

PL (a.u.)

400 440 480 520 560 600 640
0.0

0.2

0.4

0.6

0.8

1.0

Wavelength (nm)

 fac-Ir(pmB)3

 fac-Ir(pmP)3

 mer-Ir(pmP)3

Property fac-Ir(pmp)3 mer-Ir(pmp)3

Emission energy 3.0 eV 2.7 eV

Solvatochromism (in DCM) -0.19 eV -0.33 eV

Rigidochromic shift (300 → 77K) +0.19 eV +0.34 eV

FWHM change (300 → 77K) 58 → 30 nm 93 → 55 nm

Excited state dipole Small (localized) Large (extended)

Differences between Type I and Type II Phosphors

Type I Type II
J. Lee, et al. Nat. Mater., 14, 92 (2016)
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Contact'zone'
(Exchange:'Dexter)'

Near'field'zone'
(FRET:'Förster)'

Intermediate''
zone'

Far'field'zone'
(Radia?ve:'1/r)'

Energy Transfer

• If excitons are mobile in the solid, they must move from molecule to molecule
² The microscopic “hopping” between neighboring molecules = energy transfer

Different transfer ranges accessed by different processes
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- resonant dipole-dipole coupling
- donor and acceptor transitions

must be allowed

Acceptor
(dye )

Donor

up to ~ 100Å

Donor* Acceptor Donor Acceptor*

Efficient method for singlet transfer to fluorescent dye
Triplet-singlet transfer possible if donor is strongly phosphorescent

Förster Resonant Energy Transfer
(FRET)

• Förster, T. 1948. Zwischenmolekulare Energiewanderung Und 
Fluoreszenz. Ann. Physik, 55, 2.

• Förster, T. 1959. 10th Spiers Memorial Lecture: Transfer 
Mechanisms of Electronic Excitations. Disc. Faraday Soc., 27, 7.
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Transfer occurs via electric dipole interactions

µD"

µA"

R#

θD"

θA"
θDA"

 
H int =

q2

4πε0ε rR
3 rD i rA −

3 rD iR( ) rA iR( )
R2

⎧
⎨
⎩

⎫
⎬
⎭
+O 1

R4
⎛
⎝⎜

⎞
⎠⎟ + ...

Calculating the transfer rate: FGR to the rescue!

 
kET (E) =

2π
!

Φ f H int Φi

2
ρ(E) = 2π

!
M fi

2
ρ(E)

Overlap of the initial and final state energies 
simply equals the overlap of the donor 
fluorescence and acceptor absorption spectra!

D (fl)

A (abs)

Relative orientation of excited state donor and 
ground state acceptor dipoles determines coupling strength
(i.e. its efficiency):
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Calculating FRET

 
q2 rD i rA −

3 rD iR( ) rA iR( )
R2

⎧
⎨
⎩

⎫
⎬
⎭
= q2rDrA cosθDA − 3cosθD cosθA{ } =κ FµDµA

µD"

µA"

R#

θD"

θA"
θDA"

This gives us the orientation factor:

That is, FRET can only occur if the initial and final dipoles are non-orthogonal

κ F
2 = cosθDA − 3cosθD cosθA( )2

 
M fi

2
= κ F

2µD
2µA

2

4πε0( )2 nr4RDA
6
FC ED*;ED* − !ω( )× FC E

A0
;E

A0
+ !ω( )and

Distance between dipoles ~ vdW energy!

kET =
9c4

128π 5
κ 2ΦD

NAnr
4τ DRDA

6
MwA

ρMA

fD ν( )α A ν( )
ν 4∫ dν

Normalized fluorescence 
spectrum of donor

Fluorescence quantum 
yield of donor

Molar mass/mass density of acceptor

Absorption coeff’t of 
acceptor

Donor natural lifetime
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What FRET Implies

kET =
1
τ D

R0
RDA

⎛
⎝⎜

⎞
⎠⎟

6

Simply put:

Where

R0 is the Förster radius, or transfer distance.

That is, when R0 = RDA, then kET = 1/τD, the natural radiative lifetime.  Thus, the 
transfer efficiency is:

(i.e. half of the energy is lost to transfer)

• Keep in mind that FRET is orientation dependent : this makes it a probe of 
molecular orientation by using polarized input light, and determining the 
polarization of the light emitted from the acceptors

• FRET transfer time ~ radiative emission time: kET~1-10 ns.
• Primary route to diffusion

R0
6 = 9c4

128π 5
κ 2ΦD

NAnr
4
MwA

ρMA

fD ν( )α A ν( )
ν 4∫ dν = KJν

ηET =
τ D +τ NR

τ ET +τ D +τ NR

→ 1
2
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Two examples

DPT$to$RUB$transfer$
R0=2.5$nm$

RUB$to$DBP$transfer$
R0=4.7$nm$

fD#

kA# Jλ#

(PSU), the minimal pigment-protein unit capable of performing
the primary photosynthetic processes. We will briefly describe
the function of LH2 within this unit and we will also show how
the different protein complexes cooperate to catch and transfer
energy to the reaction center. The first step in moving the energy
toward the reaction center, after it has been absorbed by the
LH2 complex, is a transfer to another LH2 (B850) or LH1 ring.
Experimentally it is difficult to directly study LH2 ring-to-ring
transfer (at least at ambient temperatures) since there are no
(or very small) spectral changes associated with this process
(all LH2 rings are virtually identical). Time-resolved absorption
and fluorescence anisotropy are not useful either, because the
excitations are already depolarized (within the plane) through

the rapid motion inside one ring and very little further
depolarization occurs as a result of the ring-to-ring migration.
However, LH2 f LH1 ring transfer is easily observable as a
result of the differing absorption and fluorescence spectra of
the two complexes. Since we do not expect the distances
between LH2 rings and between LH2 and LH1 rings to be much
different, and since the donor-acceptor spectral overlaps for
B850 f B850 and B850 f LH1 energy transfer are quite
similar (at least at room temperature when the spectra are broad),
we can approximate all ring-to-ring transfer processes with that
for LH2 (B850) f LH1.
The first results for this process appeared from absorption

and fluorescence measurements with picosecond time resolution

Figure 10. Model of the primary photosynthetic machinery of purple bacteria based on the known structural data. The BChl molecules of LH2
(B800 and B850), LH1 and RC are blue, green and red, respectively. Polypeptides are light blue. The highlighted five rings (four LH2s and one
LH1+RC) correspond to a PSU which in this ratio satisfies the approximate 1:2:1 ratio of B800:B850:B875 band intensities in Rb. sphaeroides.
The boarders of PSUs are tentative and excitation transfer occurs between different PSUs which all together form large domains. The time constants
correspond to the kinetics at 77 K. The diameter of the yellow background ring is about 230 Å.

2342 J. Phys. Chem. B, Vol. 103, No. 13, 1999 Sundström et al.

the situation in LH1 (at least on the basis of Raman and
mutagenesis studies49,50), and furthermore that the B800 mac-
rocycles are significantly tilted away by about 30° from the
membrane plane.

3. Theory for Energy Transfer and Spectroscopy

Excitation transfer in photosynthetic antenna systems has
usually been described as an incoherent Förster51 hopping in a
two-dimensional antenna array of pigment molecules.52-57 It is

hard to overestimate the physical insight obtained by this
approach. At the same time a number of experimental facts do
not fit into this picture, for example, coherent nuclear motions
in the antenna systems of photosynthetic purple bacteria58-60
or the highly structured spectra of so-called Fenna-Matthews-
Olson complexes.61 Particularly the latter case calls for the
molecular exciton description62 where an excitation is coherently
delocalized over a number of pigment molecules and the
absorption spectrum exhibits a prominent exciton band structure.
Time evolution in the exciton picture occurs via phonon induced
relaxation between exciton levels. These two descriptions,
incoherent hopping and exciton relaxation, are the two quali-
tatively different limiting cases of the general process of
excitation dynamics. What description should be chosen for a
particular observation depends on the system properties and the
experimental conditions. It may happen that the real situation
is somewhere between these two limiting cases, in which case
the analyses is particularly challenging. The important factor
deciding which processes occurs, is the ratio of the coupling
between electronic transitions (V) and the disorder (∆). The
disorder may be either static (spectral inhomogeneity) or
dynamic (electron-phonon interaction). The dynamic disorder
involves an additional important characteristic: the inverse
correlation time of phonon bath.63 If V/∆ is much less than unity,
we are talking about very weak interactions and energy transfer
is in the incoherent hopping limit. In the opposite case, if V/∆
. 1, the interaction is very strong and the exciton picture is
used. In both cases, the transfer rate can be calculated using
first-order perturbation theory leading to the Fermi Golden rule.
In the hopping description, electronic coupling (V) acts as a
perturbation; in exciton picture, electron phonon coupling
(dynamic disorder) is the perturbation. The real experimental
situation determines which part of the Hamiltonian should be
taken as a perturbation and in which basis (excitonic or
molecular) to think and work. The two processes (hopping and
exciton relaxation) coexist and they are both accounted for in
a density matrix formulation of the dynamics.64,65

Incoherent Hopping Transfer. The starting point in this
approach is an electronic excitation at a single antenna site,
which can be a pigment molecule or sometimes an aggregate
of a number of molecules (a dimer, etc.). The excited states of
the molecules are rather well understood and the dynamics are
directly related to the spatial motion of the excitation, which
leads to an intuitive visual picture of the process. We do not
derive the Förster equation here and refer interested readers to

TABLE 1. Comparison of the Structures of LH2s from Rs. molischianum and Rps. acidophila. For the Dipole-Dipole
Interaction Calculation µ2 ) 68 D2 and n2 ) 2 Was Used

Rs. molischianum
octamer

Rps. acidophila
nonamer

B850
nearest-neighbor distance in angstroms
intradimer 9.4 9.5
interdimer 8.7 8.9
dipole-dipole coupling according to (2) in cm-1

intradimer 339 322
interdimer 336 288
B800
nearest-neighbor distance in angstroms 22.0 21.3
dipole-dipole coupling according to (2) in cm-1 -14 -22
B800-B850
nearest-neighbor distance in angstroms 19.1 17.7

-22.7 25.7
four strongest dipole-dipole couplings according to (2) in cm-1 15.7 -11.3

3.8 6.1
2.9 4.8

Figure 2. Structure of one R! subunit of LH2 of Rps. acidophila as
seen from inside of the LH2 ring. The color coding of pigments as in
Figure 1. Orange and red ribons are R- and !-helices, respectively. To
demonstrate the very close approach between a B800 Bchl a and a
carotenoid molecule we have also shown a B800 molecule (right) of
the neighboring subunit.

2330 J. Phys. Chem. B, Vol. 103, No. 13, 1999 Sundström et al.

(a)$ (b)$

FRET is important in OLEDs, OPVs, biology,….
Typical molecules used in OPVs and OLEDs

Photosynthetic light harvesting complex LH2

Griffith & Forrest, Nano Lett., 14, 2353 (2014).

Sundström et al., J. Phys. Chem. B, 103, 2327 (1999).
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• Coherent transfer of excitons from donor to 
acceptor by simultaneous charge exchange in the 
contact zone

• Also known as Dexter transfer

Acceptor
(e.g. phosphorescent dye)

Donor

~ 10ÅDonor* Acceptor Donor Acceptor*

spin is conserved: e.g. singlet-singlet
or triplet-triplet

Contact zone
(Exchange: Dexter)

Near field zone
(FRET: Förster)

Intermediate 
zone

Far field zone
(Radiative: 1/r)

≤1
≤10

>100

Exchange Energy Transfer

Dexter, L. 1953. A Theory of Sensitized Luminescence in 
Solids. J. Chem. Phys. , 21, 836.
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1D* + 1A→ 1D + 1A*

Spin conserving exchange interactions

3D* + 1A→ 1D + 3A*

Donor% Acceptor%

(a)%

Donor% Acceptor%

(b)%

(a)

(b)



Organic Electronics
Stephen R. Forrest

37

Dexter Also Requires Resonance between D* and A0

 
kET =

2π
!

Γ2 fD ω( )σ A ω( )dω∫

Γ = M fi
if
∑ = ψ f rf ,Qf( ) q2 / 4πε0ε rRDA ψ i ri ,Qi( )

i, f
∑

FGR:

Overlap, Γ, is due to sum of the transition matrix elements over all initial and final states 

Γ2 ∝ q2

4πε0( )2 nrRDA
2
exp(−2RDA / L)

For hyrdogenic initial and final states, we get approximately

Very rapidly decreasing 
“tunneling” between nearest 
neighbors

 
kET ≈ K q2

8πε0
2!nrRDA

2 fD ω( )σ A ω( )dω∫{ }exp(−2RDA / L) =
K 'Jω
RDA
2 exp(−2RDA / L)

Finally resulting in the Dexter transfer equation:

vdW radius
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Important facts about Dexter exchange
• Spin of the donor and acceptor can change during exchange

o Spin of the excited and ground states cannot change
o Effective in transfer of non-radiative triplet states (FRET is not since 

triplets are generally non-radiative)

• Transfer is in the contact zone, only between nearest 
neighbors
o Range determined by vdW radius of the molecules

• To first order (s-like states), there is no dependence on 
orientation
o κ in FRET not found in exchange equation
o Not due to dipole-dipole coupling; only Coulomb forces

• Rate of exchange is on the order of a tunneling time 
o kET~ 1010 - 1011s-1
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Summarizing our discussion on energy transfer
The total rate is equal to the sum of the individual rates:

kET ,tot = kET ,exch + kET ,FRET + kET ,rad

	

Table 3.5: Energy transfer processes and their properties 

Process Transfer 
rate 

Distance Dependence Zone Characteristic 
transfer distance 

Exchange 
(Dexter) 

kET,exch 
  

Contact <1 nm 

FRET kET,FRET 
  

Near <10 nm 

Radiative kET,rad 
  

Far >100 nm 

	

Contact zone
(Exchange: Dexter)

Near field zone
(FRET: Förster)

Intermediate 
zone

Far field zone
(Radiative: 1/r)

≤1
≤10

>100


