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Three Types of Exciton
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Charge Transfer States: 
Intermediates between molecule and solid

Tight packing in PTCDA leads to strong CT oscillator strength

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

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

Solution

Film

• CT states similar to excimers and exciplexes: e-h pair shared between 1 or more neighboring molecules
• For excitons to be mobile, during their hop between molecules they must have CT properties
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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

Considerable oscillator 
strength from the CT 
(lowest energy) state

Bulovic, V., et al. 1996. Chem. Phys., 210, 1.
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How can we be sure it’s a CT state?

4
Bulovic, V., et al. 1996. Chem. Phys., 210, 1.

CT

CT state intensity drops much faster than Frenkel 
intensity with dilution due to their collective nature

Frenkel manifold
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Solvatochromism and Polarization

5

• 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

6

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
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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

8
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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:

 
ms = −gSµB

s
!
= −gS

q
2me

s

g-factor≈2     Bohr magneton

 
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

(Thomas precession)
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Spin-Orbit Coupling, cont’d

12

 
ESO = 2πα 2R∞Z

4c
n3l l + 1

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

 (Rnl ∼ (Z / a0 )
3/2 )Rydberg (13.6 eV)

V (r) = −Zq / 4πε0r

nlml = Rnl (r)Ylml
(θ ,φ)

ξ r( ) = − Zq2

8πε0me
2c2

1
r3

For a hydrogenic atom:
gives:

Using the hydrogenic wavefunctions gives:

 
HSO = − q

2me
2c2
1
r
dV
dr
l i s = ξ(r)l i s

Fine structure constant
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Spin-Orbit Coupling, cont’d
Lastly, we need to evaluate

Total angular momentum: è

 l i s

j = l + s  j
2 = l + s 2 = l2 + s2 + 2l i s

But:

So, solving for l�s we finally obtain for the SO energy:

Thus, as l increases, so does ESO. 
For example, an s-state has l=0 ⇒ j=s, and ESO=0.
[Careful! s is the spin quantum number, not the orbitally symmetric s-state]

We’ve done the math, but we haven’t explained the physics. How does
help to violate the spin conservation law?
The coupling of l and s allows for intersystem crossing (ISC) by mixing S and T states. 

 l
2 nlm = !2l(l +1) nlm

ESO =
α 2R∞Z

4hc j j +1( )− l l +1( )− s s +1( )⎡⎣ ⎤⎦
2n3l l + 1

2( ) l +1( )

 HSO = ξ(r)l i s
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The Process of Intersystem Crossing

′S0 = S0 + Ti
k

k=−1

1

∑
i

N

∑
Ti

k HSO S0
E S0( )− E Ti( ) ′T1

mS ≈ T1
mS + SD

SD HSO T1
mS

E T1( )− E SD( )

Formally, from 1st order perturbation theory, the singlet and triplet states are coupled
by HSO:

Dominant S-state mixed with T1, giving
T1 S-like character.

T1	

T2	

T3	
T4	

S1	

S2	

S3	
S4	

S0	

(SD)	

Stronger interactions leading to S-T 
mixing are indicated by bolder lines

kPh =
4αω 3

3c2
SD HSO ′T1

k

E T1( )− E SD( )

2

k=−1

1

∑ S0 r SD
2

• The same interaction that gives rise to ISC also 
allows for phosphorescence. 

• From Fermi’s Golden Rule:

kPh =
4αω 3

3c2
S0 r ′T1

k 2

k=−1

1

∑ ρ Efi( ) = 13
αhω 3

πqc( )2
with

Then

kPh increases with l�s and Z4!
It also increases as 
(singlet-triplet resonance).

E T1( )→ E SD( )

due to singlet 
dipole transition
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N
Ir

3

Ir(ppy)3

Electrophosphorescence

Pt, Ir, etc...

Ligand molecular orbital

-+
ligand (3LC)

exciton

metal
ligand

+
-

3MLCT exciton

metal
ligand

Use metal-organic complexes with heavy transition metals 
(take advantage of Z4 dependence):

Pt
N N

NN

PtOEP

Type I phosphor
Exciton localized on organic

Type II phosphor
Metal-ligand charge transfer exciton

most mixing ~ 1 µs triplet lifetimeless mixing ~ 100 µs triplet lifetime

Two Types of Phosphors
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Zero Field Splitting: 
Why some phosphors emit faster than others

• ZFS is the splitting of the 3 mS levels of T1
• The emission rate depends on the thermodynamic balance between the 3 substates.
• Transitions between substates can delay emission according to:

kPh =
k1 + k2 exp −ΔE12 / kBT( ) + k3 exp −ΔE13 / kBT( )
1+ exp −ΔE12 / kBT( ) + exp −ΔE13 / kBT( )

Example: 
Pyrazolate-bridged cyclometallated Pt(II) complex

• The Pt・・・Pt (red) interaction varied by 
controlling the angle between ligands

• This controls the ZFS

kph vs. 1/T and fit using ZFS = E13
= 113 cm-1; E12 = 33 cm-1

Qi et al., Chem. Phys. Lett., 458 323 (2008).
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Limits to Phosphorescence Lifetime
• Larger ZFS ⇒ Faster response due to reduced accessibility of E3 at room temp.
• The magnitude of ZFS limited by ligand-field interaction strength

Ø Ir(ppy)3 (the first Ir complex used in PHOLEDs) is about as good as it gets!

Yersin et al. Coord. Chem. Rev. 255, 2622 (2011).
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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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N-Heterocyclic carbene (NHC) ligand for blue

19

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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Delayed Fluorescence
• Triplet can be endothermally promoted (over time) into the 

singlet manifold.
o Recall E(T) < E(S)
o For delayed fluorescence: E(S)-E(T) ≤ kBT (near resonance 

required)
o Process slows and becomes less efficient as temperature 

decreases
o Sometimes called reverse intersystem crossing (RISC)

Ø But it is still just ISC

o Also known as thermally assisted delayed fluorescence (TADF)

• Occurs following fluorescent emission (~5-10 ns), and is on 
time scale of phosphorescence (~10-100 µs)

• The process is cyclic and can take many attempts.
• Can have quantum yields ~100% for S and T in near 

resonance when exchange energy (DEST) is small.

ΔEST%

S1	 T1	

S0	

hν	

kISC,S	

kISC,T	

n	
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Designing Molecules With Small ΔEST

Recall from molecular orbital theory:

Thus, if 

Then we need to reduce the overlap of these 
functions to reduce K.

 
J j = φ j

0 q2

4πε0 ri − rj
φ j
0  and K j = φ j

0 q2

4πε0 ri − rj
φi
0

Exchange operator ~ ΔEST

φ j
0 = S1  and φi

0 = S0

LETTER
doi:10.1038/nature11687

Highly efficient organic light-emitting diodes from
delayed fluorescence
Hiroki Uoyama1, Kenichi Goushi1,2, Katsuyuki Shizu1, Hiroko Nomura1 & Chihaya Adachi1,2

The inherent flexibility afforded by molecular design has accele-
rated the development of a wide variety of organic semiconductors
over the past two decades. In particular, great advances have been
made in the development of materials for organic light-emitting
diodes (OLEDs), from early devices based on fluorescent mole-
cules1 to those using phosphorescent molecules2,3. In OLEDs, elec-
trically injected charge carriers recombine to form singlet and
triplet excitons in a 1:3 ratio1; the use of phosphorescent metal–
organic complexes exploits the normally non-radiative triplet exci-
tons and so enhances the overall electroluminescence efficiency2,3.
Here we report a class of metal-free organic electroluminescent
molecules in which the energy gap between the singlet and triplet
excited states is minimized by design4, thereby promoting highly
efficient spin up-conversion from non-radiative triplet states to
radiative singlet states while maintaining high radiative decay rates,
of more than 106 decays per second. In other words, these mole-
cules harness both singlet and triplet excitons for light emission
through fluorescence decay channels, leading to an intrinsic fluor-
escence efficiency in excess of 90 per cent and a very high external
electroluminescence efficiency, of more than 19 per cent, which is
comparable to that achieved in high-efficiency phosphorescence-
based OLEDs3.

The recombination of holes and electrons can produce light, in a
process referred to as electroluminescence. Electroluminescence in
organic materials was first discovered in 1953 using a cellulose film
doped with acridine orange5, and was developed in 1963 using an
anthracene single crystal connected to high-field carrier injection elec-
trodes1. Electrical charge carriers of both polarities were injected into
the organic layers, and the subsequent carrier transport and recom-
bination produced blue electroluminescence originating from singlet
excitons; that is, fluorescence. According to spin statistics, carrier
recombination is expected to produce singlet and triplet excitons in
a 1:3 ratio6,7, and this ratio has been examined for many molecular
systems8–12. The singlet excitons produced decay rapidly, yielding
prompt electroluminescence (fluorescence). Two triplet excitons can
combine to form a singlet exciton through triplet–triplet annihilation,
which results in delayed electroluminescence (delayed fluorescence).
Direct radiative decay of triplet excitons results in phosphorescence,
but usually occurs only at very low temperatures in conventional
organic aromatic compounds. The first demonstration of phospho-
rescent electroluminescence using ketocoumarin derivatives in 199013.
However, the very faint electroluminescence was observed only at
77 K, and with difficulty, and was assumed to be virtually useless even
if included in rare-earth complexes, which should also involve both
singlet and triplet excitons in electrical excitation14. In 1999, efficient
electrophosphorescence was first demonstrated using iridium phenyl-
pyridine complexes that achieve an efficient radiative decay rate of
,106 s21 by taking advantage of the strong spin–orbit coupling of
iridium2. An internal electroluminescence efficiency of almost 100%
was achieved3, providing convincing evidence that OLED technology
can be useful for display and lighting applications.

In the work reported here, we used a novel pathway to attain the
greatest possible electroluminescence efficiency from simple aromatic
compounds that exhibit efficient thermally activated delayed fluo-
rescence (TADF) with high photoluminescence efficiency. Figure 1a
shows the energy diagram of a conventional organic molecule, depicting
singlet (S1) and triplet (T1) excited states and a ground state (S0). It was
previously assumed that the S1 level was considerably higher in energy
than the T1 level, by 0.5–1.0 eV, because of the electron exchange
energy between these levels. However, we found that careful design
of organic molecules can lead to a small energy gap (DEST) between S1

and T1 levels4,15. Correspondingly, a molecule with efficient TADF
requires a very small DEST between its S1 and T1 excited states, which
enhances T1 R S1 reverse intersystem crossing (ISC). Such excited
states are attainable by intramolecular charge transfer within systems
containing spatially separated donor and acceptor moieties4. The cri-
tical point of this molecular design is the combination of a small DEST,
of = 100 meV, with a reasonable radiative decay rate, of .106 s21, to
overcome competitive non-radiative decay pathways, leading to highly
luminescent TADF materials. Because these two properties conflict
with each other, the overlap of the highest occupied molecular orbital
and the lowest unoccupied molecular orbital needs to be carefully

1Center for Organic Photonics and Electronics Research, Kyushu University, 744 Motooka, Nishi, Fukuoka 819-0395, Japan. 2International Institute for Carbon Neutral Energy Research (WPI-I2CNER),
Kyushu University, 744 Motooka, Nishi, Fukuoka 819-0395, Japan.
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diagram of a conventional organic molecule. b, Molecular structures of CDCBs.
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Broad and featureless:
Excimer-like

4CzIPN

(Thermally assisted delayed fluorescence)

Uoyama et al., Nature, 492, 234 (2012).
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Contact'zone'
(Exchange:'Dexter)'

Near'field'zone'
(FRET:'Förster)'

Intermediate''
zone'

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

Energy Transfer

• We have seen that the exciton has a band structure – E(k) = dispersion
⇒ Excitons have a momentum: ħk

• 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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Förster Transfer Routes

Förster also known as Fluorescent Resonant Energy Transfer
In both cases, this is FRET

1D* + 1A0 → 1D0 + 1A*
Spin conserving singlet transfer:

Efficient transfer should be exothermic:

These processes also allowed:

(still spin conserving in transition from but initial triplet must be populated for 
this to occur)

And for highly emissive triplets (where S-O coupling is strong) then spin not conserved:   

ED
* ≥ EA

0

1D* + 3Am → 1D0 + 3An

i→ f

3D* + 1A0 → 1D0 + 1A*
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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
⎛
⎝⎜

⎞
⎠⎟ + ...

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

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)
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It all comes down to calculating Mfi

M fi

2
= Φ f H int Φi

2
= φe

D0φe
A* H int φe

D*φe
A0

2
×

φN
D0 ED* − E( ) φND* ED*( ) 2

φN
A* E

A0
+ E( ) φNA0 EA0( ) 2

== Me; fi

2
FCD ED*;ED* − E( )× FCA E

A0
;E

A0
+ E( )

E = energy transferred from D* to A0

Born-Oppenheimer allows for separation of variables:

The strength of the transfer thus depends on the overlap of the vibronics in the 
initial and final states (nothing new there) but also on the Coulomb interaction 
between electronic states (Mfi)
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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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Calculating FRET, cont’d.

Boltzmann factors for the donor and acceptor states

kET =
9c4

128π 5
κ 2ΦD

NAnr
4τ DRDA

6
MwA

ρMA

fD ν( )α A ν( )
ν 4∫ dν

And, using Einstein coefficients to find the density of states we finally arrive at the 
well-known Förster equation:

Normalized fluorescence 
spectrum of donor

Fluorescence 
quantum yield of 
donor Molar mass/mass density of 

acceptor

Absorption coeff’t of 
acceptor
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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.
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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.
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(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)
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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


