Organic Electronics 13 (2012) 985-991

Contents lists available at SciVerse ScienceDirect

Organic Electronics

journal homepage: www.elsevier.com/locate/orgel

Computational design of low singlet-triplet gap all-organic molecules
for OLED application

Begofia Milian-Medina, Johannes Gierschner *

Madrid Institute for Advanced Studies, IMDEA Nanoscience, UAM, Modulo C-IX, Av. Tomds y Valiente 7, Campus Cantoblanco, 28049 Madrid, Spain

ARTICLE INFO ABSTRACT

Article history:

Received 1 September 2011

Received in revised form 29 January 2012
Accepted 11 February 2012

Available online 5 March 2012

It was recently reported that external quantum efficiency in organic LEDs can be substan-
tially enhanced when triplet excitons are harvested through upconversion by E-type
delayed fluorescence in materials with small singlet-triplet energy gap AEsr, based on
donor-acceptor (DA) chromophores. Furthermore, organic solar cells (OSCs) might profit
from such materials in order to reduce recombination losses. However, targeted design
rules for such materials are missing up to now. In this paper, we follow a facile
(TD-)DFT-based computational design concept by engineering the fragment frontier orbi-
tals in DA systems. The calculations show that optimized systems with very small AEsr
in the range of kT can be achieved by balancing the energetic offset between fragment
MOs as well as through the nature of the DA connector. Application in OLED will addition-
ally require small non-radiative rates, which recommends large bandgap materials.
Utilization in polymeric DA systems with small AEst in OSCs requires the full exploration
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of the chain length dependence of the respective oligomers.
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1. Introduction

The increasing need for cheap, flexible, eco-friendly and
sustainable lighting systems has certainly pushed the re-
search in organic light emitting diodes (OLEDs). However,
for market success, external quantum efficiencies (EQE)
have to be sufficiently high. The most detrimental factors
for OLED EQEs are low light outcoupling due to refractive
index mismatch at the organic/inorganic interface as well
as spin statistics, which generates only 25% singlet states
in the emitting layer upon charge recombination [1]. One
strategy to overcome the latter problem is the use of triplet
emitters, in particular iridium complexes [2]. However, the
use of iridium as the least abundant non-radioactive ele-
ment in the earth’s crust might be not the most evident
solution to the world’s hunger for large-area lighting appli-
cations. Recent suggestions are thus aiming at all-organic
singlet emitters, which circumvent the problem of spin
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statistics [3,4]. The general strategy is the generation of
an excited state with a small energy difference AEst be-
tween the first excited singlet (S;) and triplet (T;) states,
so that the singlet state can be easily repopulated by triplet
upconversion through thermal population. By this so-
called E-type delayed fluorescence (named after eosin
dye, for which it was first observed) [5], the limit of spin
statistics can be overcome, thus systems with AEsr close
to zero are highly desirable materials for OLED develop-
ment. Moreover, the search for novel host materials for
OLEDs with high-lying triplets might also profit from mol-
ecules with small singlet-triplet gaps in organic materials
[6]. Finally materials with low AEsy values might be highly
beneficial in organic solar cells to reduce recombination
losses [7], as well as for improved materials in spintronics
[8] and lasing [9] applications.

One strategy to decrease the singlet-triplet splitting is
to increase the chromophore size [10], however, AEst re-
sides usually at about 0.55-0.75 eV at the polymer limit
[11]. On the other hand, AEsr can be reduced through a do-
nor-acceptor (DA) approach by spatial separation of the
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highest occupied and lowest unoccupied molecular orbi-
tals (HOMO, LUMO) [12], where the spin exchange interac-
tion is a function of the D-A distance [13]. Spatial
separation of the frontier MOs can be achieved in a single
molecule, as discussed early on for azulene [14], or in an
intermolecular strategy through charge transfer states at
the interface of donor and acceptor materials [15]. Intra-
molecular strategies were recently followed to increase
the T, energy [16,17] and in consequence to lower AEst
[18-20], through appropriate DA materials with pro-
nounced intramolecular charge-transfer (ICT) character of
the lowest excited state, thus minimizing AEsr.

Novel single molecule materials included metal-organ-
ic complexes [3,4,21] and all-organic compounds [18-20],
where small AEst were demonstrated by combined fluo-
rescence and phosphorescence studies; repopulation of
the singlet state was shown to be operative from delayed
fluorescence. However, material design lacks strategic
guidelines: for instance, geometrical factors were sug-
gested to be responsible for the spatial separation of the
frontier MOs [19,20], but defined rules on how to tune
AEst, and at the same time the absolute energetic position
of the excited states and thus the emission color were not
yet explored. Moreover, the precise nature of the singlet
and triplet states was not investigated, instead theoretical
descriptions were limited to orbital pictures [4,19]. Last
not least, the impact of the ICT character on the S; deacti-
vation pathways, and thus on the luminescence efficiency,
was not addressed. Therefore, in the following, we under-
take a computational approach, based on (time-depen-
dent) density functional theory, (TD-)DFT, to explore
these issues in a number of compounds where we system-
atically vary the chemical structure to separate the param-
eters which influence the singlet-triplet gap in organic
compounds. In doing so, we provide a practical guide for
future material design.

2. Results and discussion

The exchange energy, i.e., half the AEsr splitting, shows
an exponential distance dependence on the respective
wave functions [2,11]. Thus, in order to minimize AEsr,
the occupied and unoccupied MOs which form the respec-
tive electronic transition should be spatially separated in
different parts of the molecules [12]. In other words, the
ICT character of the S; — S; transition has to be maxi-
mized. In a simple MO correlation picture, such molecules
consist of a donor (D) and acceptor (A) fragment where
both HOMO and LUMO of D show a positive energetic off-
set (AEy, AE) with respect to those of A, so that the S;
state is described by a promotion of an electron from the
HOMO of D to the LUMO of A, see Type Il in Fig. 1. However,
this can only be realized if the electronic communication
between the HOMOs and LUMOs of D and A is well bal-
anced. One limiting case is that no communication is ob-
served and the excitation is localized in one fragment,
e.g., described by an excitation HOMOa — LUMO, (Type
I). This will be the case, if the spatial separation between
D and A is very large. The other limiting case is the forma-
tion of a common HOMO and LUMO, with concomitantly
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Fig. 1. Schematic orbital representation of different donor-acceptor (D-
C-A, C = connector) compounds. Arrows represent electronic excitations
in a one-electron approximation.

large orbital delocalization and small ICT character (Type
[II). The communication between the fragments can be
influenced by (i) the amount of the energetic offset AEy,
AE,, (ii) the symmetry of the frontier orbitals, (iii) geomet-
rical demands (large dihedral angles), and (iv) the type of
connector between the D and A fragments. For these con-
nectors, a hierarchy of increasing communication can be
formulated, going from long via short saturated hydrocar-
bon bridges to connectors with free electron pairs. Within
the latter, the connectors might either introduce nodal
planes by e.g., meta-linkages or promote bond-alternating
m-conjugation, e.g., by para-/ortho-linkages. In order to
investigate all these parameters in a systematic way, we
picked the structural motif recently presented in an exper-
imental work by Adachi and co-workers, who combined
para-terphenyl (3P)-based units with carbazole (CZ)-based
units [19].

In a (TD-)DFT based quantum-chemical approach [22],
we systematically varied position and type of D and A frag-
ments as well as the connectors outlined above, thus
exploring inter alia compounds which were not systemati-
cally investigated yet neither at an experimental nor at a
computational level. TD-DFT calculations based on the
standard B3LYP functional give a reasonable description
for singlet as well as triplet states of medium-sized mole-
cules [23], including 3P, CZ and fluorene [24], relevant as
building blocks for our present work. TD-DFT calculations
of ICT states are still a matter of controversy, debating
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standard vs. range-separated functionals with results
depending strongly on the systems [25,26]. As we will
see later, the standard B3LYP functional correctly predicts
strongly localized frontier MOs for the D-A compounds un-
der study; thus, they do not suffer from the shortcomings
in such cases, in which standard functionals tend to delo-
calize the MOs and therefore have to be replaced by
long-range separated (LRS) functionals. Nevertheless, we
further compared the standard B3LYP functional with the
LRS exchange-correlation functional CAM-B3LYP for se-
lected molecules. It will be shown later that for all D-A
compounds where experimental data are available (com-
pounds 6, 7, 8), B3LYP gives reasonable estimations for
both the T; and S; positions, while CAM-B3LYP makes
incorrect estimates of AEst as similarly observed for other
long-range corrected functionals [27].

2.1. Role of the substituent position

Compound 1 in Fig. 2 connects the parent 3P acceptor
unit in the para-position with the CZ donor in the 2-posi-
tion. The energetic offset between 3P and CZ,
AEy=0.36eV and AE. =0.30eV (Fig. 2), is small enough
that common frontier MOs are formed through extension
of the m-system, which is delocalized over both fragments
(Type III). Due to symmetry reasons, the HOMO of 1 is not
formed from the HOMO of CZ, but from HOMO - 1. Some
asymmetry in the frontier MOs is evident from the orbital
pictures (Fig. 2), showing slightly higher LCAO coefficients
in the CZ part of the HOMO and in the 3P part of the LUMO.

However, the ICT character of the S; state in 1, formed
largely from HOMO — LUMO, is rather small; concomi-
tantly the oscillator strength is considerable large
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(f=1.22, Table 1). The lowest triplet state T, exhibits a sim-
ilar configuration interaction (CI) description to Si; it is
much lower in energy, resulting in AEsy=0.95¢eV, see
Fig. 3. In general, orbital localizations in that type of D-
7-A systems are possible, however only if the orbital offset
AEy, AE; of HOMO and/or LUMOs are large enough to
break the electronic communication between A and D. A
recent report on substituted oligophenyleneethynylenes
demonstrated that the limit of AEy (or AE;) to form a com-
mon frontier orbital from molecular fragments in these
alternating systems lies somewhat between 1.5 and
2.0eV [28], thus requiring strong electron withdrawing
(donating) groups as substituents in the acceptor (donor)
molecular fragments to achieve large MO offsets.

Changing the connection of CZ from the 2- to the 9-po-
sition (compound 2), the energy of the frontier MOs is not
very different to 1, however with a very different topology.
The HOMO localizes more strongly in the CZ moiety and is
formed from the HOMO of both fragments. The LUMO is al-
most entirely localized in the 3P unity, which is mainly an
effect of the dihedral angle of 59° between 3P and CZ; con-
sequently the triplet-singlet gap is reduced to AEsr=
0.61 eV, see Fig. 3.

Changing the para- to the meta-position in 3P (com-
pound 3), the conjugation is interrupted [29], so that the
fragments cannot form common frontier orbitals. Instead,
the HOMO is formed from that of CZ and some LCAO con-
tributions in the adjacent phenyl ring, whose symmetry is
determined by the CZ fragment, see Fig. 2. The LUMO is
exclusively localized in the 3P unit, so that the overlap
between the frontier MOs in 3 becomes small, and the S;
state which is formed mainly from the HOMO — LUMO
excitation, shows strong ICT character with small oscillator

4c2 453* T2P 55. ICZ
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Fig. 2. Calculated frontier orbitals (energies and topologies) of different DA compounds built from fragment MOs (3P/CZ, T2P/CZ, and T2P/ICZ).
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Table 1

Fist excited triplet (T;) and singlet (S;) states (vertical transition energies)
and singlet-triplet gaps AEsr of the compounds under study as calculated
at the TD-DFT level of theory (B3LYP/6-311G*). Singlet oscillator strength
f(S1) are given in parenthesis. Configuration interaction (CI) is given for
relative weights >10%.

Evert (eV) CI description AEst (eV)

3P T, 3.10 H - L (79%)

S, 4.42(0.7020) L (99%) 1.32
T2P T, 286 I—l - L (81%)

S, 3.94(0.7079) L (96%) 1.08
1 T, 282 H - L (74%)

S 3.77(12231) H-L(81%) H-1>L(14%) 0.95
2 T: 299 H-2 - L (44%) H > L (37%)

S; 3.60(0.3261) H—L(97%) 0.61
3 T, 3.07 H-2 - L (74%)

S;  3.64(0.0111) H —L(97%) 0.57
4c0 T; 291 H-2 - L (78%)

S;  3.40(0.0330) H — L (98%) 0.49
42 T, 285 H-2 - L (80%)

S; 2.88(0.0000) H - L (100%) 0.03
4c6 T, 2.87 H-2 - L (80%)

S;  3.13(0.0000) H — L (100%) 0.26
5 T; 2.80 L (81%)

S, 2.85(0.0030) 1—1 L (99%) 0.05
6 T 279 H L (74%)H-2 — L (14%)

S;  2.86(0.0004) L (99%) 0.07
7 T 214 H - L (99%)

Sy 2.14(0.0000) H — L (100%) 0.004
8 T 274 H-L+1(68%)

S; 3.33(0545) H-L+1(98%) 0.59

S, 3.36(0.0022) H - L (99%)

strength, see Table 1. The T, state, situated 0.57 eV below
Sq, is now largely described by a HOMO - 2 — LUMO
excitation (Table 1), where both orbitals are localized on
the 3P unit, see Fig. 2; accordingly, the triplet energy is
very similar to that of free 3P, see Table 1.

2.2. Role of the acceptor fragment

Substituting the terminal phenyl ring of 3P by 1,3,5-
triazine (T2P) in compound 4c0 leads to substantial low-
ering of the frontier MOs due to the lower lying orbitals
of T2P (Fig. 2), thus enlarging the orbital offsets to
AEy=0.80eV and AE; = 1.26 eV, while the dihedral angle
at the CZ unit in 4¢0 (22°) is much smaller compared to 3
(60°). The singlet-triplet gap energy of 4c0 reduces to
AEst=0.49 eV, somewhat lower compared to 3, demon-
strating the primacy of the energy gain in the orbital off-
sets, which reduces communication between the frontier
MOs, against the planarization effect, which enhances
communication.

2.3. Role of the DA connector

The separation between the D and A fragments was en-
larged by introducing a saturated (CH,), linker to decrease
the electronic communication. In fact, for n =2 (4¢2), both
HOMO and LUMO become completely separated (Fig. 2),
the S; oscillator strength reduces to zero (f=2 x 107°)
and the singlet-triplet energy difference drops sharply to
AEst=0.03 eV for the vertical singlet-triplet gap (in vac-
uum), thus at first sight providing an interesting structural
motif for triplet upconversion. Solvent inclusion yields a
somewhat larger gap (0.15 eV). In any case, the probability
for triplet upconversion will depend on the adiabatic sin-
glet-triplet gap AEsry, i.e., the energy difference between
the minima of the potential hypersurface. Excited state
optimization of S; and T, in vacuum yields AEsro = 0.19 eV
(see Table 2), due to a stronger geometry relaxation in T;
(0.46 eV) compared to S; (0.30 eV), as induced by stronger
excited state planarization in T;.

Since the overlap between the wave functions in 4c2 is
already minimized, further reduction of the electronic
communication by increasing n does not further decrease
AEst but increases it due to the increased spatial
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Fig. 3. Calculated singlet-triplet gaps AEsy for DA compounds.



B. Milidn-Medina, J. Gierschner/Organic Electronics 13 (2012) 985-991 989

Table 2

Calculated (B3LYP) results for vertical (Eye) and adiabatic (E,g;ap) transition
energies, reorganization energies (AE;e = Eyerr—Eaqiap) and singlet triplet
gaps (AEst) for compounds with small S-T gap (in vacuo; in eV).

Evere Eadiab AEre
4c2 T, 2.85 2.39 0.46
N 2.88 2.58 0.30

AEst 0.03 0.19
5 T, 2.80 2.30 0.50
Sy 2.85 2.32 0.53

AEst 0.05 0.02
6 T 2.79 2.40 0.39
Sy 2.86 2.44 0.42

AEst 0.07 0.04
7 T; 2.14 1.87 0.27
N 2.14 1.89 0.25

AEst 0.004 0.02

separation of the MOs, slowly approaching the Type I limit,
see Fig. 3.

2.4. Role of the donor fragment

In a last step we optimized the donor fragment, substi-
tuting the carbazole donor unit in 4¢c0 by indolo[2,3-a]car-
bazole (ICZ), forming compound 5, leads to a substantial
decrease of the vertical singlet-triplet gap to AEst=
0.05 eV (Fig. 3); the adiabatic gap is AEsto=0.02 eV. The
decrease of the gap is primarily due to the increase of the
HOMO energy of the donor compared to CZ, see Fig. 2,
which increases the energetic offset between the fragment
HOMO levels AEy from 0.8 eV to 1.25 eV, and thus sub-
stantially decreases the electronic communication be-
tween the fragments’ HOMOs as can be seen in the
topology, see Fig. 2. Bis-ICZ-substituted T2P (6, see Fig. 3)
was recently synthesized by Adachi and co-workers [19].
Our calculated vertical singlet transition Eyer(S1) = 2.86 eV
for 6 (Table 1) compares reasonably well with the expected
S; absorption maximum from experiment in solution,
Emax ~ 3.00 eV [31], while the long-range separated func-
tional places the S; state 1eV too high in energy [32].
Inclusion of solvent in the TD-DFT scheme leads to a small
hypsochromic shift, now placing the calculated transition
at Eyere(S1)=2.91eV. The vertical and adiabatic singlet—
triplet gaps (Table 2) are calculated to be similarly small
as in 5 with AEsy=0.07eV and AEsro=0.04eV, see
Fig. 3, close to the experimental result of ca. 0.11 eV [19],
which was estimated from the onsets of the fluorescence
and phosphorescence spectra. Different to compounds 3
and 4cn, the calculated T, state in compounds 5 and 6
(as well as in 7, vide infra) is formed by a HOMO — LUMO
transition like S; (Table 1), as calculated by the standard as
well as by the long-range separated DFT functionals, thus
predicting high ICT character for both transitions.

2.5. Towards compounds with zero singlet-triplet splitting

It should be stressed that as in 4c0, in 6 geometrical fac-
tors also play a minor role in the spatial separation of the
frontier orbitals: the dihedral angle between the triazine

ring and the ICZ moiety is only 22°, thus not substantially
blocking possible conjugation. Moreover, a single point cal-
culation on the planarized molecule does not change the
picture drawn above. Nevertheless, one expects that
imposing an essentially perpendicular situation between
the fragments should further enhance orbital localization.
Most promising in this respect should be spiro-com-
pounds, which were intensively investigated in the past
[33]. However, most of the spiro-based molecules reported
so far do not show very small singlet-triplet gaps [17], an
effect which we attribute to the insufficient orbital offset of
the fragment MOs as outlined above. It was only recently
that a spiro-compound with very small AEst was reported
by Hung et al. [18], where one fluorene fragment is substi-
tuted with strong electron acceptors, i.e., cyano-groups,
whereas the other fluorene carries diphenylamino-substit-
uents (compound 7, see Fig. 4). This indeed imposes large
orbital offsets of AE,; =2.08 eV and AE; = 1.46 eV and leads
to strong localization of the frontier MOs in the spiro com-
pound (Fig. 4) with a vanishing singlet-triplet gap (AEst =
AEsto=0.004 eV), see Table 1. The calculations place the
transitions about 0.4 eV below the experimental value,
which might be due to the rather large size of the conju-
gated system in 7, where DFT-based methods generally
underestimate the experimental transition energies
[34,35]. In any case, the experimental results qualitatively
confirm our calculations, showing a very small energy dif-
ference of the PH and FL spectral origins [18]. Moreover,
the experimentally observed large apparent Stokes-shift
between the main absorption (Emaxexp=3.24€V) and FL
(2.23 eV) is attributed to the strong ICT character of the
So — Si transition with vanishing oscillator strength
(Table 1); the main absorption is assigned to the first
strong singlet transition (Ss, 3.40 eV).

Nevertheless, proper engineering not only of the fron-
tier MOs, but also of the next higher (lower) lying orbital
(LUMO + 1, HOMO - 1) is crucial to generate small singlet
triplet gaps. A striking example is the spiro-compound 8
[36], see Fig. 4. Here, LUMO and LUMO + 1 are very close
in energy, so that correlation becomes very important.
Although the HOMO and LUMO are exclusively localized
on the donor and acceptor parts, respectively, the calcula-
tions predict a large singlet triplet gap (AEsy=0.59 eV,
Table 1) due to the low-lying LUMO + 1 orbital, which in-
duces a complex CI description. Also here, the B3LYP pre-
diction of the singlet triplet gap and a high oscillator
strength for S; (Table 1) agree well with experiment, from
which the gap can be estimated to AEst~ 0.5 eV [36].

3. Conclusion and outlook

In conclusion, we have explored a simple computational
design concept for materials with small singlet-triplet gap
and tunable emission color by engineering the fragment
frontier orbitals. The singlet-triplet gap AEst depends sen-
sitively on the extent of the spatial separation of the HOMO
and LUMO in the donor (D) and acceptor (A) parts of the
molecules [13]; already small MO overlap leads to a signif-
icant widening of AEsr. Orbital localization is mainly dri-
ven by the energy offset of the respective MOs for the D
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Fig. 4. Frontier MOs for compound 7 (with fragment MOs) and compound 8.

and A fragments, but only to a smaller part by geometrical
factors. In any case, a perpendicular situation for the fron-
tier MOs through twisted structures as well as a balanced
distance between the D and A moieties through a saturated
spacer significantly assists the reduction of AEsr. Proper
MO design also requires the energetic separation of
HOMO -1 and LUMO + 1 from the frontier MOs, to avoid
widening of AEst due to configuration interaction. The ste-
rically demanding architecture utilized by Adachi et al. in 6
and Hung et al. in 7 additionally ensures minimized inter-
molecular interactions in the solid state; such interactions
are expected to significantly influence excited state ener-
gies [30], and thus - depending on their type and strength
- possibly oppose the design strategy.

For the small singlet-triplet gap a price has to be paid:
zero gap means negligible MO overlap and thus zero oscil-
lator strength f(S;). Although in real experiments, environ-
mental inhomogeneities as well as coupling to higher
states will lead to non-vanishing f, the resulting rate con-
stant of fluorescence (which is directly proportional to f)
will be anyway small. Thus, fluorescence quantum yields
@r might be small as well if non-radiative deactivation
pathways via internal conversion (IC) processes are effi-
cient. Recent experimental results give hope: for com-
pound 6, ®r=39% (10% prompt and 29% delayed) was
reported [19], indicating rather moderate non-radiative
rate constants. This might be mainly due to the rather large
optical gap of compound 6, [19], thus making molecules
with small singlet-triplet gaps and large optical gap indeed
interesting compounds for OLED applications.

Poly-conjugated materials with small singlet-triplet
gaps might also attract considerable interest in organic so-
lar cells to reduce recombination losses [7]. The DA strat-
egy for low bandgap polymers, which is frequently
followed to efficiently harvest sunlight [37], could thus
have additional virtue. Localization of the frontier MOs in

DA polymers is however an intricate issue: fragment MO
considerations for small oligomers as representatives of
the polymers are not sufficient to understand the behavior
at the polymer limit, since the energetic positions of local-
ized and delocalized MOs might cross at a certain chain
length [28]; therefore the evolution with chain length
has to be carefully analyzed [28,34,38].
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