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ABSTRACT: Herein, we report the use of spiro-configured fluorene-xanthene scaffolds as a novel, promising, and effective strategy
in thermally activated delayed fluorescence (TADF) emitter design to attain high photoluminescence quantum yields (ΦPL), short
delayed luminescence lifetime, high external quantum efficiency (EQE), and minimum efficiency roll-off characteristics in organic
light-emitting diodes (OLEDs). The optoelectronic and electroluminescence properties of SFX (spiro-(fluorene-9,9′-xanthene))-
based emitters (SFX-PO-DPA, SFX-PO-DPA-Me, and SFX-PO-DPA-OMe) were investigated both theoretically and
experimentally. All three emitters exhibited sky blue to green emission enabled by a Herzberg−Teller mechanism in the excited
state. They possess short excited-state delayed lifetimes (<10 μs), high photoluminescence quantum yields (ΦPL ∼ 70%), and small
singlet−triplet splitting energies (ΔEST < 0.10 eV) in the doped films in an mCP host matrix. The OLEDs showed some of the
highest EQEs using spiro-containing emitters where maximum external quantum efficiencies (EQEmax) of 11 and 16% were obtained
for devices using SFX-PO-DPA and SFX-PO-DPA-OMe, respectively. Further, a record EQEmax of 23% for a spiro-based emitter
coupled with a low efficiency roll-off (19% at 100 cd m−2) was attained with SFX-PO-DPA-Me.
KEYWORDS: spiro, fluorene-xanthene, Herzberg−Teller, TADF, luminescence, OLEDs

■ INTRODUCTION

Thermally activated delayed fluorescence (TADF) has emerged
as a very popular mechanism for harvesting excitons in organic
light-emitting diodes (OLEDs).1−3 Metal-free TADF materials,
like state-of-the-art phosphorescent materials, can harvest 100%
of the generated excitons and convert them into light.
Electroluminescent devices using TADF emitters exhibit
comparable efficiencies to state-of-the-art phosphorescent
OLEDs. An efficient TADF mechanism is observed from
charge-transfer (CT) systems that possess a small singlet−triplet
energy gap (ΔEST) as a consequence of the small exchange
integral. In donor−acceptor TADF emitter architectures, hole
and electron densities in the lowest singlet and triplet excited
states are spatially separated. This is frequently due to a large
torsion between donor and acceptor fragments. A small ΔEST
allows for efficient reverse intersystem crossing (RISC),
resulting in an observed TADF upon photo- or electrical

excitation. However, unlike phosphorescent OLEDs, TADF
OLEDs frequently suffer from high efficiency roll-off at high
current densities due to the relatively longer delayed exciton
lifetimes (τd) of the emitters.4 Much effort has been devoted to
combat this limitation by incorporating a properly designed
TADF emitter.5−7 For example, it has already been established
both theoretically and experimentally that a highly twisted
donor−acceptor structure with a correspondingly small ΔEST is
desired to achieve high RISC rates.8,9 However, this approach
leads to low oscillator strength, and the resulting low radiative
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decay rate of the emissive S1 state usually leads to low
photoluminescence (PL) quantum yields, ΦPL. There is,
therefore, a challenge in emitter design to conceive of a system
that possesses both small ΔEST and high ΦPL to realize efficient
TADF OLEDs.
Very small ΔEST values can be easily obtained in spiro-type

compounds where donor and acceptor moieties are disposed
orthogonally with respect to each other. Owing to their three-
dimensional structure, excimer emission is suppressed in the
solid state. Spiro compounds also possess excellent thermal
stability, high glass-transition temperatures, and have been
widely studied as optoelectronic materials.10−15 Despite having
such favorable structural, thermal, and optoelectronic properties
that would make them highly suited as TADF emitters, there
have been only a handful of reports of emitter design based on
spiro architectures. Figure 1 shows all reported spiro-based
TADF emitters. The first example of a spiro-based TADF
compound, spiro-CN,16 is a yellow-emitting material (λPL = 545
nm)withΔEST and τd of 0.056 eV and 14 μs, respectively, in 6 wt
% mCP-doped films. The ΦPL value, however, remained only
27% and the resulting OLEDs displayed a maximum external
quantum efficiency, EQEmax, of only 4.4% with λEL of 550 nm.
Upon incorporation of the donor fragment within the spiro
framework as in ACRFLCN,17 the photophysical properties and
the device performances were improved significantly.
ACRFLCN exhibited sky blue emission (λPL = 485 nm) with
a vanishingly small ΔEST of 0.01 eV but with a rather long τd of
3.9 ms in 6 wt % doped TPSI-F films. TheΦPL in the solid state
was nearly 67%, and the OLEDs possessed an improved EQEmax
of 10.1% with λEL = 500 nm; however, the devices showed rather
high efficiency roll-off. When both the donor and acceptor units
are intrinsically apart, the spiro framework as in ACRSA,18 sky

blue emission was obtained (λPL = 490 nm). In the 20 wt %
bis[2-(diphenylphosphino)phenyl]ether oxide (DPEPO)-
doped films, a small ΔEST of 0.030 eV, a short τd of 5.3 μs,
and a high ΦPL of 81% were obtained. The resulting OLEDs
showed amuch improved EQEmax of 16.5%with a λEL of 490 nm.
However, this high EQEmax was obtained at a very low current
density of 0.01 mA cm−2. The emitter DPAA-AF,19 where the
acridine core donor unit is substituted with peripheral electron-
donating diphenylamines, exhibited blue-green emission (λPL =
490 nm), aΔEST of 0.021 eV, a τd of 4.3 μs, and aΦPL of 70% in 6
wt %mCP-doped films. The OLEDs showed an EQEmax of 9.6%
and a λEL of 499 nm. Two emittersOSTFCN andOSTFB were
reported20 based on a modified design of the emitter ACRSA.
OSTFCN andOSTFB both showed green-yellow emission with
λPL of 530 and 550 nm, accompanied by relatively larger ΔEST
values of 90 and 0.110 eV, longer τd values of 150 and 180 μs,
and ΦPL values of 80 and 60%, respectively, in 10 wt % mCP-
doped films. The OLEDs displayed high EQEmax values of 20.4
and 18.8% with λEL of 530 and 550 nm for OSTFCN and
OSTFB, respectively. The spiro-blocking strategy has recently
been demonstrated to realize deep blue TADF emission in
nondoped devices of the emitter TXADO spiro DMACF.21

This emitter possessed a λPL of 445 nm, a ΦPL of 54%, and a
much larger ΔEST of 0.280 eV, resulting in a longer τd of 160 μs
in neat films. Nondoped OLEDs based on TXADO spiro
DMACF showed deep blue emission [λEL = 444 nm;
Commission Internationale de l’Éclairage (CIE) of (0.16,
0.09)]. However, the EQEmax of the OLED was limited to
5.3% and the device suffered from severe efficiency roll-off at
high current densities. Recently, emitter SAF-3CN, a slightly
modified design of ACRFLCN, was reported,22 where an
additional electron-withdrawing cyano group was introduced at

Figure 1. Chemical structures and performance of spiro-based TADF compounds in the literature.
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the C4 site of the fluorene moiety (Figure 1). SAF-3CN showed
green emission with a λPL of 540 nm, aΦPL of 65%, a smallΔEST
of 0.01 eV, and a τd of 21.5 μs in 2 wt % doped films in 4,4′-
bis(N-carbazolyl)-1,1′-biphenyl (CBP) host. The OLEDs
exhibited green emission [λEL = 532 nm; CIE of (0.36, 0.57)]
and an EQEmax of 19.4%, which reduced to 14.4% at 1000 cd
m−2. The ACRFLCN moiety was modified in emitter QAFCN
to generate a more rigid donor structure to enhance both the
ΦPL and RISC in the solid state.23 QAFCN showed sky blue
emission with a λPL of 490 nm, aΦPL of 71%, and aΔEST of 0.19
eV in 12 wt % doped films in DPEPO host. The resulting sky
blue OLEDs [λEL = 488 nm; CIE of (0.19, 0.35)] showed an
EQEmax of 17.9%, which reduced significantly to 9.5% at a high
current density of 100 cd m−2. From this analysis, it is evident
that spiro-configured architectures incorporated into the emitter
design beneficially contribute to small ΔEST values; however, to
concurrently maintain a high ΦPL and a short τd for this class of
emitter remains a major challenge.
From the synthetic point of view, all of the previously reported

structures are very similar since they have either nonaromatic
acceptor as with nitriles (Spiro-CN, ACRFLCN, OSTFCN,
SAF-3CN, and QAFCN) or the acceptor substituent is
incorporated into one of the spiro π-systems (ACRSA,
OSTFB, DPAA-AF, and TXADO spiro DMACF). This may
simplify, in some cases, the synthesis of these materials, but it
also restricts molecular design to a small number of donor−
acceptor pairs, thereby limiting the utilization of the great
potential associated with the spiro architecture for designing
highly efficient TADF emitters.
We report here a promising molecular design strategy to

concurrently obtain a small ΔEST, a high ΦPL, and a short τd in
TADF emitters that should translate to OLEDs with high EQEs
and improved efficiency roll-off. We developed three highly
efficient TADF emitters by incorporating an SFX, spiro-
(fluorene-9,9′-xanthene), system,24 where a fluorene unit
decorated with weakly electron-accepting phosphine oxides25

is spiro-linked to a xanthene core containing pendant diaryl-
amine donors (Figure 2). As with most of the spiro compounds,
our SFX-based emitters exhibit very weak spatial overlap
between the frontier molecular orbitals due to the mutually
orthogonal donor (D) and acceptor (A) orientation so that the
lowest electronic excitation should be “dark”. However, vibronic
coupling in the lowest excited state can result in intensity
borrowing from higher-lying bright states, imparting the
emissive state with non-negligible oscillator strength and
radiative decay rates.
The presented materials and synthetic approach circumvent

current spiro-based molecular design limitations by exploiting
electronic separation of unsubstituted fluorene and xanthene π-
systems, thus facilitating easy, stepwise introduction of aromatic
acceptors on one half, followed by bromination of the other half
that then allows facile introduction of the aromatic donors. We
tuned the degree of overlap between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) moieties through the choice of
donor system to achieve efficient radiative decay and short τd
while maintaining a smallΔEST. Further, the inherent rigidity of
a spiro center also restricts both intramolecular nonradiative
decay to the ground state from either the first singlet (S1) or
triplet (T1) excited states and intermolecular interactions in the
solid state, which limits bimolecular recombination processes
such as triplet−triplet and triplet−polaron annihilations,
contributing to the high ΦPL. Three novel emitters, SFX-PO-
DPA, SFX-PO-DPA-Me, and SFX-PO-DPA-OMe were
synthesized, and their optoelectronic properties were inves-
tigated and corroborated by a thorough computational study. All
three TADF emitters showed a short τd (<10 μs), a high ΦPL
(∼70%), and a modest ΔEST (ca. 0.10 eV) in doped films in an
mCP host matrix. The OLEDs incorporating these emitters
exhibited sky blue to green emission. EQEmax values approaching
11 and 16% were obtained for SFX-PO-DPA and SFX-PO-
DPA-OMe, respectively. Impressively, the OLED with SFX-

Figure 2. Chemical structures of SFX-PO-DPA, SFX-PO-DPA-Me, and SFX-PO-DPA-OMe.

Scheme 1. Synthetic Routes for SFX-PO-Br Starting Material and Three Studied Emitters: SFX-PO-DPA, SFX-PO-DPA-Me, and
SFX-PO-DPA-OMe
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PO-DPA-Me as the emitter showed an EQEmax of 23%
combined with low efficiency roll-off (EQE100 = 19% at 100
cdm−2). This device performance validates the SFX spiro design
and places it as themost efficient OLED among those employing
spiro-configured TADF emitters to date.

■ RESULTS AND DISCUSSION
Synthesis. The synthetic procedures for the preparation of

SFX-based emitters are presented in Scheme 1. The starting
material, 2,7-dibromospiro[fluorene-9,9′-xanthene] SFX-Br,
was prepared according to a modified protocol26 reported for
the large-scale synthesis of spiro[fluorene-9,9′-xanthene].27
Spiro[fluorene-9,9′-xanthene]-2,7-diylbis(diphenylphosphine
oxide) SFX-PO was synthesized according to the literature.28

The selective electrophilic aromatic dibromination of the
xanthene ring of the SFX-PO scaffold was achieved using N-
bromosuccinimide (NBS) in glacial acetic acid at an elevated
temperature (110 °C) in a good yield of 72%; room-temperature
reaction in glacial acetic acid and acetonitrile gave only starting
material. The successful conditions left the deactivated fluorene
and diphenylphosphine oxide rings untouched by taking
advantage of electronic separation from the more reactive
xanthene half, even in the presence of excess (4 equiv) NBS. The
total yield after three steps for this SFX-PO-Br intermediate was
53%. The emitters were obtained by Buchwald−Hartwig
coupling of SFX-PO-Br and three different diphenylamines:
diphenylamine, 4,4′-dimethyldiphenylamine, and 4,4′-dime-
thoxydiphenylamine. Three different combinations of catalyst,
base, and ligand were evaluated: Pd2(dba)3, P(t-Bu)3, andNaOt-
Bu in toluene at 110 °C for 16 h gave a mixture of products.
Pd(OAc)2, [(t-Bu)3PH]BF4, and NaOt-Bu in toluene at 110 °C
for 16 h gave only starting materials. However, utilization of
cesium carbonate as a base with Pd2(dba)3 as the catalyst and
P(t-Bu)3 as the ligand successfully yielded the desired products
withmoderate yields of 45, 53, and 44% for SFX-PO-DPA, SFX-
PO-DPA-Me, and SFX-PO-DPA-OMe, respectively. As has
been previously reported, the use of a weaker base like cesium
carbonate provides better compatibility with base-sensitive
functional groups.29

This approach allows tuning of the optoelectronic properties
of the emitters by appropriate choice of donor−acceptor
combinations. Here, we tested only diphenylphosphine oxide
as an acceptor and focused on the influence on the different
diphenylamine substituents. However, the results indicate great
influence of the type of the substituent and hence a wide
opportunity for fine-tuning and perspective for further develop-
ment.

Crystal Structures. To gain further insights into these
compounds, the structures of SFX-PO-DPA and SFX-PO-
DPA-Me have been studied by single-crystal X-ray diffraction
(Figure S1). The data obtained from X-ray diffraction analysis
are summarized in Table S1. SFX-PO-DPA formed light yellow
rod-shaped crystals and was found to crystallize in the
monoclinic space group C2/c when recrystallized from a
mixture of methanol and dichloromethane (DCM) by solvent
layering. SFX-PO-DPA-Me formed pale yellow block-shaped
crystals in the monoclinic I2/a space group when recrystallized
from a mixture of hexane and dichloromethane by evaporation.
Recrystallization of SFX-PO-DPA-Me from the samemixture as
for SFX-PO-DPA (i.e., methanol and dichloromethane by
solvent layering) led to the formation of pale yellow block-
shaped crystals in the same spaced group C2/c. The crystal
structures and interactions between the materials and co-
crystallized solvent molecules are shown in Figure 3. As depicted
in Figure 3, co-crystallized solvent molecules have an influence
on the dihedral angle between fluorene and xanthene in the
spiro-structure. When dichloromethane and hexane are present
in the SFX-PO-DPA-Me molecule, the dihedral angle is 86.7°.
However, switching to a more polar solvent system (dichloro-
methane and methanol), the angle increases to 89.5°. With the
same solvent system (dichloromethane and methanol) applied
to the crystallization of SFX-PO-DPA, only two methanol
molecules were incorporated in the structure, leading to a
dihedral angle of 87.6°. The variation in the value of the dihedral
angle as a function of the environment will have an influence on
through-bond interactions between the orthogonally disposed
donor and acceptor units, thereby affecting the photophysical
properties of these spiro-based structures.

Electrochemical Properties. The HOMO and LUMO
energy levels of the three emitters were inferred from an analysis
of the cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) measurements obtained in dichloro-
methane (for oxidation) and N,N-dimethylformamide (for
reduction). The CVs and DPVs are shown in Figure 4, and the
data are summarized in Table 1. Each of the emitters exhibits
two highly reversible oxidation waves, reflecting sequential
oxidation of each of the two donor moieties. As predicted by the
theoretical calculations (Figure 6, vide infra), the HOMO in all
three compounds is delocalized across the two donor moieties
through the xanthene bridge. Such delocalization can signifi-
cantly stabilize the radical cation formed upon the first oxidation.
As a result, removal of the second electron becomes less difficult
than for a less delocalized HOMO due in part to lower
Coulombic repulsion, and this is manifested in the fairly close

Figure 3.Crystal structures and dihedral angles of (a) SFX-PO-DPA-Me recrystallized fromDCM/hexane, (b) SFX-PO-DPA-Me recrystallized from
DCM/MeOH, and (c) SFX-PO-DPA recrystallized from DCM/hexane. Heteroatoms: O, red; N, blue; P, violet; Cl, green.
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spacing of the two CV oxidation waves.30 For SFX-PO-DPA,
Eox, the peak oxidation potential as determined from DPV, is
0.76 V. The oxidation potentials shifted cathodically with
increasing donor strength to 0.73 and 0.60 V for SFX-PO-DPA-
Me and SFX-PO-DPA-OMe, respectively, consistent with the
picture obtained by density functional theory (DFT) calcu-
lations (Figure 6, vide infra). These values are almost identical to
the oxidation potentials of related tetrasubstituted hole
transport materials, such as SFX-MeOTAD (0.52 V vs saturated
calomel electrode (SCE)) with four dimethoxydiphenylamine
groups and SFX-TAD (0.68 V vs SCE) with four diphenylamine
groups, reported by us previously.27 This indicates no influence
on the oxidation potential from the diphenylphosphine oxide-
modified fluorene fragment. The HOMO energies were
determined to be −5.56, −5.53, and −5.40 eV for SFX-PO-
DPA, SFX-PO-DPA-Me, and SFX-PO-DPA-OMe, respec-
tively. The increase in HOMO energy is associated with the
increase in mesomeric effect with increasing electron-donating
strength of the amine donor groups. Only one irreversible
reduction wave was observed for all three compounds. LUMO
energies were inferred from the reduction potentials obtained by
DPV measurements in DMF and were found to be −2.94,
−3.03, and−3.15 eV for SFX-PO-DPA, SFX-PO-DPA-Me, and
SFX-PO-DPA-OMe, respectively. Unexpectedly, we observed a
small stabilization of the LUMO with increasing donor strength
associated with an increase in stabilizing inductive effect by
substituting DPA successively with Me and OMe substituents,
while the mesomeric effect is negligible due to the complete
localization of the LUMO on the acceptor (see the Molecular
Modeling section).

Photophysical Properties. Figure 5a shows the UV−vis
absorption and photoluminescence (PL) spectra of the three
emitters in toluene (PhMe), and the data are summarized in
Table 2. All three compounds exhibit similar optical absorption
and possess a series of highly absorbing bands from 290 to 320
nm, which we attribute from time-dependent density functional
theory (TD-DFT) calculations to high-oscillator-strength
locally excited electronic transitions to Sn (n > 1) states, while,
as expected from its strong charge-transfer character, the
oscillator strength for the promotion to S1 is much smaller
(Tables S4 and S5, Figure S17). The PL spectra in degassed
PhMe are broad and unstructured, typical of emission from aCT

Figure 4.Cyclic voltammograms and differential pulse voltammograms
of SFX-PO-DPA, SFX-PO-DPA-Me, and SFX-PO-DPA-OMe
(oxidation and reduction were performed in degassed DCM and
DMF, respectively; scan rate: 100 mV s−1).

Table 1. Electrochemical Properties of SFX-PO-DPA, SFX-
PO-DPA-Me, and SFX-PO-DPA-OMe

Eox
a

(V)
Ered

b

(V)
HOMOa,c

(eV)
LUMOb,c

(eV)
ΔEredoxd
(eV)

SFX-PO-DPA 0.76 −1.86 −5.56 −2.94 2.62
SFX-PO-DPA-
Me

0.73 −1.77 −5.53 −3.03 2.50

SFX-PO-DPA-
OMe

0.60 −1.65 −5.40 −3.15 2.25

aOxidation peak obtained from DPV in DCM with 0.1 M
[nBu4N]PF6 as the supporting electrolyte and Fc/Fc+ as the internal
reference and referenced vs SCE (Fc/Fc+ = 0.46 V vs SCE).31
bReduction peak potential obtained from DPV in DMF with 0.1 M
[nBu4N]PF6 as the supporting electrolyte and Fc/Fc+ as the internal
reference (0.45 V vs SCE).31 cThe HOMO and LUMO energies were
determined using EHOMO/LUMO = −(Eox/Ered + 4.8) eV with potentials
against Fc/Fc+.32 dΔEredox = |EHOMO − ELUMO|.

Figure 5. (a) UV−vis absorption and PL spectra in PhMe and (b) PL spectra in poly(methyl methacrylate) (PMMA) andmCP thin films of SFX-PO-
DPA (10 wt % in both), SFX-PO-DPA-Me (10 wt % in PMMA and 15 wt % in mCP), and SFX-PO-DPA-OMe (10 wt % in both). λexc = 360 nm.
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state. A redshift in the emission from SFX-PO-DPA (λPL = 490
nm) to SFX-PO-DPA-Me (λPL = 492 nm) and to SFX-PO-
DPA-OMe (λPL = 514 nm) is consistent with the decrease in the
HOMO−LUMO gap, an observation corroborated by theoreti-
cal calculations (see Figure 6). A redshift in the PL spectra was
also observed upon increasing solvent polarity (from PhMe to
DCM), due to the preferential stabilization of 1CT states in polar
solvents, further confirming the charge-transfer nature of the
excited states in all of the three emitters (Figure S14). The ΦPL
values of 56, 80, and 68% for SFX-PO-DPA, SFX-PO-DPA-Me,
and SFX-PO-DPA-OMe, respectively, in degassed PhMe varied

significantly as a function of the pendant groups on the donor
amine. Emission was dramatically quenched, withmuch reduced
ΦPL values of 19, 38, and 25% for SFX-PO-DPA, SFX-PO-
DPA-Me, and SFX-PO-DPA-OMe, respectively, upon exposure
to air, an indication of triplet harvesting in the absence of oxygen.
We next investigated the PL behavior of the three compounds

in the solid state as doped films in both PMMA and mCP
(Figure 5b). Irrespective of the host, the emission profiles
remained broad and unstructured. In solution-processed 10 wt
% doped films in PMMA, all three compounds exhibited blue-
green to green emission with λPL of 490 nm for SFX-PO-DPA,

Figure 6. Calculated HOMO, LUMO (as obtained at the DFT PBE0 6-31G(d,p) level) S1 and T1 energies (as obtained at the Tamm−Dancoff
approximation (TDA)−DFT PBE0 6-31G(d,p) level), and contour plots of the HOMO and LUMO orbitals of SFX-PO-DPA, SFX-PO-DPA-Me,
SFX-PO-DPA-OMe, and SFX-PO-PTZ.

Table 2. Photophysical Properties of SFX-PO-DPA, SFX-PO-DPA-Me, and SFX-PO-DPA-OMe

λabs
a (nm)

λPL
a/λPL

c

(nm) ΦPL
b (%)

ΦPL
c

(%)
τp
c

(ns)
τd
c

(μs)
S1/T1

d

(eV)
ΔEST

d

(eV)
kRISC

e

(105 s−1)
knr

Te

(104 s−1)

SFX-PO-DPA 290, 300, 320 490/500 56 (19) 50 49 8.4 2.85/2.80 0.05 2.03 7.53
SFX-PO-DPA-Me 290, 301, 320 492/500 80 (38) 70 81 8.3 2.80/2.78 0.02 6.43 4.20
SFX-PO-DPA-OMe 290, 300, 320 514/520 68 (25) 58 100 6.2 2.75/2.74 0.01 3.15 8.79
aIn PhMe at 298 K. bQuinine sulfate (0.5 M) in H2SO4 (aq) was used as the reference (ΦPL: 54.6%, λexc = 360 nm).35 Values quoted are in
degassed solutions, which were prepared by three freeze−pump−thaw cycles. Values in parentheses are for aerated solutions, which were prepared
by bubbling air for 10 min. cThin films were prepared by vacuum depositing 10 wt % (15 wt % for SFX-PO-DPA-Me) doped samples in mCP, and
values were determined using an integrating sphere (λexc = 340 nm); degassing was done by N2 purge for 10 min. dDetermined from the onset of
the prompt and delayed emission spectra of 10 wt % (15 wt % for SFX-PO-DPA-Me) doped films in mCP, measured at 77 K (λexc = 355 nm). eIn
doped films in mCP matrix. See text for doping concentrations.
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495 nm for SFX-PO-DPA-Me and 515 nm for SFX-PO-DPA-
OMe, results in line with those observed in toluene. However,
ΦPL suffered in the PMMA films and values of 10, 38, and 25%
were obtained for SFX-PO-DPA, SFX-PO-DPA-Me, and SFX-
PO-DPA-OMe, respectively. Time-resolved PL measurements
in PMMA revealed biexponential decay profiles for all three
emitters. SFX-PO-DPA, SFX-PO-DPA-Me, and SFX-PO-
DPA-OMe possessed prompt lifetimes, τp, of 92, 126, and 156
ns, respectively, and delayed lifetimes, τd, of 10, 9.4, and 6.4 μs,
respectively. Based on the emission energies of the three
emitters, mCP was chosen as the host matrix for OLEDs.
Optimum doping concentrations of 10 wt % for SFX-PO-DPA
and SFX-PO-DPA-OMe, and 15 wt % for SFX-PO-DPA-Me
were determined based on a concentration dependence study of
absolute ΦPL values of vacuum-deposited films (Table S2,
Supporting Information (SI)). At these concentrations, slightly
red-shifted emission maxima of 500 nm for SFX-PO-DPA and
SFX-PO-DPA-Me, and 520 nm for SFX-PO-DPA-OMe were
observed along with much enhanced ΦPL values of 50, 70, and
58%, respectively, compared to the measurements in nonpolar
toluene (Figure S15). Furthermore, a slight redshift in the PL
spectra was observed as the doping concentration was increased
from 1 to 10 wt % for SFX-PO-DPA and SFX-PO-DPA-OMe
(15 wt % for SFX-PO-DPA-Me) (Figure S16). Such
observations could be attributed to intermolecular interactions
at higher doping concentrations. Time-resolved PL measure-
ments again showed biexponential decay behavior for all three
emitters, with an enhanced contribution from the delayed
emission (Figure 7). In comparison to the nonpolar host

PMMA, faster transient PL dynamics were observed in mCP
both in terms of prompt and delayed lifetimes. Prompt lifetimes
of 81 ns (43%), 49 ns (18%), and 100 ns (40%), and delayed
lifetimes of 8.4 μs (57%), 8.3 μs (82%), and 6.2 μs (60%) were
obtained for SFX-PO-DPA, SFX-PO-DPA-Me, and SFX-PO-
DPA-OMe, respectively, showing that delayed fluorescence also
occurs in the mCP host. The long radiative lifetimes measured
for the prompt component of these compounds support the
emission from CT states with limited overlap between hole and
electron densities.
To further confirm the TADF character of these emitters, we

next studied the temperature dependence of the time-resolved

emission decays of the mCP-doped films containing the three
emitters. An increase in the relative intensity of the delayed
component of the lifetime with increasing temperature provides
direct evidence to support the TADF character of these spiro-
based emitters (Figure 8a−c). The ΔEST values in mCP of the
three emitters were determined from the difference of the onset
energies of the prompt and delayed emission measured at 77 K,
which correspond to the florescence and phosphoresce of the
emitters, respectively (Figure 9a−c). Very small ΔEST values of
0.05, 0.02, and 0.01 eV and S1 energies of 2.85, 2.80, and 2.75 eV
were measured for SFX-PO-DPA, SFX-PO-DPA-Me, and SFX-
PO-DPA-OMe, respectively, in line with theory (Table S4) and
confirming their strong potential as efficient TADF emitters in
the solid state.
To understand the origin of the short τd and high ΦPL, we

calculated the rate constants for the radiative decay from the
singlet state (kr

S), RISC (kRISC), and nonradiative decay from the
triplet state (knr

T). It should be noted that the rate constants for
radiative and nonradiative processes can only be explicitly
calculated assuming a monoexponential decay of the emission.
For biexponential decay, we calculated the corresponding rates
making a set of assumptions as described previously (see
Supporting Information Section 5.2 for details).33 All three
emitters exhibited similar kr

S on the order of (2.3−2.6)× 106 s−1

(Table S3). Importantly, kRISC, which is a crucial parameter
responsible for an efficient TADF mechanism, remained higher
than the competing knr

T rate constant for all three emitters,
implying that the thermal upconversion of excitons fromT1 to S1
is preferred over nonradiative decay from the T1 state.
Furthermore, the relatively higher value of kRISC coupled with
a very small ΔEST in SFX-PO-DPA-Me is indicative of a faster
and more efficient RISC mechanism in this emitter, which
results in the highestΦPL values observed across all media. Such
short τd values and large kRISC have been shown to play a crucial
role in realizing low efficiency roll-off in the devices by reducing
the probability of triplet exciton quenching mechanisms.34

Molecular Modeling. Characterization of the electronic
structure and optoelectronic properties of the three SFX spiro
compounds has been carried out with the help of DFT
calculations. More specifically, we used the methodology
developed previously that offers a particularly accurate
description of the electronic structure of materials for OLED
applications (Figure 6), namely, the PBE0 functional was
adopted and the excited-state properties calculated within the
Tamm−Dancoff approximation.36 The increasingly shallower
HOMO level along the series SFX-PO-DPA, SFX-PO-DPA-
Me, and SFX-PO-DPA-OMe is consistent with the increasing
donor strength of the diarylamine donor. For each emitter, the
LUMO is localized exclusively on the fluorene core with no
contribution from the pendant phosphine oxides and is only
slightly affected by stabilizing inductive effects of the side groups
attached to the DPA core. S1 energies decrease along the series
from 2.77 eV for SFX-PO-DPA to 2.34 eV for SFX-PO-DPA-
OMe. Very small ΔEST values of 0.0038 eV for SFX-PO-DPA
and SFX-PO-DPA-Me and 0.00051 eV for SFX-PO-DPA-OMe
reflect the near-orthogonal arrangement of the donor and
acceptor groups. We determined the nature of the excited states
using theΦS metric that quantifies the overlap between the hole
and electron densities as obtained in the attachment−detach-
ment formalism (Figure S18, Table S4).37 Using this method-
ology, full charge-transfer (CT) [completely localized (LE)]
excited-state feature ΦS = 0 [ΦS = 1] can be inferred. ΦS values
were calculated using the NANCY_EX package38 and the hole

Figure 7. Normalized time-resolved PL of vacuum-deposited mCP
films with 10 wt % SFX-PO-DPA, 15 wt % SFX-PO-DPA-Me, and 10
wt % SFX-PO-DPA-OMe at room temperature. λexc = 378 nm.
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and the electron densities were visualized with DrawMol.39 Very
low values,ΦS < 0.12 (Table S4), were calculated for both the S1
and T1 states for all three emitters, implying excited states with
strong CT character. This is mirrored by the very small
calculated oscillator strengths ranging from 0 to 10−4 and
translates into radiative decay rates of ∼4.8 × 104 s−1 roughly 2
orders of magnitude smaller than the experimental values (Table
S4). A range of other functionals were applied to SFX-PO-DPA-
Me, with oscillator strength remaining very low (Table S6).
Optimization of the singlet excited state was also performed for
SFX-PO-DPA-Me and offered a slight increase in the predicted
oscillator strength with a value of 2× 10−4 resulting in a radiative
rate of 9.7 × 104 s−1, still much lower than the experimental
value.
The discrepancy between the theoretical and the experimental

radiative decay rates for the ground state and S1 equilibrium
geometries of SFX-PO-DPA-Me suggests that the Franck−
Condon approximation breaks down. Experimental and
simulated emission are thus reconciled by invoking Herzberg−
Teller intensity borrowing, mediated via vibronic coupling.
Within this framework, perturbative interactions between the S1
electronic wave function and nuclear motions result in a
combined electronic and vibronic state that can mix with nearby
purely electronic states. We thus sum, consistently with the
Thomas−Kuhn−Reiche sum rules, the oscillator strengths
associated with each vibronic transition from the ground state
of vibration of state S1 to the n-th vibrational levels of the ground
state, S0. Considering the undistorted−undisplaced harmonic
oscillator approximation and the same energy for all vibronic
transitions ΔES1S0 corresponding to the transition energy from
the S1 optimized geometry to the ground state, the oscillator
strength for the transition between the S1 and the ground states
is (see the Supporting Information for further details)

∑ ∑

∑

∑ ∑ ∑

μ

μ

μ
ω

=
ℏ

Δ [⟨ | ̂ | ⟩]

=
ℏ

Δ [ ] +
ℏ

Δ

∂
∂

ℏ = +

α
α

α
α

α

α

=

=

=

f
m

e
E S S n

m
e

E
m

e
E

Q
f f

2
3

, 0 ,

2
3

2
3

2

n x y z

x y z

S S

i x y z i i i
i

S S e
2 2 S S

, ,
1 0

2

e
2 2 S S

, ,

,0 2 e
2 2 S S

, ,

S S

0

2

0

1 0
1 0

1 0
1 0

1 0

1 0

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅ

i

k
jjjjjj

y

{
zzzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑ (1)

where me and e are the electron mass and charge, respectively, ℏ
is the reduced Planck constant, ⟨S1, 0 |μ̂α| S0, n⟩ is the transition
dipole moment matrix element between the ground state of
vibration of S1 and the n-th vibrational level of S0, μα

S1S0,0 is the α
 {x,y,z} component of the transition dipole moment

computed at the S1 optimized geometry,
μ∂
∂

α

Q i

S1S0i
k
jjj

y
{
zzz is the first

derivative of the electronic transition dipole moment along the
normal coordinates Qi evaluated at the equilibrium geometry of
the reference S1 state, ωi is the angular frequency of the ith
normal mode, f 0 and f i are the oscillator strengths computed at
the S1 optimized geometry and the Herzberg−Teller contribu-
tion of the i-th normal mode, respectively.

In practice, the transition dipole moment derivative
μ∂
∂

α

Q
0i

S1S0i
k
jjj

y
{
zzz is

obtained by displacing the S1-optimized excited-state geometry
along its normal modes by 0.01 Å amu in an interval going
from −0.1 to 0.1 Å amu and fitting the transition dipole
moment evolution as a function of the normal coordinate, Qi,
with a linear regression (see Table S7). To reduce computa-
tional cost, we selected vibrational modes leading to a
concomitant bending of the electron-donating and electron-
accepting units, as these sensibly increase the hole and electron

Figure 8. Temperature-dependent time-resolved PL decay traces of doped films in mCP with (a) 10 wt % SFX-PO-DPA, (b) 15 wt % SFX-PO-DPA-
Me, and (c) 10 wt % SFX-PO-DPA-OMe (λexc = 378 nm).

Figure 9. Prompt and delayed (by 1ms) spectra (at 77 K) of doped films in mCPwith (a) 10 wt % SFX-PO-DPA, (b) 15 wt % SFX-PO-DPA-Me, and
(c) 10 wt % SFX-PO-DPA-OMe (λexc = 355 nm).
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densities near the sp3-hybridized carbon and therefore could
prompt a larger oscillator strength (Figure 10, Figure S19, and
Table S8). Accounting for these vibrations indeed results in an
increase in oscillator strength up to 3.7 × 10−4. This now brings
the calculated radiative decay rate (considering a refractive index
of 1.73 for mCP) to 1.81 × 105 s−1, which is within the same
order of magnitude as the measured value of kr = 2.3 × 106 s−1,
highlighting the importance of Herzberg−Teller effects in spiro-
based compounds. We expect the (dynamic, i.e., induced by
vibrations) increase in electron−hole overlap and in the ensuing
radiative decay rate to be sensitive to the nature of the electron-
active substituents. To verify this hypothesis, we designed
compound SFX-PO-PTZ, where the DPA-Me side groups are
replaced by stronger electron-donating phenothiazine (PTZ)
groups, and carried out the same analysis, i.e., S1 excited-state
optimization followed by sampling along the relevant normal
modes (Table S9). As expected, SFX-PO-PTZ exhibits an
oscillator strength in the relaxed S1 excited-state geometry that
amounts to 7.13 × 10−5 when Herzberg−Teller corrections are
included, which is 1 order of magnitude smaller than SFX-PO-
DPA-Me. This result can be readily explained by the removal of

the hole density away from the sp3 carbon in the presence of the
stronger PTZ donor moieties (Figure S19 and Table S8).

Device Fabrication. The photophysical picture points to
spiro-based compounds that are TADF emitters and have a high
ΦPL in mCP and a short τd. These compounds were therefore
assessed as emitters in OLEDs. The OLED device stack
architecture is shown in Figure 11 and consists of: ITO/NPB
(30 nm)/TCTA (20 nm)/mCP (10 nm)/emitter: mCP (20
nm)/DPEPO (10 nm)/TmPyPB (40 nm)/LiF (1 nm)/Al (100
nm), where N,N′-bis(naphthalen-1-yl)-N,N′-bis(phenyl)-
benzidine (NPB) was used as a hole injection layer (HIL),
tris(4-carbazoyl-9-ylphenyl)amine (TCTA) was used as a hole
transporting layer (HTL), and mCP (1,3-bis(N-carbazolyl)-
benzene) and DPEPO were used as electron and hole blockers,
respectively. 1,3,5-Tris(3-pyridyl-3-phenyl)benzene (TmPyPB)
was chosen as the electron-transporting layer (ETL) as it
possesses a high electronmobility of 10−4 cm2 V−1 s−1 and a high
triplet energy of 2.75 eV along with a deep HOMO energy of 6.7
eV.40 The emissive layer (EML) consisted of 10 wt % doped
films of SFX-PO-DPA and SFX-PO-DPA-OMe and the 15 wt
% doped film of SFX-PO-DPA-Me in mCP.

Figure 10.Hole (h+) electron and (e−) densities of SFX-PO-DPA-OMe for the undistorted (left) and distorted (right) S1 along the vibrational mode
at 1556.2 cm−1 (middle) leading to the largest enhancement in oscillator strength. The size and the orientation of the yellow and blue refer to the
amplitude and the displacement vector, respectively. Difference hole and electron densities between the distorted (0.1 Å amu ) and the undistorted
geometry with the green color for positive lobes and blue for negative ones (right). The isovalue for the hole and electron densities amounts to 4 ×
10−4, while for the difference hole and electron densities, it amounts to 4 × 105.

Figure 11. Chemical structures and energy levels of materials used for device fabrication.
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The electroluminescence properties are shown in Figure 12,
and data are summarized in Table 3. The three emitters

exhibited blue-green to green electroluminescence with a
progressive red-shifting of the EL spectra as a function of the
donor strength, which align with the trends and maxima
observed in their respective PL spectra (Figure S16), confirming
that the PL and EL emissions originate from the same excited
state. The OLED with SFX-PO-DPA showed a λEL of 500 nm
with CIE coordinates of (0.20, 0.47), the OLED with SFX-PO-

DPA-Me showed a slight redshift with a λEL of 502 nm and CIE
coordinates of (0.23, 0.50), and SFX-PO-DPA-OMe displayed
the most red-shifted EL spectrum with a λEL of 520 nm and CIE
coordinates of (0.29, 0.56). All OLEDs showed steep current−
voltage−luminance behavior (Figure 12a,b) with low turn-on
voltages of 3.2 V for devices with SFX-PO-DPA and SFX-PO-
DPA-Me and 3.8 V for the device with SFX-PO-DPA-OMe.
Figure 12c shows the EQE vs luminance behavior of the three

devices. The OLED with SFX-PO-DPA-Me showed an
excellent device performance with an EQEmax of 23% at a
brightness of 2.5 cd m−2 and relatively low roll-off, with an
EQE100 of 19% at a display-relevant brightness of 100 cd m−2.
Similarly, the OLEDs with SFX-PO-DPA and SFX-PO-DPA-
OMe also maintained high EQEmax values of 11 and 16%,
respectively, at low luminance, and likewise showed low
efficiency roll-off with EQE100 values of 9 and 15%, respectively.
Even at a luminance of 1000 cdm−2, EQE1000 values of 7, 16, and
12% were maintained for the OLEDs with SFX-PO-DPA, SFX-
PO-DPA-Me, and SFX-PO-DPA-OMe, respectively. The high
observed EQEs are indicative of efficient triplet harvesting, while
the low efficiency roll-offs are due to the short τd values, which
are beneficial in reducing the various triplet exciton quenching
mechanisms such as triplet−triplet annihilation (TTA) and
triplet−polaron annihilation (TPA) in the devices. The poorer
device performance of theOLEDs with SFX-PO-DPA and SFX-
PO-DPA-OMe can be correlated to their lower ΦPL values

Figure 12. (a) Current density−voltage characteristics, (b) luminance vs voltage, (c) EQE vs luminance, and (d) normalized EL spectra of SFX-PO-
DPA (black), SFX-PO-DPA-Me (red), and SFX-PO-DPA-OMe (green) OLEDs.

Table 3. Electroluminescence Properties of SFX-PO-DPA,
SFX-PO-DPA-Me, and SFX-PO-DPA-OMe

Von
a

(V)
λEL

b

(nm)

EQEmax
c;

EQE100
d;

EQE1000
e (%)

CEmax
c

(cd A
−1
)

PEmax
c

(lm W
−1
)

CIEf/
(x, y)

SFX-PO-
DPA

3.2 490 11; 9; 7 30.6 29.7 (0.21,
0.47)

SFX-PO-
DPA-
Me

3.2 500 23; 19; 16 62.8 58.1 (0.23,
0.50)

SFX-PO-
DPA-
OMe

3.8 520 16; 14; 12 53.1 43.9 (0.29,
0.56)

aMeasured at 1 cd m−2. bEmission maximum at 1 mA cm−2.
cMaximum efficiencies at 1 cd m−2. dEQE at 100 cd m−2. eEQE at
1000 cd m−2. fCommission Internationale de l’Éclairage coordinates
at 1 mA cm−2.
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(Table 1). Compared to the reported OLEDs with spiro-based
emitters shown in Figure 1, the devices based on SFX-PO-DPA-
Me show the best performance in terms of EQEmax and reduced
efficiency roll-off. Further, SFX-PO-DPA and SFX-PO-DPA-
OMe emitters show comparable EQEmax values and improved
efficiency roll-off characteristics compared to literature devices.

■ CONCLUSIONS

We have successfully synthesized a series of spiro-configured
xanthene-based TADF emitters, which exhibits a confluence of
desirable photophysical properties. We have demonstrated an
efficient synthetic strategy to incorporate SFX bridge to realize
highly sterically demanding structures that translate into
materials that possess short delayed lifetimes of <10 μs, very
small ΔEST values coupled with high ΦPL in the solid state.
Molecular modeling reveals that the emission in these
compounds occurs through the Herzberg−Teller mechanism
where some intramolecular vibrations promote larger over-
lapping electron and hole density in the vicinity of the sp3 carbon
atoms, thereby enhancing the radiative decay rate. The designed
compounds exhibit nonradiative decay rates an order of
magnitude slower than the rate of reverse intersystem crossing.
The resulting OLEDs exhibited EQEmax values as high as 23%
and with only modest efficiency roll-off at 100 and 1000 cd m−2

as a result of the short delayed lifetimes and reduced triplet−
triplet and triplet−polaron annihilation associated with the
expected reduced triplet diffusion due to the bulky shape of our
compounds. This is especially true for SFX-PO-DPA-Me, which
shows relatively faster kRISC coupled with a very small ΔEST.
These results clearly illustrated how crucial an SFX blocking unit
is in realizing highly efficient TADF systems, which we believe
will reinvigorate the importance of spiro system in the TADF
community.

■ EXPERIMENTAL SECTION
General Methods. Elemental analyses were carried out by Stephen

Boyer at London Metropolitan University using a Carlo Erba CE1108
elemental analyzer. NMR spectroscopy was conducted using Bruker
(400, 500, or 600 MHz) spectrometers. 1H, 13C, and 31P NMR spectra
were all recorded in deuterated chloroform. Chemical shifts are
reported in parts per million. Chemical shift multiplicities are reported
as s: singlet, d: doublet, t: triplet, q: quartet, quint: quintet, and m:
multiplet. Mass spectra were recorded with a Xevo QTOF (Waters)
high-resolution, accurate mass tandem mass spectrometer equipped
with Atmospheric Solids Analysis Probe (ASAP) and BrukerMicroToF
2. All spectra were recorded using electrospray (ESI) or fast atom
bombardment (FAB) ionization. All synthetic preparations were
carried out using standard Schlenk line and air-sensitive chemistry
techniques under nitrogen atmosphere. Synthetic details are provided
in the Supporting Information. Crystallographic data were collected
using Agilent Technologies SuperNovawithCuKa (l 141.54178 A)
radiation at 120 K. Cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) analyses were performed on an electrochemical
analyzer potentiostat model 620D from CH Instruments. Absorption
spectra were recorded at room temperature on a Shimadzu UV-1800
double-beam spectrophotometer. Steady-state emission and time-
resolved emission spectra were recorded at 298 K using an Edinburgh
Instruments FLS980 fluorimeter. Detailed information for crystallog-
raphy, electrochemical and photophysical measurements, and device
fabrication are provided in the Supporting Information.
Computational Methodology.DFT calculations were performed

with the Gaussian 09 revision D.018 suite. Initially, the geometries of
both emitters in the ground state in the gas phase were optimized
employing the PBE0 functional with the standard Pople 6-31G(d,p)
basis set. Time-dependent DFT calculations were performed within the

Tamm−Dancoff approximation (TDA). The molecular orbitals were
visualized using Drawmol.39
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