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Abstract. We report two donor-acceptor (D-A) materials based on a cyanoanthracene acceptor
paired with diphenylamine (DPAAnCN) and carbazole (CzAnCN) donor moieties. These
compounds show hybrid locally excited (LE) charge-transfer (CT) excited states (HLCT),
which we demonstrated through a combined photophysical and computational study. Vacuum-
deposited organic light emitting diodes (OLEDs) using these HLCT emitters exhibit maximum
external quantum efficiencies (EQE,.) close to 6%, with impressive exciton utilization
efficiency (@) of >50%, far exceeding the spin statistic limit of 25%. We rule out triplet-triplet

annihilation and thermally activated delayed fluorescence as triplet harvesting mechanisms
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along with horizontal orientation of emitters to enhance light outcoupling and, instead, profdse<;iex
a “hot exciton” channel involving the nearly isoenergetic 7 and S states.
Introduction.

Since the first discovery of electroluminescence (EL) in anthracene crystals by
Kallmann and Pope,! and bilayer Organic Light Emitting Diodes (OLEDs) by Tang and
VanSlyke,> OLEDs have vastly improved in performance to the point where they are on the
brink of becoming the dominant technology for displays, and show enticing advantages as
solid-state lighting devices. In EL devices, according to spin statistics, hole and electron
recombination typically generates both singlet and triplet excitons in a 1:3 ratio.> For high
efficiency devices, a key feature is to have materials capable of recruiting 100% of these
excitons. When small molecule fluorescent emitters are used in OLEDs, the triplet excitons are
lost as heat due to their excessively long excited-state lifetimes, which limits the internal
quantum efficiency (IQE) of the device to 25%. Devices with organometallic phosphorescent
emitters can achieve an IQE of 100% thanks to favourable intersystem crossing rates, kisc,
mediated by the strong spin-orbit coupling of the heavy metal centre.* A major drawback to
their use is the scarcity of the noble metals that underpin this class of emissive materials.
Presently, there are two alternative exciton-harvesting mechanisms for organic compounds that
offer the potential to expand beyond the 25% IQE offered by fluorophores: (1) triplet-triplet
annihilation (TTA)> and (2) thermally activated delayed fluorescence (TADF).® The maximum
IQE for TTA is 62.5% whereas for TADF it is as high as 100%. TADF emitter development
has thus emerged as an effective avenue to achieve high performance in OLEDs. However, a
drawback of devices employing these emitters is that they frequently suffer from large
efficiency roll-offs at high current densities arising from the existence of long-lived excited

state lifetimes in the microsecond or sometimes even in the millisecond regime.’
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A third alternative approach has recently been explored where light emission pceprs v
a hot exciton mechanism.® Such a mechanism usually involves the lowest singlet excited state
S; and a close-to-resonant triplet excited state 7,, with n>1, both of which displaying hybrid
charge transfer-locally excited (HLCT) character to ensure the best compromise between high
singlet radiative decay rates, small energy separation and fast triplet-to-singlet conversion.? 77,
instead, has a localized (LE) character. Molecules emitting from the hot exciton channel usually
possess a large energy gap between the HLCT-like 7}, and LE-like T states (0.5 eV-1.0 eV), so
that the conversion from 7, to S; competes favourably with internal conversion (IC) between
T, and T thus providing an avenue for exciton utilization going beyond the spin statistical
limit. Note that triplet upconversion from 77 to §; is inactive in these systems, owing to the

large energy gap between the lowest singlet and triplet excited states.

An HLCT-active molecular system is usually verified by measuring the molecular
dipole moment in different polarity solvents, where the dipole moment of an HLCT-active
molecule decreases modestly in low polarity solvents and increases measurably in high polarity
solvents. This change in behaviour is attributed to an increasing CT character of the emission
in high polarity solvents, while in low polarity solvents the S; state possesses much more
significant LE character. Thus, in solvents of moderate polarity a “hybrid state” possessing
significant mixed LE and CT (HLCT) character exists, which seems to be a necessary condition
for efficient hot triplet-to-singlet conversion.!? Only a small number of materials showing such
a hot exciton mechanism have been reported to date (see Figure 1 for the chemical structures
of the emitters reported in the literature). The first material identified as an emitter taking
advantage of the hot exciton mechanism, TPA-PPL3* consisted of a triphenylamine and an
annelated benzimidazole as the donor and acceptor moieties, respectively. This compound

exhibited a blue emission with Apy of 440 nm. Solvatochromic experiments confirmed the
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presence of the HLCT character of the S; excited state, and non-doped OLED dgyices With s 2 v
TPA-PPI exhibited an EQE,,,, of 5.0% with a modest ®; of 27% and CIE coordinates of (0.15,
0.11). A similar mechanism is invoked for an analogous emitter with a slight modification to
the acceptor group, TBPMCN (Ap 460 nm).*® Non-doped OLEDs showed EQE, ., of 7.8%
with CIE coordinates of (0.16, 0.16) and exhibited an impressive @ of 97%. To the best of our
knowledge, the TBPMCN OLEDs remain the most efficient of those when referring to the hot
exciton mechanism. Recently, another blue emitter with App of 432 nm (CIE: 0.15, 0.06)
comprised of an unusual dicyanocarbazole acceptor and triphenylamine donors (emitter 4)
showed an EQE,,x of 6.5%.!! Very few reports have been published on green and red emitters.
The most efficient of these was based on a benzothiadiazole acceptor and a carbazole donor
(CzP-BZP, )p; 520 nm)!? with an EQE,,,, of 6.95%, ®, of 48% and CIE coordinates of (0.34,
0.60). Upon changing the acceptor to naphthothiadiazole (TPA-NZP), the emission was shifted
to the deep red with App of 634 nm and the corresponding OLEDs exhibited a low EQE,.x of
2.8% albeit an impressive ®; of 90%.°* Furthermore, upon changing the donor to
dimethylacridan (NZ2Ac), @, increased to 93% and the OLEDs showed an EQE,,x of 6.2%

while maintaining the deep red emission with Ag; of 612 nm.!3

Recently, the hot exciton mechanism approach has been explored to achieve deep blue
emission in OLEDs. For example, emitter PPi-Pid exhibited blue emission with Ap; =473 nm
and ®p = 50% in the neat film.!* The non-doped OLED showed deep-blue CIE coordinates of
(0.15, 0.092) and @, - 50%. The EQE,,x was, however, low at 4.95%. Another deep-blue
emitter Cz-TPB showed App = 435 nm and ®p; = 32% in the neat film.!> The non-doped
OLEDs maintained the deep blue emission with CIE coordinates of (0.15, 0.09) along with
EQE,.x and @ of 4.32% and 87%, respectively. Both EQE,,,x and @, were significantly

improved when using emitter TPP-TXO,, bearing pyrene as the bridging unit.'® OLEDs with
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12 wt% emitter doped in a double layer of TCTA and 26DCzPPy host matrices showed EQE tax cesacx
of 10.5% and exhibited deep-blue emission with CIE coordinates of (0.15, 0.06) along with a
tantalizing @, of 100%. The deep-blue emitter PAC was recently reported.!” The OLED using
PAC displayed an EQE,,.x of 10.5%, CIE coordinates of (0.15, 0.06) and @, of 100% in non-
doped devices. The hot exciton channel was verified by transient absorption (TA)
measurements, which revealed AEg; 1, 0of 0.33 eV, high AE1,.11 of 1.45 eV and high AEg;.11 of
1.12 eV. This energy landscape facilitated a RISC channel from T, to S; over IC from T, to T;.
To date, PAC remains the only emitter where there is experimental evidence to support the hot

exciton channel mechanism.
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Figure 1. Prior examples of emitters reported in the literature relying on hot exciton

mechanism.

In this study, we have designed two novel cyanoanthracene emitters, DPAAnCN and

CzAnCN, containing diphenylamino (DPA) and carbazole (Cz) donor groups, respectively
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(Figure 2). The presence of the anthracene forces an increased torsion between, grolpS s iex
substituted at the 9 and 10 positions compared to a para-disubstituted benzene. Secondly, the
anthracene unit itself possesses excellent thermal stability and, unlike benzene bridges in
TADF D-A emitters, it is photophysically non-innocent and thus can potentially enrich the
optoelectronic properties of the emitter. Sufficiently large dihedral angles between the donor
N-heterocycles and the anthracene mediates mixing of LE and CT excited states while the
presence of the anthracene group promotes a sufficiently large 7'-75 energy gap with T, being
localized on the anthracene core. Through combined experimental and theoretical studies, we
show that both compounds display exciton utilization largely surpassing the spin statistical
limit, which we tentatively associate to a hot exciton channel after ruling out all other possible
options. The use of anthracene within the emitter design has already been shown to be
compatible with an HLCT material.®® '® For example, the compound TPA-An (Figure 2),
comprising an anthracene acceptor paired with a triphenylamine as the donor, has been shown
through a combination of theoretical and solvatochromic experiments®® to be an emitter
exploiting the hot exciton channel; however, both EQE,,,., and ®sremain low at 3% and 30%,
respectively. Here we demonstrate that the substitution of the anthracene chromophore with a
cyano group significantly affects the nature of the relevant excited states, leading to an
optimised mixing of LE and CT character. As a result, both EQE, . and @, exhibited a two-

fold enhancement in DPAAnCN compared to TPA-An.

20e | °‘" | R
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Figure 2. Anthracene based D-A derivatives.
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Results and Discussion

Synthesis
Both DPAANCN and CzAnCN were obtained via nucleophilic aromatic substitution

of the corresponding amine donors, D1-D2, with the common intermediate 10-
bromoanthracene-9-carbonitrile, 5 (Scheme S1, ESI). Both anthracene-based emitters were
isolated and purified by a combination of column chromatography and recrystallization. Their
structure and purity were confirmed by NMR, HPLC, HRMS, EA and single crystal structure
analyses. X-ray quality crystals of these derivatives were grown by slow vapour diffusion,
using either DCM and ether (DPAARNCN) or toluene and hexane (CzAnCN) as solvents and
antisolvents. Their crystal structures are shown in Figure 3. There is a large torsion between
the donor groups and the cyanoanthracene acceptor moiety, which is caused by the increased
steric hindrance conferred by the anthracene moiety. The dihedral angle between the donor and
cyanoanthracene for DPAAnCN and CzAnCN are 81.10(16)° (for torsion angle C15-N1-C1-

C2) and 64.0 (2)° (for torsion angle C27-N15-C1-C2), respectively.

Molecular Design.

Published on 28 January 2020. Downloaded by University of Oxford on 2/9/2020 1:33:11 PM.

We have characterized the excited state properties of both compounds using Density
functional theory (DFT) calculations considering the /PBEO functional'® with the /6-31G (d,p)
basis set. We have first optimized the ground state of both derivatives. Then, based on these
geometries, we have carried out linear-response time-dependent (TD-)DFT calculations within
the Tamm-—Dancoff approximation (TDA),?° which significantly and systematically improves
the accuracy of triplet energies and thus AEgr.?! In the ground state, CZAnCN showed a twist
angle of 72°, which is in rather good agreement with the obtained crystal structure [64.0(2)°]
(Figure 3a). On the other hand, the twist angle for the DPAAnNCN was 66° as predicted by

DFT and 81.10(16)° according to the crystal structure analysis (Figure 3b). Compared with
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CzAnCN, the large twist angle in the crystal structure of DPAANCN can be attribyted to7the<; 510
repulsion between the two phenyl rings in the diphenylamine moiety. Due to the strong
electron-withdrawing ability of the anthracene-9-carbonitrile group, the lowest unoccupied
molecular orbital (LUMO) is mainly localised on the acceptor moiety in both derivatives. The
highest occupied molecular orbital (HOMO) of the two derivatives is delocalized over both the

donor and acceptor moieties.

}‘,
A3 v,

HOMO LUMO

Figure 3. Crystal structures (thermal ellipsoids at the 50 % probability level) and HOMO-
LUMO diagram of a) CZAnCN and b) DPAAnCN.

An attachment/detachment formalism was used to obtain the hole and electron densities
associated with each singlet and triplet excited states and ng, the overlap between the hole and
electron densities. This formalism offers a clear picture of the nature of the excited states.
Figure 4 gives a pictorial description of the “hole” and “electron” in DPAAnCN and CzAnCN,
respectively. For the Sp—S) transition in DPAAnCN, the hole is mainly localized on the donor
N-heterocycle whereas the electron is mainly located on the AnCN acceptor. CT excitation
from DPA to AnCN provides a dominant contribution to the S; and 7, excited-state
wavefunctions, yet these should be viewed as mixed HLCT states as testified by the calculated

s values. In contrast, 77 with ng values larger than 0.8 is of clear LE character (see Table 1
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for the ng values and Figure 4 for the hole and electron density plots). Note that the G LLE) cesiex
character of the Sy—S; excitation is increased (reduced) in CzAnCN relative to DPAANCN,
because of the stronger localization of the hole over the carbazole moiety that is triggered by
the slightly larger torsion between the donor and the acceptor moieties in the former molecule.
This is in accordance with the calculated oscillator strength, £, of the Sp— 8 transitions, larger
in DPAANCN (= 0.13) than in CzAnCN (f = 0.03); high f values are necessary to achieve

hlgh q)pL.

Table 1. Hole and electron densities as obtained at the TDA/PBEO0/6-31G(d,p) in the

attachment/detachment formalism for DPAAnCN and CzAnCN.

Excited state Energy / eV Ns Nature of state
DPAANCN T, 1.76 0.85 LE
S 2.50 0.42 HLCT
T, 2.52 0.58 HLCT
T; 3.35 0.86 LE
S, 3.36 0.88 LE
CzAnCN T, 1.86 0.88 LE
T, 2.59 0.34 HLCT
S 2.61 0.26 HLCT
Ts 3.00 0.22 HLCT
S, 3.02 0.14 CT

As a result of the almost pure LE character of T, in both derivatives, our calculations
yield a very large S;-T) splitting energy, AEgr, of 745 meV in DPAARCN and 751 meV in
CzAnCN, which are not compatible with a conventional RISC/TADF mechanism from
thermalized triplets. Surprisingly, however, a very small exergonic (endergonic) energy gap of

15 (16) meV was predicted going from 75 to S; in DPAAnCN (CzAnCN), opening up the
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possibility for RISC via upper lying triplet states. Thus, in both DPAAnNCN and CzARCN, 2%

there is potential for a non-equilibrium process involving the quasi-degenerate S| and 7 states
to combine high exciton utilization efficiency and high ®p;, both of which would contribute to

an enhancement of the external quantum efficiency in OLEDs (Figure 4).

DPA-AnCN Cz-AnCN
- 4 ’ H s @ s
Y 4 $ LA aglho b B,
é b= P - Tt
" ’.‘ 1 " ¥
% S,
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E H E H 5,2.60eV T,2.59 eV
5; 2.50 eV mepe—— T,2.52eV AE,, ,, +16meV .
I
% BEg, 1, << BEpy BE;, , 751 meV
AE;, 7, -15meV AmE 745 mev 5112 T2 . me
BEg; 1 << BEjy 1 .12 .
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2 V¥ T:l86eV ‘3’
k T,1.76eV ¥ g 1 Eins
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Figure 4. Excited state energy diagram of DPAAnCN and CzAnCN. E and H correspond to
the electron and hole densities computed in the attachment/detachment formalism. kg, kpg, kp,
kic correspond to the fluorescence, delayed fluorescence, phosphorescence and internal
conversion rates, respectively. AEs; 1> (AET,.12) are the energy differences between S, (T;) and

T,.

Photophysical Properties.

UV-Vis and Transient PL measurements

Table 2. Absorption and electrochemical data of CZAnCN and DPAAnCN.

1 b
Emitter D / i, [€ X104/ M- em-!] Electrocilémlstry /
CzAnCN 310 [0.29], 322 [0.45], 334 [0.63], 352 [0.46], 370 [0.87], 1581\1\218 —;’?g
390 [0.91], 408 [0.84], 435(sh) [0.31] AE: .84

10
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343(sh) [0.23], 361(sh) [0.47], 373 [0.62], 381 [0.64], 402 HOMO: 08 corcoessei

T
LUMO: -3.20
[0.58], 472 [0.64] AE: 2.48

¢ in DCM at 298 K. » in MeCN with 0.1 M [nBuy,N]PF; as the supporting electrolyte and Fc/Fc* as
the internal reference (0.38 V vs. SCE).?2 The HOMO and LUMO energies were calculated using the
relation Eyomo/Lumo = —(E®pa1/ E®c 1+ 4.8) eV,2 where E°%,,and E™d; are anodic and cathodic peak
potentials, respectively. AE = -(Euomo-Erumo).

DPAAnCN

Figure 5 shows the UV-Vis absorption spectra in dichloromethane and the
photoluminescence spectra in toluene of DPAAnCN and CzAnCN, with the data compiled in
Tables 2 and 3. Both compounds possess a set of highly structured absorption bands from 370
to 412 nm that are characteristic of anthracene. CZAnCN shows a low intensity band at 436
nm assigned to a CT transition from Cz to AnCN. The CT band in DPAARCN at 478 nm is
much more intense and red-shifted compared to that of CzAnCN in agreement with the
calculated S; energies (see Tables 1). DPAAnCN and CzAnCN show broad and unstructured
emission in toluene that are characteristic of an excited state with significant CT character. The
photoluminescence maximum in CzAnCN is at 520 nm whereas for DPAANCN it is red-
shifted to 588 nm, which can be attributed to the stronger donor strength of the DPA moiety

relative to Cz. Both compounds exhibit moderate photoluminescence quantum yields in

Published on 28 January 2020. Downloaded by University of Oxford on 2/9/2020 1:33:11 PM.

toluene, ®p;, of 43% for DPAANCN and 37% for CzAnCN, which decreased to 38% and
15%, respectively, upon exposure to air. Thin film measurements of DPAAnCN taken in a 10
wt% PMMA matrix show an enhanced ®p; of 57% coupled with a very small blue-shift in the
PL spectrum (App = 580 nm, Figure 8a) compared to that in toluene. For CZAnCN a similar
blue-shift to 504 nm (Figure 8a) was observed, but this was not accompanied by a change in
®p . Transient photoluminescence measurements in toluene as shown in Figure 8b, revealed
monoexponential decay for both compounds with lifetimes, tp, of 30 ns for DPAAnCN and
20 ns for CZAnCN (Table 3). These results indicate the absence of any delayed component to

the emission decay that would be characteristic of TADF.

11
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Figure 5. UV-Vis absorption (in dichloromethane) and PL spectra of DPAAnCN and

CzAnCN (in degassed toluene) at room temperature (Aexe = 360 nm).

In order to probe the nature of the excited states in these compounds, we examined the
effect of solvent polarity on the emission profiles. For DPAANCN, the emission profiles
remained unstructured, but grew broader as a function of solvent polarity (Figure 6); a
discernible shoulder exists in hexane, indicative of a mixed HLCT behaviour. Nearly analogous
behavior is observed for CZAnCN; however, the emission profile in hexane is more structured,
indicating an emission from a predominantly LE state in this solvent. Both compounds show a
large positive solvatochromism as expected (Apy ranging from 515-638 nm for DPAANCN,
453-581 nm for CzAnCN) in their excited states, which is a hallmark of emission from a CT
state;?* there is by contrast only a small positive solvatochromism in the ground state, as
evidenced by the 5-10 nm range of values of A,,s of the CT band in the absorption spectra (465-
475 nm for DPAANCN, 428-435 nm for CzZAnCN). The marginally greater red-shift of the

emission spectra in CZAnCN suggests that there is slightly greater CT character to the emissive

12
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Sy state in this compound than in DPAANCN, which is consistent with both the, Jdfget 5 iik

calculated ¢s and a corresponding decrease in ®@p; (Table 4).
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Figure 6. Solvatochromic PL spectra of a) DPAAnNCN and b) CZAnCN (Aex = 360 nm).

Published on 28 January 2020. Downloaded by University of Oxford on 2/9/2020 1:33:11 PM.
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Figure 7. Solvatochromic Lippert - Mataga plots of a) DPA-AnCN and b) CzDPA-AnCN.

To quantify the impact of solvent polarity on the nature of the excited state, we
undertook a larger solvent polarity study with the aid of a Lippert-Mataga model,>* which
relates the Stokes Shift to the solvent polarity factor, f, (Figure 7, Table S2, ESI). The slope of
the fitted data provides insight into the dipole moment of the emissive S; state. For both
DPAANnCN and CzAnCN, the Lippert-Mataga plots show two regimes, which indicates a

change in the nature of the excited state. In low polarity solvents (f < 0.1), the dipole moments
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of the S; states of DPAANCN and CzAnCN were estimated to be 9.5 D and 132705550k
respectively. In higher polarity solvents (f > 0.2), the dipole moments of the emissive states
increased to 25 D and 23 D for DPAAnCN and CzAnCN, respectively. We interpret this
change in behaviour to an increasing CT character of the emission in high polarity solvents
while in low polarity solvents the S, state possesses more significant LE character. Indeed, gas
phase TDA-DFT calculations show that the S; state in both compounds is best described as
having HLCT character. Thus, in solvents of moderate polarity a “hybrid state” possessing
significant LE and CT character is expected. This modulation in the nature of the excited state
can be discerned from the transient PL spectra. In non-polar hexane, both compounds exhibited
multiexponential emission decay with a dominant nanosecond component of 28 ns and 22 ns,
respectively, for DPAAnCN and CzAnCN, and a minor sub-microsecond component of 858
ns and 760 ns, respectively, for DPAAnCN and CzAnCN. By contrast, in a moderately polar
solvent such as toluene, only a single exponential emission lifetime of 30 ns and 20 ns was
observed for DPAANCN and CzAnCN, respectively. The transient PL decays in thin films

resemble those measured in toluene, implying a similar hybrid emissive state in the solid-state

(Figure 8).
a b.
14
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© ——CzAnCN 0.1 ——CzAnCN
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Figure 8. a) PL spectra and b) Transient PL decay curves of DPAAnCN and CzAnCN in 10

wt% doped PMMA films (Aexe = 378 nm).
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DPAAnCN CzAnCN
Hexane Apr? (nm) 506 452
Dp* /% 69.8 (47) 63.0 (28)
TpL® /NS 26.3 (98%) 22.3 (99%)
858 (2%) 760 (1%)
Toluene ApL?/nm 588 520
Dp® /% 43.2 (37.5) 37 (14.7)
TpL /NS 30.1 20
MeCN Ap 2 /nm 638 581
Dp° /% 6.7 (6.3) 5.7(2.9)
TpL /NS 8.3 8.5
Thin Film¢ ApL/nm 580 504
DOpd/ % 57 44
TpL ¢/ 1S 29.5 (99%) 22.4 (99%)

584.2 (1%)

228.6 (1%)

2 Emission maxima reported from degassed solutions. ® 0.5 M quinine sulfate in H,SO, (aq) was

used as the reference (®@pr: 54.6%).2° Values quoted are in degassed solutions, which were

prepared by five freeze-pump-thaw cycles. Values in parentheses are for aerated solutions, which

were prepared by bubbling with air for 5 minutes. ¢ Thin films were prepared by spin-coating 10

wt% doped samples in PMMA. ¢ Values determined using an integrating sphere, degassing was

done by N, purge. ¢ Values in parentheses are the pre-exponential weighting factors.

Time-Resolved Electron Paramagnetic Resonance
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In order to investigate in detail the nature of the excited triplet states predicted by, EDAT S S1x

DFT calculations of DPAAnCN and CzAnCN we carried out time-resolved EPR (TREPR)
spectroscopy with microsecond time resolution. Thanks to its high sensitivity and selectivity,
TREPR spectroscopy is well suited to detect and unambiguously distinguish different triplet
states.?® In Figure S3 we report the TREPR spectra acquired at 80 K after a visible laser pulse
on samples of DPAAnCN and CzAnCN in toluene solution. Both spectra are composed of a
broad band extending for about 1200 Gauss with a peculiar absorptive/emissive character

typical of excited triplet states generated by intersystem crossing (ISC).

By performing the best-fit spectral simulations of both spectra, we obtain the D and E
parameters, which define the dipolar interaction between the two unpaired electrons of the
triplet state (Table S3).2” In particular, the D value is inversely proportional to the average
distance of the unpaired electrons of the triplet state and can therefore provide information
regarding triplet state delocalization. In DPAANCN, from the simulation we observe the
presence of two triplet excited states, a localized one (D = 610 Gauss, red line) and a
delocalized one (D = 245 Gauss, green line). We can attribute the localized triplet to the
calculated T, state, which has essentially a LE character (hole-electron densities overlap ¢g
larger than 0.8 for both compounds), while the delocalized triplet state is associated to the
calculated T state, which has a HLCT character and whose unpaired electrons are on average
more distant (¢ps=0.58). In CZAnCN sample, a broad and intense signal with a D value of 690
Gauss is observed that is associate with the LE T, state. The T, triplet is not detectable via
TREPR either due to its fast decay time compared to TREPR time resolution or its much lower

intensity compared to T, state.

16
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The TREPR analysis corroborates the nature of the T, and T, triplet states predicted B s 2ex
calculations and confirms that the transition between S; and T, is feasible and not symmetry

forbidden thereby suggesting an alternative pathway for RISC from the T) state.

Electrochemical Properties.

The electrochemical behaviour of DPAAnNCN and CzAnCN was studied by cyclic
voltammetry in degassed acetonitrile with tetrabutylammonium hexafluorophosphate as the
supporting electrolyte. The cyclic voltammograms (CVs) are shown in Figure 9 and the data
are summarized in Table 2. Both emitters exhibit highly reversible reduction waves associated
with the cyanoanthracene moiety. The increased conjugation of the DPA donor influences the
reduction potential slightly, pushing it cathodically from -1.22 V for CZAnCN to -1.27 V for
DPAARCN. The oxidation waves of DPAAnCN and CzAnCN were found to be irreversible.
This is not surprising as the carbazole radical cation has been reported to be electrochemically
unstable and undergoes dimerization.?® Similarly, the DPA group has been shown to exhibit
irreversible oxidation.?? By changing the donor strength, the HOMO levels (-5.68 eV for

DPAANCN and -5.99 eV for CzAnCN) can be moderately tuned as would be expected,

Published on 28 January 2020. Downloaded by University of Oxford on 2/9/2020 1:33:11 PM.

resulting in electrochemical gaps of 2.84 and 2.48 eV, respectively, for CzZAnCN and

DPAARCN.
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Figure 9. Cyclic voltammograms of DPAAnCN and CzAnCN in degassed MeCN (scan rate

100 mV s1).

Electroluminescent Devices.

Based on the promising photophysical properties for DPAAnCN and CzAnCN in
PMMA doped thin films, we fabricated vacuum-deposited multilayer organic light emitting
diodes (OLEDs). The optimum doping concentration and appropriate hosts were assessed by
absolute ®p; measurements (Table S4 ESI). Vacuum-deposited 10 wt% doped films of
DPAARNCN and CzAnCN in mCP [1,3-bis(carbazol-9-yl)benzene] exhibited ®p; of 56% and
45%, respectively. Energy level diagrams and chemical structures of all the materials used in
the device fabrication are shown in Figure 10. For the OLED (Device VA) with DPAAnCN
as the emitter, the following architecture was employed: ITO/ NPB (50 nm)/ DPAAnCN:mCP
(10 wt%, 20 nm)/ TPBi (50 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 transporting layer (HTL), mCP was used
as a host material and 2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi)

was used as an electron transporting layer (ETL). mCP has been widely used as a host material

18
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due to its sufficiently high lying triplet state (2.9 ¢V).** For the OLED (Deviceg, VB).Wi

CZAnCN as the emitter, a modified device architecture was used: ITO/ NPB (30 nm)/ TCTA
(20 nm)/ mCP (10 nm)/ Cz-AnCN:mCP (10 wt%, 20 nm)/ DPEPO (10 nm)/ TPBi (50 nm)/
LiF (1 nm)/ Al (100 nm), where tris(4-carbazoyl-9-ylphenyl)amine (TCTA) was incorporated
as an additional hole transporting and electron blocking layer. For this device we used electron
and hole blocking layers comprised of mCP and DPEPO  [(bis[2-
(diphenylphosphino)phenyl]ether oxide] respectively, in order to confine the exciton

recombination zone within the EML.
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Figure 10. Device architecture and chemical structures of the materials used.

The electroluminescence properties of the vacuum deposited devices are shown in
Figure 11 and the performances are summarized in Table 4. Device VA exhibited yellow
emission with Ag; of 570 nm and CIE coordinates of (0.42, 0.46) while device VB showed a

sky-blue emission with Ag; of 510 nm and CIE coordinates and (0.25, 0.48). Device VA

19
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exhibited excellent performance, with a maximum current efficiency of 19.0 cd/A, pOWEE s iex
efficiency of 12.9 Im/W, and EQE.x of 6.0% (5.5% at 100 cd/m?). A low turn-on voltage of
3.4 V and a maximum luminance of 11,230 cd/m? were observed. Device VB performed less
well, giving a maximum current efficiency of 12.0 cd/A, power efficiency of 9.0 Im/W and
EQE 1ax 0£4.0% (3.5% at 100 cd/m?). A comparably low turn-on voltage of 3.2 V and a reduced
maximum luminance of 9,000 cd/m? were also observed. The superior performance of device
VA, employing DPAARCN as the emitter, exceeds the theoretical limit for the EQE (5%) in a
fluorescent-emitter OLED, which implicates the utilization of both singlet and triplet excitons.
Device VA exhibited a low efficiency roll-off, implying low rates of TTA and TPA in the
device. Device VB exhibited a relatively lower turn-on voltage and higher current densities as
compared to Device VA, which could be attributed to better charge transport in Device VB due
to the intermediate TCTA layer reducing the hole injection barrier between the HOMOs of
NPB and mCP (Figure 10). The performance of Device VA is amongst the best performing
HLCT OLEDs, particularly for yellow/red emitters. Moreover, such a high EQE,., was
obtained by using a simple three-layered device architecture. To the best of our knowledge,
only NZ2Ac (Figure 1) shows a slightly better EQE,,x of 6.2% amongst the reported
yellow/red HLCT emitters.!> However, this higher EQE,,,, for NZ2Ac required a more

complex multilayer device architecture.
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Figure 11. a) Current density-voltage-luminance characteristics; b) EQE vs Current density;

c¢) Normalized EL spectra; and d) Luminance vs current density characteristics of vacuum-

processed EL devices with DPAAnNCN (Device VA) and CzAnCN (Device VB) as emitters.

Assuming a recombination efficiency of unity, an outcoupling efficiency, @, of 20%

and taking ®p; of 56% in mCP, Device VA exhibited an exciton utilization efficiency, @, of

54%, which is far superior to the upper limit of 25% implicated for a fluorescent molecule

according to spin statistics. Using the same approach, Device VB exhibited @, of 45%,

likewise greater than the maximum expected for an OLED based on a fluorescent molecule. In

order to explain the reason behind the high exciton utilization efficiency in the OLEDs using

DPAARNCN and CzAnCN, we evaluated whether these compounds were emitting via either

TTA or TADF in the device. The pseudo-linear relationship between luminance and current

density (Figure 11d) demonstrated that TTA is not operational in the devices. Temperature-
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dependent transient PL measurements of DPAAnNCN and CzAnCN (10 wt% doped in mCPBY<55iex
did not show any enhancement in the delayed component of the emission decay (Figure S2,
ESI). This, coupled with a AEgrof ca. 0.75 eV and a nearly similar T,-T, energy difference for

both compounds as predicted by theoretical calculations, ruled out the possibility of TADF.

Table 4. Summary of electroluminescence properties for devices based on DPAAnCN and

CZAnCN.

Device Von? Ae®  Luminance,, EQE,...¢ CE, ¢ PE,..¢ CIE¢
(emitter) /v /nm Jedm?  (@100cd/m)  /ed AT /ImW' /(%)

/ %
Device VA 3.4 570 11230 6.0 (5.5) 19.0 12.9 (0.42,
(DPAANCN) 0.46)
Device VB 3.2 510 8450 4.0 (3.5) 12.0 9.0 (0.25,
(CzAnCN) 0.48)

3 Measured at 1 cd/m?2. ® Emission maxima at 1 mA/cm?. © Maximum efficiencies at 1 cd/m?. ¥ Commission
Internationale de I'Eclairage coordinates at 1 mA/cm?.

We next explored whether the enhanced EQE was the result of improved light
outcoupling due to non-isotropic orientation of the emitters with the emissive layer. We
performed angle-resolved PL spectroscopy of thin films of 10 wt% doped DPAAnCN and
CzAnCN in mCP vacuum-deposited on glass substrates (more information about these
measurements in the ESI).3! These measurements revealed an isotropic orientation of both
emitters in the films, and thus there is no enhanced light outcoupling and @, ~ 20% can be

assumed (Figure S14, ESI).

We therefore propose that the enhanced exciton utilization stems from a non-
equilibrium RISC process involving a higher-lying triplet excited state in resonance with S;.
Upon recombination of holes and electrons within the EML, both singlet and triplet excitons

form and normally, in a dense manifold of singlet or triplet excitons, these excitons rapidly and
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non-radiatively decay via IC to either the S or 7 states, respectively. However, if the enctd s i
difference between higher-lying triplet states (7},) and a corresponding singlet excited state is
sufficiently small, as is the case for HLCT states, and the transition between the two is not
symmetry-forbidden (El-Sayed’s rule),?? then RISC can conceivably compete with IC (Figure
4),33 providing a pathway for triplet exciton utilization despite a large AEg;.t;.3* TDA-DFT
calculations for both DPAAnCN and CzAnCN show that AE(T, - T;) is large while AE(T, -
S1) is vanishingly small, and that each of these states possesses a different degree of mixed CT
and LE (HLCT) character thereby mitigating the constraints imposed by El Sayed’s rule
leading to non-vanishing spin-orbit coupling. Though we have no direct experimental evidence
for the hot exciton channel mechanism, our computational results indicate that the two
compounds fulfil the energetic requirements for a 7, to S intersystem crossing competing with
the spin-conserving 7 to 7 internal conversion. This result is further corroborated by TREPR
spectroscopy, which shows that the ISC pathway from S, to T, is allowed. In view of the high
exciton utilization efficiency observed and after having ruled out other possible mechanisms
such as TADF, TTA and enhanced light outcoupling, we conclude that the hot RISC process

should occur on shorter or comparable timescales than energy relaxation in the triplet manifold.

Published on 28 January 2020. Downloaded by University of Oxford on 2/9/2020 1:33:11 PM.

This is an unusual finding that is expected to be specific to the molecular architectures studied

here and deserves further (kinetic) studies.

Concluding remarks.

We have synthesized and characterized two new emitters bearing a cyanoanthracene
acceptor core and either DPA or Cz donors. Vacuum-deposited devices exhibited excellent
performance with exciton utilization efficiencies > 50% and EQE.x > 5%, largely surpassing
the spin statistics limits. These are very unexpected results, as both conventional TADF from

the thermalized triplet population and triplet-triplet annihilation are inactive, very likely owing
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to an unfavourable S;-7) energy gap. In contrast, our computational work and TRERR, anal§/8i8 5 22k
suggest that a higher-lying 75, triplet excited state with HLCT character could be involved in
the reversible singlet-to-triplet conversion. We thus speculate that a “hot exciton” channel is
operational here, which rests on the hypothesis that RISC from 7, to §; outcompetes internal
conversion from the largely energetically spaced 7; and T} states. In favour of this hypothesis,
we note that the slightly different nature of the 7, and S) excited states and their quasi
degeneracy should prompt high spin conversion rates. It is also likely that internal relaxation
from 73 to T is slowed down by the different equilibrium geometries of the two triplet states
associated with their very different character, besides their large energy separation. Namely,
the non-radiative recombination could possibly proceed through a conical intersection
involving a large amplitude torsional relaxation, which would be hindered in the solid as
characterized by a too large activation energy. We are currently exploring these hypotheses,
combining ab initio surface potentials and non-adiabatic molecular dynamics simulations (to
model triplet internal conversion) with pump-probe spectroscopy. Irrespective of the outcome
of the ongoing investigations, we conclude that the grafting of the cyano group onto the
anthracene-based acceptor in DPAAnCN and CzAnCN is key to prompt the formation of
HLCT states and to drive a Jablonski energy diagram offering potential for hot exciton

processes to bypass spin statistics for singlet emission.
Supporting Information.

Synthesis, X-ray crystallography (1960941-1960942), Lippert-Mataga model,
supplementary optoelectronic measurements, computational data, NMR spectra, HRMS,

HPLC and EA reports.
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