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Introduction

Near-infrared organic light-emitting diodes (NIR-OLEDs)' are
receiving a great deal of attention due to their potential applications
in broad-band optical communications, night-vision technologies,
and among others. In general, the emission in NIR-OLEDs origi-
nates from the radiative relaxation of excitons crossing the inherent
low HOMO-LUMO gaps of NIR dyes and polymers.> However,
organic NIR-emitting materials are scarce because low HOMO-
LUMO gaps favour non-emissive deactivation pathways,® and also,
many of the low HOMO-LUMO gap organics possess limited
photo- and chemical stability.

An alternative way to fabricate NIR-OLEDs without the use of
NIR emitters consists of exploiting the exciplex-based emission
that originates at organic heterojunctions® between p-type and
n-type materials. In this case, the emission is the result of the
radiative decay of a charge pair exciton formed between the
LUMO of the n-type material and the HOMO of the p-type
material. Therefore, the emission of low energy photons can be
achieved by a careful selection of stable organic semiconductors.
For example, red-*” (670 nm) and NIR-emitting®*® (816 nm) exciplexes
have been obtained from green 5,6,11,12,17,18-hexaazatrinaphtylene
(HATNA) emitters (S-HATNA and twisted-HATNA, respectively) - a
family of electron-conducting N-containing starphenes - combined
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Fig. 1 Structure of HATNA and TFB.

with hole-conducting poly(9,9"-dioctylfluorene-ait-N-(4-butylphenyl}-
diphenylamine) (TFB) (Fig. 1).

In analogy to linear systems,>”® extending the conjugation
of HATNA by condensing additional rings will provide materials
with lower LUMO levels and thus, heterojunctions with deeper NIR
luminescence. Yet, such extended starphenes are very insoluble”
and thus difficult to synthesise, purify and characterise because of
their great tendency to aggregate through n-n and van der Waals
interactions. This lack of solubility also hampers the preparation of
blends with other p-type materials and consequently processing
thereof by means of low-cost and large-area liquid deposition
methods.

In this work, we report the synthesis of twisted 7,8,15,16,23,24-
hexaazatrianthrylene (twisted-HATANT) (Scheme 1), an extended
member of the N-containing starphene family. While, starphenes
with an equal number of fused rings are virtually insoluble,”*”
twisted-HATANT shows a high solubility because of the distorted
n-system and the six triisopropylsilyl (TIPS) substituents. The
enhanced solubility of twisted-HATANT allows the preparation of
blends with TFB and the deposition thereof by liquid methods.
Furthermore, twisted-HATANT/TFB organic heterojunctions show
NIR electroluminescence arising from the exciplex at substantially
higher wavelengths (848 nm) than those previously reported*> for
HATNA heterojunctions.

This journal is © The Royal Society of Chemistry 2015
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Scheme 1 Synthesis and structure of twisted-HATANT.

Results and discussion

Synthesis and structure

The synthesis of twisted-HATANT was achieved following the
synthetic route set out in Scheme 1. Even if naphthalenediamine 1
has been previously reported,® we have developed an alternative
synthetic route. First, dibromothiadiazole 2 was prepared from
the commercially available 1,2-naphthalenediamine in two
steps following reported procedures.’ Then, 2 was transformed
into acetylene-substituted thiodiazole 3 by Stille coupling. The
reduction of the thiadiazole ring of 3 with LiAlH, provided
diamine 1.® Finally, twisted-HATANT was obtained by cyclo-
condensation of 1 with 1,2,3,4,5,6-hexaketonecyclohexane in
refluxing acetic acid. The yield of twisted-HATANT is low (3%) in
comparison to the structurally equivalent twisted-HATNA®
(32%). This low yield is consistent with the lower nucleophilicity
of diamine 1, a recent report describes the formation of the linear
diketone'® as a side but major product, and the difficult purifica-
tion, which reflect that both the synthesis and purification of
twisted-HATANT are quite challenging.

DFT calculations using a B3LYP-6-31g(d,p) Hamiltonian"!
reveal a propeller-like structure for twisted-HATANT (Fig. 2),
consistent with the previously reported crystal structure® of
twisted-HATNA. Most importantly, the calculations evidence a
higher average twist angle between blades of 67° (65°, 68° and
69° for each blade) in comparison to the calculated twist angles
of twisted-HATNA (64°) at the same level. The twist angle
between blades is defined as the torsion angle between carbon
A, B, C and D (Fig. 2). The higher level of distortion can be
rationalised in terms of the more strained structure of HATANT
due to the additional annulated ring.

Fig. 2 DFT-calculated structure and twist angles of twisted-HATANT.
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Optical and electrochemical characterisation

The colour of twisted-HATANT is old brick red with a red photo-
luminescence. The absorption features of twisted-HATANT in
CHCl; (maxima at 319, 331, 401, 556, and 597 nm) correspond
to those of previously reported® for twisted-HATNA but as
expected they appear to be substantially red-shifted, as much
as 138 nm (Fig. 3 and Fig. S4, ESIt). The photoluminescence
spectrum of twisted-HATANT in CHCI; obtained by excitation at
400 nm reveals a featureless band centred at 636 nm with a
shoulder at 687 nm that extends into the NIR up to 820 nm
(Fig. 3). The photoluminescence of twisted-HATANT is also
substantially red-shifted (132 nm) in comparison to twisted-
HATNA® (Fig. S4, ESIY).

To shed light on the nature of the electronic transitions
of twisted-HATANT, the lower energy singlet excited states
were calculated using the program Gaussian 09'' using time-
dependent density functional theory (TD-DFT B3LYP-CHCl;-6-
31g(d,p)). From TD-DFT it is found that all excited states are
singlets (transitions involving triplets were found to be optically
inactive). The TD-DFT model computes the experimental band
centred at 597 nm as a HOMO — LUMO transition at 715 nm.
The experimental band centred at 556 is calculated as the
sum of two electronic transitions: HOMO—1 — LUMO and
HOMO—-2 — LUMO at ~680 nm. The experimental band at
401 nm is calculated as the sum of several transitions from
HOMO-1 and HOMO-2 to LUMO+1 and LUMO+2 that range from
528 to 537 nm. This arises from the fact that HOMO—1/HOMO—2
and LUMO+1/LUMO+2 couples are, respectively, nearly degenerated
with AE < 8 meV.

Cyclic voltammograms of twisted-HATANT (0.1 M nBu,PF, in
CH,Cl,) exhibit two reduction waves at E,,, = —0.66 and —0.95 V
(Fig. 4), which were assigned to the radical-anion and the
dianion in analogy to phenazine derivatives.'> When the scans
were performed close to the reduction of the solvent-supported
electrolyte an additional irreversible curve was observed with
peak potential Ep. = —1.64 V from which an additional process
evolved with peak potential E,, = —1.16 V on the reverse scan.
On the oxidative scan, no redox processes were observed within
the solvent-supported electrolyte window.
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Fig. 3 Absorption and photoluminescence spectra of twisted-HATANT.
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Fig. 4 Cyclic voltammogram of twisted-HATANT.
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Fig. 5 Molecular orbitals of twisted-HATANT.

Energy levels

The HOMO-LUMO gap of twisted-HATANT (1.9 eV) was estimated
from the absorption onset. The electrochemical LUMO of twisted-
HATANT (—3.8 eV) was estimated from the potential onsets of the
first reduction waves. The theoretical estimation, B3LYP-CHCL;-6-
31g(d,p), of the HOMO-LUMO gap (2.1 eV) and the LUMO
(—3.4 eV) are in good agreement with the HOMO-LUMO gap
and the LUMO estimated experimentally. In the simulations, both
HOMO and LUMO are delocalised along the HATANT core.
Nevertheless the HOMO coefficients are larger in the points (the
naphthyl residue) of twisted-HATANT, while larger coefficients are
found in the central ring for the LUMO (Fig. 5).

Electroluminescence

OLEDs incorporating a blend of twisted-HATANT :TFB (1:1)
were fabricated with the device structure shown in Fig. 6. On an
ITO electrode, a PEDOT:PSS layer (70 nm) followed by a twisted-
HATANT:TFB layer (95 nm) were deposited via spin coating. On
top of which, a Ba cathode (5 nm) and a silver contact (70 nm)
were evaporated, consecutively. The electroluminescence spec-
trum and the current and radiance versus voltage characteris-
tics of the OLEDs were recorded and are shown in Fig. 7 and 8.
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Fig. 8 Current and irradiance versus voltage characteristics of twisted-
HATANT:TFB.

The electroluminescence spectrum displays a structureless
emission band centred at 848 nm (1.46 eV). This is consistent
with the emission of an exciplex state estimated at 1.5 eV from
the individual HOMO of TFB** and LUMO of twisted-HATANT.
Importantly, no emission from twisted-HATANT or TFB was
detected. The LEDs show a turn on voltage of about 2 V and an
irradiance of 6.3 uW cm™> at a current density of 100 A m >
with an external quantum efficiency (EQE) of 0.0012% (inset
Fig. 8). Although these values seem to be low, they are within

This journal is © The Royal Society of Chemistry 2015
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the expectations™ for LEDs with emission at similar and lower
energies and in agreement with the energy gap law.’

Experimental
Synthetic procedures

Reagents for synthesis were, if not otherwise specified, purchased
from Aldrich, Fluka or Acros. Commercial chemicals and solvents
were used as received. Anhydrous chloroform from Sigma-Aldrich
was used as purchased. Anhydrous THF was dried using an Inno-
vative Pure Solve solvent purification system. Column chromato-
graphy was carried out using Silica gel 60 (40-60 um) from Scharlab.
Analytical thin layer chromatography (TLC) was carried out using
aluminum sheets (20 x 20 cm) pre-coated with silica gel RP-18W 60
F254 from Merck. UV-active compounds were detected using a
UV-lamp from CAMAG at wavelength 4 = 254 or 366 nm. NMR
spectra were recorded on a Bruker Avance 400 spectrometer at
298 K using partially deuterated solvents as internal standards.
Matrix Assisted Laser Desorption Ionization (coupled to a Time-Of-
Flight analyzer) experiments (MALDI-TOF) were recorded on a
Bruker REF LEX spectrometer in POLYMAT by Dr Antonio Veloso.
Absorption and emission spectra were recorded on a Perkin-Elmer
Lambda 950 spectrometer and a LS55 Perkin-Elmer Fluorescence
spectrometer, respectively. Electrochemical measurements were
carried out on a Princeton Applied Research Parstat 2273 in a
3-electrode single compartment cell with a Pt disc working electrode
(& = 0.5 mm), a platinum wire counter electrode (& = 0.5 mm) and
a silver wire pseudoreference electrode. The cell and the electrodes
were custom made. The reduction potentials were referred to SCE
using ferrocene (Fc) as internal reference (E55°C) = +0.48 V) after the
measurements.

Compound 3. Compound 2° (150 mg, 0.43 mmol, 1.0 eq.)
and Pd(PPh;),Cl, (45 mg, 0.06 mmol) are dissolved in dry
toluene (10 mL) and then TIPS ((tributylstannyl)ethynyl)silane
(616 mg, 1.31 mmol, 3 eq.) is added. The reaction is stirred at
110 °C for 48 h under nitrogen. CH,Cl, was added to the
reaction mixture and washed with water (50 mL), brine (50 mL)
and water (50 mL). The organic layer was dried over MgSO,,
filtered and the solvents evaporated. Column chromatography on
silica (eluent mixture, hexane/CH,Cl,, 4:1) was carried out. The
main fractions were precipitated, the precipitate was filtered and
a bright pink solid was obtained (104 mg, 48%). 'H NMR (CDCl,):
8.60-8.54 (q, 2H), 7.61-7.53 (q, 2H) and 1.32-1.23 (m, 42H).
'H-NMR is consistent with previous reports.*

twisted-HATANT. Compound 3 (100 mg, 0.18 mmol) is
dissolved in dry THF under nitrogen and the solution is cooled
down to 0 °C. Lithium aluminium hydride (60 mg, 1.57 mmol,
8.6 eq.) is added portionwise and the reaction is stirred over-
night at room temperature. Ammonium chloride (aq.) is slowly
added and the product is extracted with CH,Cl,. The organic
phase is dried over sodium sulfate and evaporated yielding
compound 1. "H-NMR of compound 1 is consistent with previous
reports.* Compound 1 (3.1 eq.) and 1,2,3,4,5,6-hexaketocyclo-
hexane octahydrate (20 mg, 62 pmol, 1.0 eq.) are suspended in
acetic acid (5 mL) and the mixture is bubbled with nitrogen for

This journal is © The Royal Society of Chemistry 2015
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20 minutes. The reaction is refluxed for 48 h under nitrogen. The
mixture is dissolved in CH,Cl, and washed with water (3 x 25 mL).
The organic phase is dried over sodium sulfate and evaporated.
Column chromatography on silica (eluent mixture, hexane/CH,Cl,,
8:1) was carried out. The product was isolated as dark powder
(10 mg, 3%). *H NMR (CDCl,): 8.86-8.79 (q, 6H), 7.80-7.73 (q, 6H)
and 1.23-1.18 (m, 126H); *C NMR (CDCl,): 143.62, 140.90, 135.74,
128.56, 127.94, 122.97, 109.57, 102.64, 19.13 and 11.88; EM
(MALDI-TOF) (m/z): calculated for C;o,H;35NeSis: 1615.96; found:
1616.99 [M + H]" and 1638.98 [M + Na]'; UV-vis (log¢): 401 (5.06),
419 (4.96), 556 (3.95), 597 (3.88).

OLED fabrication

The sandwiched OLEDs were prepared as follows: the pre-patterned
ITO glass plates were extensively cleaned, using water-soap, water
and 2-propanol baths and UV-ozone treatment, just before the
deposition of the thin films. Prior to the deposition of the active
layer, an 80 nm layer of poly(3,4-ethylenedioxythiophene) poly-
styrene sulfonate (PEDOT:PSS, CLEVIOS™ P VP Al 4083, aqueous
dispersion, 1.3-1.7% solid content, Heraeus) was deposited.
Subsequently, the twisted-HATANT : TFB blend was deposited by
spin-coating using 10 mg mL™" (1: 1 mass ratio) of chlorobenzene
solution, which yields a 90 nm thick layer. The film thickness was
determined using an Ambios XP1 profilometer. After spinning the
organic layers, the samples were transferred to an inert atmosphere
glovebox (<0.1 ppm O, and H,O, MBraun). Barium (5 nm) and
silver (70 nm) were thermally evaporated using a shadow mask
under a vacuum (<1 x 10~ °® mbar, 1 bar ~ 100000 Pa) using an
Edwards Auto500 evaporator integrated into an inert atmosphere
glovebox. I-V-L measurements were obtained by applying a voltage
scan over the device and monitoring the current flow (using a
Keithley 2400 sourcemeter) and simultaneously the current gener-
ated by a Si-photodiode (Hamamatsu S1336-8BK) using a Keithley
6485 picoamperometer calibrated using a Minolta LS100 lumi-
nance meter. The electroluminescence spectra were recorded using
an Avantes AvaSpec-2048 Fiber Optic Spectrometer.

Conclusions

We have reported the synthesis and characterisation of twisted-
HATANT, an extended and distorted member of the N-containing
starphene family. In contrast to starphenes with an equal number of
rings,”*” twisted-HATANT is highly soluble in organic solvents, which
allowed a complete characterisation (including absorption, emis-
sion, and cyclic voltammetry) and the estimation of its electronic
properties. Calculations carried out at the DFT level illustrate the
distorted nature of twisted-HATANT and also provide a detailed
perspective on the nature of the observed optoelectronic properties.
Furthermore, the enhanced solubility of twisted-HATANT allowed
the preparation of blends with TFB and the deposition thereof by
spin coating. OLEDs fabricated from such blends show NIR electro-
luminescence that originates from the exciplex at the twisted-
HATANT/TFB heterojunction. The electroluminescence appears at
substantially higher wavelengths (centred at 848 nm) than for
previously reported”® heterojunctions with HATNA derivatives

J. Mater. Chem. C, 2015, 3, 9170-9174 | 9173
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and is consistent with the extended conjugation of the HATANT
core. Overall this work illustrates that electron-deficient
N-containing starphenes can be considered a general platform
to prepare and fine-tune the properties of exciplex-based
NIR-OLEDs.
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