Accepted Manuscript

Efficient near-infrared emission based on donor-acceptor molecular architecture: The §##)
role of ancillary acceptor of cyanophenyl |

Xiaohui Tang, Xiang-Long Li, Haichao Liu, Yu Gao, Yue Shen, Shitong Zhang, Ping
Lu, Bing Yang, Shi-Jian Su, Yuguang Ma

Pl S0143-7208(17)31990-3
DOI: 10.1016/j.dyepig.2017.10.033
Reference: DYPI 6331

To appearin:  Dyes and Pigments

Received Date: 20 September 2017
Revised Date: 20 October 2017
Accepted Date: 20 October 2017

Please cite this article as: Tang X, Li X-L, LiuH, Gao Y, Shen Y, Zhang S, Lu P, Yang B, Su S-J, Ma Y,
Efficient near-infrared emission based on donor-acceptor molecular architecture: The role of ancillary
acceptor of cyanophenyl, Dyes and Pigments (2017), doi: 10.1016/j.dyepig.2017.10.033.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.dyepig.2017.10.033

EQE (%)

EL intensity

580 620 660 700 740 780
Wavelength (nm)

100

200 300 400 500 600
Current density (mA cm'z)




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Efficient Near-infrared Emission Based on Donor-acceptor M olecular

Architecture: the Role of Ancillary Acceptor of Cyanophenyl

Xiaohui Tang!® Xiang-Long Li,® Haichao Lit? Yu Gao? Yue Sherf, Shitong Zhan{,
Ping Lu®Bing Yang;® Shi-Jian SU° and Yuguang Ma

T: these authors contributed equally to this work

% State Key Laboratory of Supramolecular Structure and Materials, Jilin University, Changchun,

130012, P. R. China.

® Sate Key Laboratory of Luminescent Materials and Devices, Institute of Polymer Optoelectronic

Materials and Devices, South China University of Technology, Guangzhou, 510640, P. R. China.

Corresponding Author

Bing Yang E-mail:_yangbing@jlu.edu.cn

Shi-Jian Su E-mail: mssjsu@scut.edu.cn

Abstract: Herein, a new near-infrared (NIR) material,
4-(9-(4-(diphenylamino)phenyl)naphtho[2cB41,2,5]thiadiazol-4-yl)benzonitrile
(TPA-NZC), was designed and synthesized with theorporation of an ancillary
acceptor (cyanophenyl) into the donor-acceptor (Dvlecular backbone of a red
emitter TPA-NZP (4,9-diphenylnaphtho[2¢§4,2,5]thiadiazole). Compared with
TPA-NZP, TPA-NZC exhibits an NIR emissiolfx = 710 nm) with a large redshift,
as well as a maintained photoluminescence effigiéng) of 17% in film. Moreover,
the non-doped OLED based on TPA-NZC emitter exhiait excellent NIR emission
at 702 nm with a maximum EQE of 1.2%, while theelbpevice achieves a deep-red
emission at 656 nm with a maximum EQE of 3.2%. Tk further verifies the

reliability of “hot exciton” and hybridized localnd charge-transfer state (HLCT)
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mechanism, as well as provides a strategy to desigarrow bandgap light-emitting

material by introducing cyanophenyl as an ancilicgeptor in D-A systems.

Keywords. Near-infrared; hybridized local and charge-transftate; hot exciton;

cyanophenyl; OLEDs

1. Introduction

The development of near-infrared (NIR) light-emigti materials has aroused increasing
interests, due to their important applications iangn fields, such as organic light-emitting
diodes (OLEDs), chemical sensors, biological imggimformation security, night-vision
devices and so on [1-5]. However, NIR light-emitimaterials with high photoluminescence
(PL) efficiency (r.) are still relatively scarce compared to green hhee emitters. For
high-efficiency NIR light-emitting materials, a gitechallenge is from the intrinsic limitation
of the energy gap law, which tends to acceleraetin-radiative decay with a narrow energy
gap, arising from the intensified vibrational oegrlbetween excited state and ground state.
Both phosphorescent (e.g. iridium and platinum inatganic complexes) and fluorescent
emitters are subject to this vibrational quencHhiygthe energy gap law [6]. Generally, the
phosphorescent metal complexes showed better PL erdtroluminescence (EL)
performance than fluorescent narrow-bandgap emjtéer a result of the enhanced spin-orbit
coupling from heavy atom effect, enabling the &xlkergy utilization of both singlet and triplet
excitons [7-9]. More importantly, rational designgdre-organic fluorescent materials could
also efficiently utilize the electro-triplet excitp which is more promising in realizing
superior comprehensive performance comparing to rietal-complexes, due to the
advantages of structure richness, easy modificaltbon cost, good device stability and so on.
Recently, the discovery of several new mechanissush as thermally-activated delayed
fluorescence (TADF) [10-23], triplet-triplet anriddion (TTA) [24,25], hybridized local and
charge-transfer state (HLCT) and “hot exciton” [24}; greatly promotes the development of
NIR OLEDs based on metal-free organic fluorescewt Daterials. The combination of “hot
exciton” and HLCT shows the unique advantages iR Ruorescent OLEDs. On the one

hand, the HLCT state rationally combines the lgealcited (LE) state and charge-transfer
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(CT) state, which is mainly responsible for high FRifficiency, especially for NIR
narrow-bandgap materials. Molecules exhibiting HLSEdtes usually adopt the D-A structure,
in favor of the balanced charge injection and chargnsport [35]. On the other hand, “hot
exciton” mechanism mainly contributes to high eswittilization in NIR OLEDs. The typical
characteristic of energy level structure includearge energy gap between the first triplet
state (T) and the second triplet {JTstate, together with a small energy splittingnesn T
and singlet state (S n>1), which cooperatively promotes the singlet excifwoportion
through reverse intersystem crossing (RISC) aldmg éxciton” channel. The “hot exciton”
mechanism can effectively suppress the accumulatidong-lifetime T, exciton, alleviating
the triplet-triplet concentration quenching. Thitds very feasible to obtain highly efficient
fluorescent NIR OLEDs with “hot exciton” and HLCTezhanism.

Naphtho[2,3€][1,2,5]thiadiazole (NZ) group is commonly employad an acceptor for
narrow-bandgap D-A materials, due to its strongtede-withdrawing capability. Moreover,
its unique energy level distribution accords wittot exciton” characteristics [36]. It has been
reported that the excited state properties of Naligris modulated by introducing a donor
group, achieving “hot exciton” and HLCT simultansbu [37-39]. Cyanophenyl is a
commonly-used auxochrome in the field of optoetmuts, which shows both
electron-withdrawing and conjugation effect [40-4i8] this contribution, cyanophenyl as an
ancillary acceptor is attached to NZ group for ahhi efficient NIR material,
4-(9-(4-(diphenylamino)phenyl)naphtho[2:81,2,5]thiadiazol-4-yl)benzonitrile (TPA-NZC),
in which triphenylamine (TPA) acts as donor and
4-(naphtho[2,3][1,2,5]thiadiazol-4-yl)N,N-diphenylaniline (NZC) serving as a strong
acceptor. Both experimental and theoretical regsidteonstrate the “hot exciton” and HLCT
characteristic of TPA-NZC molecule. The non-dopdR RLEDs based on TPA-NZC emitter
achieves a maximum external quantum efficiency (EQEL.2% with an EL wavelength at
702 nm, while the doped device obtains a maximurk B3.2% with a deep-red EL at 656
nm.

2. Experimental section

2.1. General: The *H and *C NMR spectra were recorded on AVANCE 500
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spectrometers at 500 MHz and 125 MHz respectivaiijizing tetramethylsilane
(TMS) as a standard. The compounds were charaeteriyy a FlashEA 1112,
CHNS-O elemental analysis instrument. The MALDI-FMIS mass spectra were
recorded using an AXIMA-CFRTM plus instrumeiithe Fourier transform infrared
spectroscopy FTIR spectra of TPA-NZC and M2 weoorged as KBr disks at room
temperature by a Bruker VERTEX 80V FT-IR spectraneequipped with a DTGS
detector at a resolution of 4 €m

2.2. Photophysical measurements. UV-vis absorption spectra were recorded on a
UV-3100 spectrophotometer. Fluorescence measuremeeate carried out with a
FLS980 Spectrometer. The NIR measurement was peefbwith InGaAs PDA NIR
detector. The PL efficiencies in solvents are mesbswith a UV-3100 and FLS980,
relative to Rhodamine B. Steady State fluorescaepeetra, fluorescence lifetime and
guantum efficiency of solid film were carried outithv FLS980 Spectrometer.
Lifetime measurements were carried out by usingettorrelated single photon
counting method under the excitation of a laseB(@1Nm) with 68.9 ps pulse width.
2.3. Quantum chemical calculations. All the density functional theory (DFT)
calculations were carried out under Gaussian 09siwe D.01) packagel on a
PowerLeader cluster [44]. The ground-state geomeay fully optimized using DFT
with a B3LYP hybrid functional at the basis setdkeof 6-31G(d, p). The excited-state
geometry was optimized by time-dependent densitgtfanal theory (TD-DFT) with
the Cam-B3LYP functional at the same basis setl.l&\ee absorption and emission
properties were obtained by using TD-Cam-B3LYP/&@R1, p) at the ground state
and excited state geometries, respectively. The&enbl effect in Hexane were
mimicked by using the polarizable continuum modaT), in which the equilibrium
solvation method was applied for the geometry op@tion and the nonequilibrium
solvation one was used for the single-point catcahiaand the excited-state property
at the equilibrium geometry.

2.4. Electrochemical characterization: Cyclic voltammetry (CV) was performed with
a BAS 100W Bioanalytical Systems, using a glas®arardisk = 3 mm) as the

working electrode, a platinum wire as the auxiliatgctrode with a porous ceramic



113 wick, Ag/Ag" as the reference electrode, standardized for tdoxr couple
114  ferricinium/ferrocene. All solutions were purgedthvia nitrogen stream for 10 min
115 before measurement. The procedure was performecbamh temperature and a
116  nitrogen atmosphere was maintained over the solulizing measurements.

117  2.5. Thermal stability measurements. Thermal gravimetric analysis (TGA) was
118  undertaken on a PerkinElmer thermal analysis systieanheating rate of 10 °C rffin
119 and a nitrogen flow rate of 80 mL miin Differential scanning calorimetry (DSC)
120 analysis was carried out using a NETZSCH (DSC-26djrument at 10 °C mih
121 while flushing with nitrogen.

122 2.5. Device fabrication and performances. Glass substrates pre-coated with a
123 95-nm-thin layer of ITO with a sheet resistance20f2 per square were thoroughly
124  cleaned in an ultrasonic bath of acetone, isoprafwghol, detergent, deionized water,
125 and isopropyl alcohol and treated withy @lasma for 20 min in sequence. The
126  remaining layers were grown by the thermal evapmmain a high vacuum system
127  with pressure of less than 5%1®a. Electroluminescent (EL) spectra were taken by
128  an optical analyzer, Photo Research PR705. Themutensity and luminance versus
129  driving voltage (J-V-L) characteristics were measuby Keithley 2420 and Konica
130  Minolta chromameter CS-200, respectively. EQEs waleulated by assuming that
131 the devices were Lambertian light sources. All mearments were carried out at room
132  temperature under ambient conditions without endagisn except spectra collection.
133  2.6. Lippert-Mataga model: The influence of solvent environment on the atic
134  property of our compounds can be understood us$iad.ippert-Mataga equation, a
135  model that describes the interactions between dhesist and the dipole moment of

136  solute:

137 hovewy) =he(i-f) — 2 kel £ (o)

138  wheref is the orientational polarizability of solvents, is the dipole moment of
139  excited statey, is the dipole moment of ground staads the solvent cavity (Onsager)

140 radius,c andn are the solvent dielectric and the solvent refvaandex, respectively.

141  2.7. Synthesis
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All the reagents and solvents used for the syndhesre purchased from Aldrich or
Acros and used as received. All reactions wereopmd under nitrogen atmosphere.
First 4,9-dibromonaphtho[2,8{1,2,5]thiadiazole (M1) was prepared from the
commercially available 1,2-naphthalenediamine iro tateps following reported
procedures [45].

TPA-NZC was synthesized through sequential Suzukipking reactions. The
synthesis route is shown in Scheme 1. The structmm@ purity of TPA-NZC
compound are characterized by FT-IR, NMR, *C NMR, mass spectrometry and

elemental analysis.

o
W
S. HO .S, OH s

NN @ NN Q NCAQB:OH N( ;N Q
O O & O

M1 M2 TPA-NZC

Scheme 1. Synthetic route to TPA-NZC (a. M1, (4Keéinylamino)phenyl)boronic
acid, K,COs, Pd(PPHk)4, toluene, HO, reflux under M at 90°C oil bath for 48 h; b.
M2, (4-cyanophenyl)boronic acid,,&Os;, Pd(PPHh)4, toluene, HO, GHsOH, reflux
under N at 90 C oil bath for 48 h).

Synthesis of 4-(9-bromonaphtho[2,3-c][1,2,5]thiadiazol-4-yl)-N,N-diphenylaniline
(M2)

A mixture of M1 (1025 mg, 3 mmol), (4-(diphenylarajphenyl)boronic (868 mg, 3
mmol), potassium carbonate (3312 mg, 24 mmol),eiwdu(12 mL) and deionized
water (8 mL), with Pd(PR)y (104 mg, 0.09 mmol) acting as catalyst was refiuae
90 °C for 48 h under nitrogen. After the mixtureswemoled down, water (15 mL) was
added to the resulting solution and the mixture wdsacted with CECI, for several
times. The organic phase was dried over,9@. After filtration and solvent
evaporation, the liquid was purified by chromat@ima to afford amaranthine solid
(M2) (1155 mg, yield ~ 76%). mp: 190-192. FT-IR (KBr) v (cmY): 3439, 3060,
3032, 2927, 2857, 1590, 1508, 1488, 1366, 13297,18288, 1268, 1186, 889, 832,
750, 691. MS (ESI): m/z: 507.04. Found: 508.8 [M+1H NMR (500 MHz, DMSO)
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§8.40 (d, J = 9.1 Hz, 1H), 8.06 (d, J = 8.9 Hz, 1HY7 — 7.69 (m, 1H), 7.60 — 7.51
(m, 3H), 7.44 — 7.36 (m, 4H), 7.22 — 7.11 (m, 8HL NMR (126 MHz, CDGj,
o-ppm) 151.11, 148.12, 147.41, 133.10, 132.49, ¥321B0.91, 129.47, 128.65,
128.26, 127.73, 127.46, 126.60, 125.28, 123.62,9121111.02Elemental analysis.
Found: C, 66.02; H, 3.68; N, 8.13, S, 6.42. Calc.G,gH1gN3SBr: C, 66.15; H, 3.57;
N, 8.26, S, 6.31, Br, 15.72.

Synthesis of
4-(9-(4-(diphenylamino)phenyl)naphtho[ 2,3-c][ 1,2,5]thiadiazol-4-yl)benzonitrile
(TPA-NZC)

A mixture of M2 (1155 mg, 2.3 mmol), (4-cyanophebgronic acid (441 mg, 3
mmol), potassium carbonate (3312 mg, 24 mmol)etodu(12 mL), absolute alcohol
(6 ml) and deionized water (8 mL), with Pd(B2h(120 mg, 0.1 mmol) acting as
catalyst was refluxed at 90 °C for 48 h under gignn. After the mixture was cooled
down, water (20 mL) was added to the resulting tsmluand the mixture was
extracted with CHCI, for several times. The organic phase was dried bgSO;.
After filtration and solvent evaporation, the liquvas purified by chromatography to
afford violet solid (TPA-NZC) (787 mg, yield ~ 65%jp: 260-261C. FT-IR (KBr)

v (Cm_l): 3443, 3036, 2222, 1590, 1492, 1509, 1448, 139390, 1289, 1187, 1024,
890, 833, 764, 698, 621. MS (ESI): m/z: 530.16.r%b530.29 [M]. '"H NMR (500
MHz, DMSO, §-ppm) 8.11 (dd, J = 12.6, 8.6 Hz, 3H), 7.88 (d,8.6Hz, 2H), 7.86 —
7.79 (m, 1H), 7.58 (d, J = 8.1 Hz, 2H), 7.56 — 7(#0 2H), 7.41 (t, J = 7.7 Hz, 4H),
7.21 (t, J = 8.1 Hz, 6H), 7.15 (t, J = 7.3 Hz, 2B¥¢ NMR (126 MHz, CDCJ, 5-ppm)
151.36, 151.01, 148.10, 147.44, 141.65, 132.27,1832131.93, 131.80, 131.68,
129.47, 129.05, 127.68, 127.30, 127.08, 126.28,0826125.30, 123.61, 121.96,
118.83, 112.03. Elemental analysis. Found: C, 79H3%.03; N, 10.69, S, 5.91. Calc.
for CgsH2oN4S: C, 79.22; H, 4.18; N, 10.56; S, 6.04.

3. Results and discussion

3.1. Theoretical analysis
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Density functional theory (DFT) was carried out uoderstand the excited state
properties of TPA-NZC using the Gaussian 09 packages highest occupied
molecular orbital (HOMO) is mainly localized on thEPA unit with a small
distribution on NZ unit, while the lowest unoccupieolecular orbital (LUMO) is
predominantly localized on NZC unit (Figure S1).uShthe TPA unit acts as donor
and NZC unit serves as acceptor in TPA-NZC. For dpéimized ground state
geometry (Figure 1a), TPA-NZC shows a moderatettangle of 54° between NZC
acceptor and phenyl ring of TPA. As a comparisba,twist angle is further decreased
to 39° at the optimized geometry of excited stdthe appropriate twist angle
facilitates the formation of HLCT excited state lwihe increased oscillator strength
due to the enhanced coupling between donor andpt@ececorresponding to the

improved PL efficiency.

() (b)
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Figure 1. (a) Molecular structure, optimized growstdte and excited state geometry
of TPA-NZC; (b) NTO for $—S transition in TPA-NZC. Herein, f represents foe th
oscillator strength, and the percentage weightsoté-particle are given; (c) Excited
state (singlet and triplet) energy level landscap@PA-NZC at the geometry ofpS
state.

The band gap of TPA-NZC was calculated to be 2\2Wkich was narrower than
2.32 eV of TPA-NZP [27], due to the introductionayano group showing the strong
electron-withdrawing property. In fact, LUMO energy TPA-NZC decreases more
largely than its HOMO energy, resulting in the @éased band gap of TPA-NZC
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relative to that of TPA-NZP (Figure S2). Furthereothe natural transition orbital
(NTO) was performed to analyze the electron traotsitharacter of the excited state
(Figure 1b and Figure S3). Foi-SS, transition, the hole is mainly delocalized over
the whole molecular skeleton, while the particlecacentrated on NZ unit with
partial distribution on cyanophenyl and phenyl rofgfrPA. The overlap between hole
and particle indicates that the;-SS, transition consists of both LE and CT
components, which is a typical characteristic ofHLstate. Also, the large oscillator
strength (f = 0.50) of TPA-NZC was obtained fQr-&5 transition, indicating a large
radiative transition probability for high PL effency.

In the meantime, to confirm a “hot exciton” chanrfer efficient RISC in
TPA-NZC, five singlet states ($0 S) and five triplet states ¢Tto Ts) were estimated
using TD-CAM-B3LYP/6-31G** at the ground state geetny (Figure 1c). A very
large energy gap of 2.14 eV was found betwegantd T, state, which is beneficial to
slow down the internal conversion ratecfikirom T, to T; state according to energy
gap law. Moreover, a relatively small energy spigt(AEsT) of 0.28 eV is observed
between $and T, state, so that the RISC process fromtd S state can compete
with the internal conversion process fromtd T, state. Such energy level diagram
meets the requirement of “hot exciton” mechanismy weell, which contributes to
high exciton utilization in NIR fluorescent OLED#s expected, both high PL
efficiency and high exciton utilization may collabte to realize highly efficient NIR

fluorescent OLEDs.

3.2. Photophysical properties

To clarify the photophysical properties of TPA-NZAGe ultraviolet-visible (UV-vis)
and PL spectra of TPA-NZC were measured in theifft polar solvents and solid
state, respectively (Figure 2a, Figure 2b, FigudeaBd Table S1). In the case of
tetrahydrofuran (THF) solution, TPA-NZC shows a lemergy absorption band
around 505 nm, and a NIR fluorescence emissiord atnm with highnp. of 21.8%.

With the increasing polarity of solvents, the alpsion spectra remain almost
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unchanged, which indicates that the dipole momégtaund state is quite insensitive
to different solvents. On the contrary, the PL $eof TPA-NZC are significantly
red-shifted from 638 nm in low-polarity hexane t®&07 nm in high-polarity
dichloromethane, together with a gradually broadefd width at half maximum
(FWHM), indicating a typical feature of strong CTate. In order to deeply
understand the evolution of the excited state wWithincrease of solvent polarity, the
Lippert-Mataga model was used to estimate the dipebment of the excited state
(ue). The linear relation of the stokes shift-(x) against the orientation polarizability
f(e,n) was fitted for TPA-NZC (Figure 2c), which showso linear-sections in
low-polarity and high-polarity region, respectivefs a result, th@es were estimated
to be 11.8 D in low-polarity and 20.7 D in high-agoty, respectively, which indicates
that a certain LE state component in low-polarityd aCT-dominated state in
high-polarity. Thus, the inter-crossing and coesase between LE and CT
components can be expected for excited statg i(Smedium polarity solvents.
Furthermore, the lifetime of excited state in théedent polarity solvents was
characterized using time-resolved fluorescenceugigs5). The single-component
lifetime was obtained in all polarity solvents (etg= 7.7 ns in hexane, = 5 ns in
butyl ethert = 4.0 ns in ethyl ethet,= 3.8 ns in THF; = 5 ns in methylene chloride),
indicating the typical characteristic of HLCT state medium polarity solvents,
instead of two mixing states. Meanwhile, a high of 21.8% was still maintained for
TPA-NZC in medium-polarity THF solvent, especiafty the narrow-bandgap NIR
emission at 717 nm, which may be ascribed to thendtion of HLCT state in
medium-polarity. In comparison with UV-vis absogsti spectrum in THF solution,
the vacuum-evaporated film is significantly redfsd by 25 nm, which demonstrates
a certain degree of intermolecular interaction ahdsstate. The extracted data of
TPA-NZC in the film state are summarized in Tabl&dr the PL spectrum of the film,
TPA-NZC also shows a NIR emission with maximum wergth at 710 nm, which is
very close to the maximum emission peak (717 nmHii solution, indicating that
the polarization effect of TPA-NZC in solid staseviery similar to that in THF solvent.

Moreover, it is noteworthy that TPA-NZC also pos&ssa single-component lifetime



277 (t = 5.1 ns) in the film, which can be attributedhe characteristic of HLCT state in
278  film. Owing to HLCT state characteristic, TPA-NZGs@a maintains a high PL

279  efficiency fpL = 17%) in the film.
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281  Figure 2. (a) Solvatochromic PL spectra of TPA-N&{th an increasing polarity of
282  solvents; (b) The UV-vis and PL spectra of TPA-Nd@ler the film state; (c) Linear
283  fitting of Lippert-Mataga model (the solid squarepresent the Stokes shifts of
284  TPA-NZC in different solvents); (d) Transient PLcdg behaviour of TPA-NZC under
285  the film state.

286 TPA-NZP without cyano group in D-A molecule whiclashbeen reported, just
287 emitted the deep-red fluorescence at the waveleaf®68 nm in film [27]. The
288 introduction of cyano group makes TPA-NZC not oslyow a largely redshifted
289 emission of 42 nm but also maintain the high Pliceficy relative to those of
290 TPA-NZP.

291 Moreover, to investigate the influence of the aggtmn effects on the
292  fluorescence behavior, The PL spectra of TPA-NZG weeasured in THF/water
293  mixtures with different water fraction§,} (Figure S17). The pure THF solution (50 x
294  10°° M) of TPA-NZC emits the NIR light with an emissiomaximum at 717 nm. With
295 the increase of water ratio (fw 50), the emission of TPA-NZC is gradually
296 redshifted accompanied by the rapidly decreasingissom intensity. The

297 phenomenon may be resulted from the twisted intteocatar charge transfer (TICT)
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state with the increasing solvent polarity. Origeis increased beyond 60%, the
emission intensity was significantly increased, dastrating AIE activity due to the

restricted molecular motion [46-48].

Table 1 Photophysical properties and thermal stabilitiffBA-NZC.

[a] Absorption in a neat film. [b] Emission in aatdilm. [c] PL efficiency in a neat
film. [d] Determined from cyclic voltammetry.

3.3. Thermal and electrochemical properties

Both thermal and electrochemical properties of &andre important prerequisites for
OLED structure design and fabrication. The difféi@nscanning calorimetry (DSC)
and thermogravimetric analysis (TGA) were measuf@d TPA-NZC. Its glass
transition temperature §f and thermal decomposition temperaturey) (Tare
determined as 110C and 308°C, respectively, indicating the good thermal st&pili
of TPA-NZC (Figure S7). Cyclic voltammetry (CV) waperformed in a
three-electrode cell setup to obtain the electrooba properties of TPA-NZC. The
HOMO and LUMO energy levels of TPA-NZC are estintbds -5.25 eV and -3.44 eV,
according to the onset potentials of the first atimh wave and the first reduction
wave, respectively (Figure S6). Thus, the eledtiieamdgap of TPA-NZC is obtained
as 1.81 eV, which is very close to 1.73 eV of thmission bandgap in THF.
Additionally, TPA-NZC exhibits the excellent revidnidity of oxidation and reduction
processes, implying a good electrochemical stghilitring the charge injection and

charge transport in OLED device.

3.4. Electroluminescence performance

To evaluate the EL performance of NIR material TR2AC as an emitter, a non-doped
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OLED was firstly fabricated with a multilayer degiclTO/TAPC (40 nm)/TPA-NZC
(25 nm) /TmPyPb (55 nm)/LiF (1 nm)/Al (100 nm), wke
1,1-bis[(di-4-tolylamino)phenyl]-cyclohexane (TAP@gted as the hole-transporting
layer and 1,3,5-tri(-pyrid-3-yl-phenyl)benzene (TmPyPb) served as the
electron-transporting layer. The results of EL parfance are recorded in Figure 3c
and 3d, including EL spectrum, external quantunicieficy (EQE) versus current
density, and current density—voltage—luminance {l}Vcurves for the device.
TPA-NZC device exhibits an excellent NIR emissiothvEL wavelength at 702 nm,
which is nearly the same maximum as that of PL tspec (710 nm) in evaporated
film, and its Commission Internationale de L'Ectaje (CIE) coordinate is obtained
as (0.685, 0.299). TPA-NZC device shows a low wmnvoltage (\n) of 3.4 V and a
maximum brightness of 757 cdmEventually, TPA-NZC device harvests a relatively
high maximum EQE of 1.2%, which is a valuable ome@oag the high-efficiency
non-doped NIR fluorescent OLEDs that have been eeported. It is worth
mentioning that the EQE of TPA-NZC device can s#imain as high as 1.09% at
high current density of 448 mA ¢mwhich suggests that TPA-NZC device has a
relatively slow efficiency roll-off as a result dfie “hot exciton” and HLCT state
mechanism.
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Figure 3. (a) Schematic energy level diagram of -N2ZC device; (b) CIE coordinate
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of TPA-NZC at 1 mA crf; (c) EQE-current-density characteristics of nopetb
device (the inset graph is the EL spectrum at 1 mw#?); (d) Current
density-voltage-luminance curves of non-doped devic

Moreover, the theoretical exciton utilization eifiocy fs) can be roughly

evaluated based on the EQE equation of OLED:
Mege = Mo ™ e = Theee X o, X 1l X 1,4,

Where nout is the light out-coupling efficiencyngu = 20%), nwec IS the
recombination efficiency of injected holes and #&l@ts {ec = 100%), ns is the
exciton utilization efficiency in OLEDs, angb_ is the PL efficiency of the emitter
layer e = 17%). Theoretically, th@s value is estimated to be 35.2%, which also
exceeds the upper limit (25%) of singlet excitorlgiin traditional fluorescent
materials.

In addition, we also fabricated the doped OLED witie device structure as:
ITO/TAPC (40 nm)/EML (25 nm)/TmPyPb (55 nm)/LiF (Im)/Al (100 nm), where
the emissive layer (EML) is composed of host CB& dopant of 6 wi% TPA-NZC.
The doped OLED exhibits a deep-red emission wighBh spectrum at 656 nm and a
CIE coordinate of (0.657, 0.335). The doped dewts® shows an excellent EL
performance, such as a low,Vof 3.2 V, the maximum EQE of 3.2% and the
maximum brightness of 2237 cd“nWe have measured the PL efficiency of the
doped film. Thenp_ of the doped film was 37%. Theoretically, the value is
estimated to be 43.2%, which also exceeds the upp#r(25%) of singlet exciton
yield in traditional fluorescent materials. thesetails of the doped device are

summarized in Figure S8-S11 and Table S2.

4. Conclusion

In summary, the cyanophenyl is used as an ancidlacgptor to further enhance the
electron-withdrawing ability of NZ acceptor in aAdmolecule of TPA-NZP, aiming

to achieve a high-performance NIR fluorescent nitein this case, the TPA-NZC
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was designed and synthesized, which exhibited a mem-shifted NIR emission at
max= 710 nm with a higher PL efficiency qé_. = 17% in evaporated film in contrast
with those of parent TPA-NZP\u{.x = 668 nm andhp. = 15%). Interestingly, the
introduction of the cyanophenyl results in a largdshift of emission without the
sacrifice ofnp, indicating an exception within the framework bétenergy gap law.
Both quantum chemical calculations and photophysicaracterizations suggest that
TPA-NZC possesses HLCT state character and “hata@XcRISC channel, which
contribute to a highmp. and high exciton utilization in OLED, respectivelihe
non-doped OLED of TPA-NZC exhibits a NIR emissidri82 nm with a maximum
EQE of 1.2%, while the doped device achieves a-deg@mission at 656 nm with a
maximum EQE of 3.2%. These results demonstratethieatyanophenyl can be used
as an ancillary acceptor to construct the narromdgap light-emitting materials with
maintenance of PL efficiency in D-A systems, esglcifor high-efficiency deep-red
and NIR fluorescent materials. Also, the HLCT statel “hot exciton” mechanism
were further validated to design the new-generapaoine-organic, high-efficiency and

low-cost fluorescent OLED materials.
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Highlights

1.

Cyanophenyl as an ancillary acceptor is attachddagghtho[2,3-c][1,2,5]thiadiazole for
a highly efficient NIR material (TPA-NZC).

Experimental and theoretical results demonstrate thot exciton” and HLCT
characteristic of TPA-NZC molecule.

TPA-NZC exhibits a NIR emission af.x = 710 nm with a high PL efficiency of. =
17% in evaporated film.

The non-doped device based on TPA-NZC as emitteibiéex a NIR emission at 702 nm
with a maximum EQE of 1.2%, and the doped devidéexes a deep-red emission at

656 nm with a maximum EQE of 3.2%.



