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Highly Efficient Solid-State Near-Infrared Emitting Material
Based on Triphenylamine and Diphenylfumaronitrile with
an EQE of 2.58% in Nondoped Organic Light-Emitting Diode

Xiao Han, Qing Bai, Liang Yao, Haichao Liu, Yu Gao, Jinyu Li, Liqun Liu, Yulong Liu,

Xiaoxiao Li, Ping Lu,* and Bing Yang

The development of efficient near-infrared (NIR) emitting material is of
current focus. Donor—acceptor (D-A) architecture has been proved to

be an effective strategy to obtain narrow energy gap. Herein, a D-A-type
NIR fluorescent compound 2,3-bis(4’-(diphenylamino)-[1,1"-biphenyl]-4-yl)
fumaronitrile (TPATCN) is synthesized and fully characterized. As revealed
by theoretical calculations and photophysical experiments, TPATCN exerts
the advantages of the relatively large dipole moment of the charge transfer
state and a certain degree of orbital overlap of the local excited state. A
highly mixed or hybrid local and charge transfer excited state might occur to
simultaneously achieve both a large fraction of singlet formation and a high
quantum efficiency in D-A system. TPATCN exhibits strong NIR fluorescence
with the corresponding thin film quantum efficiency of 33% and the crystal
efficiency of 72%. Remarkably, the external quantum efficiency of nondoped
NIR organic light-emitting diode (OLED) reaches 2.58% and remains fairly
constant over a range of 100-300 mA cm™2, which is among the best results

for NIR OLEDs reported so far.

1. Introduction

With the rapid development of organic light-emitting diodes
(OLEDs) in the past years, luminescent materials covering full
RGB colors have made great progress in terms of luminance
and efficiency.ll Tuning the emission wavelength of OLEDs to
the deep red and near-infrared (NIR) regions is of current focus
due to their wide applications in night vision, telecommuni-
cations, and bioimaging.”! Although some phosphorescent
materials based on transition metal complexes, such as plat-
inum (Pt) complexes, have already realized external quantum
efficiency (EQE) over 9%, they suffer heavily from sharp
efficiency roll-off at high brightness. The metal-free organic
materials are significantly important for the mass production
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in realistic point of view owing to their low
cost, non-involving of poor reproducibility
of the optimum doping level, and concise
control in device fabrication required for
metal-complexed phosphorescent mate-
rials.l In principle, red fluorescent emis-
sion comes from a narrow bandgap. To
date, fluorophores with narrow bandgap
either have extended 7 conjugation or
possess polar donor—acceptor (D—A) archi-
tectures.P! The latter one has been proved
to be a very promising way to effectively
extend the emission to long wavelength.
In addition, D-A system is also beneficial
to the recombination of carriers because
the modification of low highest occupied
molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO)
energy levels will effectively lower the
injection barriers for electrons and holes
in OLEDs.! More importantly, the elec-
tron flip can take place since the charge
transfer (CT) excitons formed between the donor and acceptor
is a weak Coulomb hole—electron pair, which would facili-
tate a large fraction of singlet excitons formation under elec-
trical charge injection.”] However, a major shortcoming of
D-A compound is that the spatially separated HOMO-LUMO
orbitals always result in the forbidden electronic transition,
which usually leads to the low photoluminescence quantum
efficiency.'d’l In contrast, the fluorophores with local excited
(LE) states are generally reported to acquire high photolumi-
nescence quantum efficiency; however, such fluorophores
generally exhibit low singlet exciton yields originated from the
forbidden spin flip from triplet state to singlet state and their
electroluminescent internal quantum efficiencies are limited
to =25%.81 Recently, materials based on new principle, such as
hybridized local and charge transfer (HLCT) with excitons that
undergo a reverse intersystem crossing process (RISC) along
the high-lying CT channel, has emerged to reach a compromise
of LE and CT states to break through the 25% upper limit of
7.1 Unlike many D-A compounds suffering from the low effi-
ciency originated from CT effects, these materials benefit from
the large dipole moment of the CT state and a certain degree
of orbital overlap of the LE state, which is a promising way to
endow the material with a high photoluminescence quantum
efficiency as well as a large singlet exciton yield.
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In order to construct a NIR molecule in a D-A system,
relatively strong donor and acceptor units should be adopted
to efficiently decrease the bandgap. In prior studies, several
electron acceptors, such as dithienylbenzothiadiazole (BBT),
benzo[1,2-c:4,5-c]bis([1,2,5]thiadiazole) (BBTD), and [1,2,5]
thiadiazolo[3,4-glquinoxaline (QTD), have become the work-
horses in the development of red or NIR D-A materials.['’
However, most of these units usually showed low fluores-
cent in the solid state because the molecular aggregations are
prone to cause the quenching of fluorescence. What is more,
vibronic coupling between ground and excited states originated
from their intrinsic relatively low bandgap would also increase
the nonradiative pathways to further decrease the solid-state
efficiency.'>192b According to Equation (1), where n, is the
radiative exciton ratio, Mgy is

next = mrnoutnPL (1)

the external quantum efficiency, 1N, is the light outcoupling
efficiency, np; is the intrinsic photoluminescence efficiency,
and yis the recombination efficiency of injected holes and elec-
trons; it can be anticipated that the efficient emission in solid
state is one prerequisite to reach a high n.,. For this purpose,
diphenylfumaronitrile (DBFN) unit has drawn our attention
because it is found to possess high solid-state efficiency and
the two cyano functionalities allow for great electron delocali-
zation to effectively reduce the bandgap. For example, in 2003,
Chen and co-workers have pointed out that DBFN-cored deriva-
tive, NPAFN, was unusual because it was brightly fluores-
cent only in the solid state with red emission at 616 nm.*!l In
2013, Tang and co-workers have reported a DBFN-containing
BTPEFN exhibited efficient orange fluorescence with a high
quantum efficiency of nearly 100% in film.'"”) However, the effi-
cient NIR emission based on DBFN has not yet been realized.
In this work, triphenylamine (TPA),** which contains sp? N
atom with lone pair electron is selected as the relatively strong
donor. Fusing these two units into one system via D-A-D
linking fashion, two biphenyl structure which could rotate
freely around the single bond will be generated, which endows
multiple configuration of the molecule giving rise to the forma-
tion of suitable torsion angel between D-A groups and further
facilitating the “hot exciton” process as demonstrated before.”!
Guided by this design principle, we report the D-A-D-type NIR
fluorescent compound, TPATCN, with a strong NIR emission
and a film efficiency of 33%. TPATCN is found to possess a
high photoluminescence quantum efficiency as well as a large
singlet exciton yield as anticipated. The maximum EQE of its
nondoped device reaches 2.58% with good color stability, which
is among the highest values of NIR OLEDs. The radiative
exciton ratio is calculated to be 39%, which exceeds the upper
limit n, of 25%.

2. Results and Discussions

2.1. Synthesis and Characterization

The chemical structures of TPATCN are shown in Scheme S1
(Supporting Information). TPATCN was prepared according
to a Suzuki coupling reaction between corresponding
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2,3-bis(4-bromophenyl)fumaronitrile and N,N-diphenyl-4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)aniline with a high yield.
TPATCN was fully by 'H NMR, MS, FTIR, elemental analysis
and corresponded well with its expected structure (see the Sup-
porting Information). It shows good solubility in common
organic solvents, such as toluene, tetrahydrofuran (THF),
dichloromethane (DCM), chloroform, and ethyl acetate. Ther-
mogravimetric analysis (TGA) was carried out under nitrogen
atmosphere to investigate the thermal properties. TPATCN
exhibited a very high decomposition temperature (Tj, corre-
sponding to 5% weight loss) 495 °C, indicating its excellent
thermal stability, which is an important factor to get appreci-
able device performance.

2.2. Theoretical Calculations

To understand the electronic properties of TPATCN, density
functional theory (DFT) calculations were carried out with
the ground state geometry optimized at the B3LYP/6-31G(d,p)
level.l'] The distributions of the frontier molecular orbital at
ground state are shown in Figure 1b. The HOMO of TPATCN
was mainly located on the TPA unit with sizeable distribu-
tion on two central phenyl rings and olefin bond, whereas
the LUMO level was mostly distributed on the central fuma-
ronitrile core. Thus, the HOMO and LUMO distributions
were well overlapped on newly formed two biphenyl 7 bridges
and fumaronitrile unit, while fully separated on the terminal
diphenylamine moiety. Although the relatively strong electron
donor and acceptor units existed simultaneously, the insuf-
ficient separation of the HOMO and LUMO energy levels of
TPATCN suggested its different characteristics from those
materials with strong intramolecular CT, in which the com-
pletely separation of the HOMO and LUMO energy levels
were usually observed.>’ The calculated HOMO and LUMO
were —5.04 and —2.65 eV, respectively, resulting in the narrow
bandgap of 2.39 eV. To further describe the excited state proper-
ties of TPATCN, we also calculated the natural transition orbital
(NTO) of the singlet and triplet states to analyze electron transi-
tion characters (Figure 1c; Figures S7 and S8, Supporting Infor-
mation). Observed from the lowest singlet state of S; (3.04 eV),
the hole was distributed on the whole molecule skeleton and
the particle was localized on the central fumaronitrile core. The
overlap of hole and particle demonstrated the coexistence of
CT and LE components which was proposed to be HLCT state.
In a way, TPATCN might achieve high photoluminescence
quantum yield (np;). Furthermore, TPATCN possessed special
excited state energy level structures. The lowest triplet state,
Ty (2.23 eV), was an LE state with its hole and particle were
both located on central fumaronitrile core, while the high-lying
triplet excited state, T, (2.93 eV), was proposed to be HLCT
state with configuration similar to the S;. The large energy split
(0.7 eV) between T, and T; suppressed internal conversion (IC)
process from T, to Ty, and the small energy split (only 0.1 eV)
between T, and S; facilitated the RISC process from T, to S;
(Figure 1d). These NTOs characters of TPATCN were in con-
sistent with “hot exciton” principle as reported before,l”! which
was expected to be a promising way to obtain high exciton uti-
lization (1) ratio over 25% in OLEDs. The special excited state
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Figure 1. A) Molecular structure of TPATCN; B) HOMO and LUMO distribution of TPATCN at ground state; C) nature transition orbitals for Sy, Ty,
and T,; D) the energy landscape for singlet and triplet excited states.

energy level structures of TPATCN triggered us to study the  2.3. Photophysical Properties

energy level of central core DBFN in excited state, which had

not been investigated in prior study. According to the calcula-  The solution and solid-state UV-vis absorption and photolumi-
tion results of the energy landscape of the singlet and triplet  nescence emission spectra of TPATCN are shown in Figure 2
states of DBFN (Figure S9, Supporting Information), the large  and the relevant data are summarized in Table 1. The absorp-
energy split (1.5 eV) between T, and T; and the small energy  tion spectrum in solution exhibited a low-energy intramo-
split (0.09 eV) between T, and S; verified the origin of the spe-  lecular CT transition with absorption maximum at 445 nm.

cial energy levels of TPATCN in the excited state. The CT character of the excited state was further evidenced
A —&— Abs in THF ﬂ -=-Hexane
670 —@— Abs in Film 568 785 -o- Triethylaming
—A— PL in Film -~ Butyl ether
S - Isopropyl ether

-~ Chloroform
4~ Ethyl ether
THF

Normalized intensity (a.u.)
Normalized intensity (a.u.)

300 400 500 600 700 800 900 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)

Figure 2. A) The UV-vis spectra in diluted THF solution (concentration: 1 x 10~ mol L), the UV-vis and PL spectra in vacuum-evaporated film
(excitation wavelength (A,): 490 nm); B) solvatochromic PL spectra with increasing polarity of solvents (A, 445 nm).
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Table 1. Detailed photophysical data of TPATCN in different solvents.

Solvent Af Aabs?) Aem?  Stokes shift @)
[nm] hml  fem] (%)
Hexane 0 449 564 4541 94.9
Cyclohexane 0 451 572 4690 89.2
p-Xylene 0.003 466 620 5330 74.8
ccl, 0.011 465 596 4727 86.0
Toluene 0.014 463 628 5674 74.9
Butyl ether 0.096 456 622 5852 91.7
Isopropyl ether 0.145 451 650 6788 62.2
Ether 0.167 448 660 7170 64.9
Chloroform 0.149 469 722 7471 26.1
Ethyl acetate 0.200 440 740 9217 1.8
Tetrahydrofuran 0.210 446 790 9763 34
Dichloromethane 0.218 460 806 9332 1.6
Acetone 0.284 440 -9 - -

AAbsorption maximum; PEmission maximum; 9Fluorescence quantum yield
estimated by using Rhodamine B as standard (@ = 70% in ethanol); 9 Not detect-
able (signal too weak to be accurately determined).

by the redshift of the emission maximum upon increasing
solvent polarity. For instance, the emission peak shifted from
green emission peaking at 568 nm to NIR emission peaking
at 785 nm when measured in nonpolar hexane and moderate
polar THF, respectively. Correspondingly, the photolumi-
nescent quantum yields were continuously decreased from
95% to =1.6% when the solvent was varied from hexane to
dichloromethane. This is a common photophysical phenom-
enon arised from intramolecular CT,>° which is featured
with emission redshift and emission intensity decreasing with
increasing solvent polarity.

10000 4
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f

Figure 3. Linear fitting of Lippert—Mataga model (f: orientation polariza-
tion of solvent media; v, —vg: Stokes shift of TPATCN in different solvent).
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To better understand the excited state properties, the Stokes
shift (v, — vy versus the orientation polarizability fie,n) was
fitted for TPATCN according to the Lippert-Mataga relation.®!
As shown in Figure 3, TPATCN displayed two-section linear
relations with p. of 16.7 and 32.9 D in low- and high-polarity
solvents, respectively, corresponding to the LE and CT states. In
low-polarity solvents, the . of 16.7 D and the maintenance of rel-
atively high photoluminescence quantum yields (1p;) indicated
the coexistence of CT and LE characteristics of S; state. In con-
trast, the np;, of TPATCN drastically decreased in high-polarity
solvents, which was only 1.6% in dichloromethane. Simultane-
ously, the p. of 32.9 D was much larger than that of 23 D for
4-(N,N'-dimethylamino)-benzonitrile (DMABN, a typical CT state
molecule).l'”) Therefore, it could be concluded that a CT state was
dominant in high-polarity solvents. Furthermore, time-resolved
experiment revealed a monoexponential decay of S; state in low
polarity solvents (Figure 4; Figure S11 and Table S2, Supporting
Information) implying that LE and CT components of TPATCN
were combined into HLCT state, which was consistent with the-
oretical calculation results as discussed above.

We also investigated the PL of TPATCN in THF/water mixtures.
As shown in Figure 5, the THF solution of TPATCN-emitted NIR
fluorescence peaking at 770 nm. When the water content (f;)
was increased from 0 to 50%, the emission intensity of TPATCN
was weakened and the emission maximum had an apparent red-
shift. The origin of weak fluorescence in pure THF was related
to the twisted configuration and the corresponding intramolecular
motions, which induced the CT effects and led to the relatively low
efficiency in THF. When f;, continued to increase from 60% to
90%, the emission peak maximum appeared an unusual blueshift
and the intensity was increased quickly, indicating that the mole-
cules aggregation began to occur and enhanced by further increase
in the water fraction. The fluorescence spectra were affected less
by the solvent polarity and the emission profile in the aggregated
state was blueshifted. The emission peak of its thin film was fur-
ther blue-shifted from those in aqueous mixture because of com-
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Figure 4. Lifetime measurement of TPATCN in nonpolar hexane solvent.
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Figure 5. A) PL spectra of TPATCN (10 pm) in THF /water mixtures with different water fractions; B) relations between the ratio of I/ly and water
fraction in H,O/THF mixtures; Iy and | were the maximum PL intensity of TPATCN in pure THF and in H,O/THF mixtures (10 x 107 wm), respectively.

plete elimination of the solvent polarity effect.'8! The nature of
aggregation enhanced emission characteristics of TPATCN should
be associated with a more efficient radiative electron transition in
aggregated state than the CT state in polar solvents.

In thin film, TPATCN showed an absorption band at 490 nm
and the bandgap was calculated to be 1.97 eV according to the
onset of the absorption spectrum. The emission peak of film was
at 670 nm, and the Stokes shift was measured to be 5482 cm™,
corresponding to HLCT characteristics in the region of low-
polarity solvents (5330 cm™ in p-xylene). The emission max-
imum of solid powder located at 622 nm (Figure 7), which was
blue-shifted from the thin film suggesting the different molec-
ular packing mode in solid states. The fluorescence quantum
efficiencies (@g) of TPATCN film and powder reached 33% and

0:=32.65
Gk
) 0:=26.76

\

02=20.44

\ /

42% measured by integrating sphere system, respectively. These
values are pretty high for D-A-type NIR emitters reported so far,
which proves that our design strategy is reasonable.

2.4. Crystal Structure

The red needle-like crystal is obtained by slow diffusion of
methylene dichloride into ethanol solution. The collected
crystal is good enough for single crystal X-ray diffraction anal-
ysis, and the data are summarized in Table S1 (Supporting
Information). The crystal structure belonged to triclinic crystal
system with space group of P-1 and there were two molecules
in one unit cell. As shown in Figure 6, TPATCN displayed a

Figure 6. A) Molecular configuration of TPATCN; B) the C—H~N hydrogen bond between adjacent molecules; C) crystal packing and the photo of

crystal under the microscope.
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Figure 7. A) The PL spectra and photos of TPATCN powder before and after grinding. B) XRD patterns of TPATCN solids (1) as-prepared powder;
(2) ground powder; (3) after thermal annealing; (4) fumed with DCM (A, 490 nm).

highly twisted molecular conformation. The dihedral angles
between the TPA substituents and the central phenyl ring were
as big as 28.8° (6;) and 32.65° (6,), respectively. The dihedral
angles between fumaronitrile core and two phenyl rings were
20.44° (6,) and 26.76° (6;), respectively. There were two kinds
of C—H~N hydrogen bonds between the adjacent molecules.
Hydrogen bond I was formed between cyano group and
hydrogen atom on the TPA group of the adjacent molecule with
a distance of 2.6 A. Hydrogen bond was formed between the
other cyano group and hydrogen atom on the phenyl ring of
the neighboring molecule with a distance of 2.7 A. As can be
seen from Figure 7, the emission peak of TPATCN crystal was
located at 622 nm which was very similar to the solid powder.
However, the full width at half maximum (FWHM) of the emis-
sion spectra was only 60 nm, which was nearly 40 nm less than
the corresponding emission in solid powder. In the crystal,
TPATCN was highly orderly arranged and the multiple hydrogen
bonds could help to rigidify the molecular conformation and
lock the molecular rotations, which reduced the possible energy
loss through the nonradiative rotational relaxation channel and
endowed the crystal with a very high efficiency. In particular, the
crystal possessed an intense emission with a high quantum effi-
ciency up to 72%.

2.5. Piezochromic Property

The emission color of TPATCN powder can be changed easily
by external stimuli, which gives rise to the significant change
in physicochemical and photochemical properties. For example
(Figure 7), the powder of TPATCN exhibited a strong red emis-
sion under illumination of a 365 nm UV light. Upon grinding,
the wavelength of PL spectrum was redshifted displaying NIR
emission. And after annealing the ground sample at 150 °C for
5 min or solvent fumigation (such as DCM or THEF), the initial
color and emission could be restored. To determine the mecha-
nism of the piezofluorochromic effect, wide-angle X-ray diffrac-
tion (WXRD) measurements were carried out for each sample.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

It was found that the powder of TPATCN displayed intense and
sharp diffraction peaks indicating its crystalline state of the solid.
After grinding, the XRD profile gave no noticeable diffraction,
reflecting its amorphous feature in this state. After fuming or
annealing, the WXRD curve diffraction peaks were recovered to
reform the crystalline structure. Further inspection of the differ-
ential scanning calorimetry (DSC) curve (Figure S5, Supporting
Information) of the grind powder revealed cold-crystallization
transition peaks at 105 and 125 °C prior to melting at 246 °C
in the first heating scan, which was absent in the thermograms
of both annealed and fumed samples. The results indicated that
the TPATCN was presented in a metastable amorphous phase
and converted to a stable crystalline phase via an exothermal
recrystallization process. The results were consistent with the
WXRD experimental data demonstrating that the mechano-
chromism phenomenon was resulted from the transformation
between the crystalline and amorphous states.['’!

2.6. Electroluminescence

The high PL efficiency of TPATCN in the solid state promotes its
application in OLEDs performance. A non-doped NIR OLEDs
with the configuration of ITO/PEDOT:PSS(40 nm)/NPB(40 nm)/
EML(20 nm)/BCP(10 nm)/AlQ;(50 nm)/LiF(0.5 nm)/Al(120 nm)
was fabricated. (ITO: indium-tin oxide; PEDOT:PSS: poly(3,4-
ethylenedioxythiophene:poly(styrenesulfonate); NPB: N,N’-
bis(1-naphthyl)-N,N’-biphenyl-1,1"-biphenyl-4,4’-diamine);
EML: emitting material layer; BCP: bathocuproine; AlQ3:
tris-(8-hydroxyquinolinato)aluminum.) TPATCN  exhibited
NIR EL peaking at 675 nm with a Commission Internationale
de LEclairage (CIE) coordinate of (0.673, 0.324), which was
almost identical to the PL spectrum of the evaporated film.
The turn-on voltage of the device was relatively low as 3.6 V,
which benefited from the decreased injection barriers regu-
lated by the D-A moieties. The maximum luminance was as
high as 7025 c¢d m™, and the EQE could reach 2.58%, which
is among the best performance of NIR OLEDs. Unlike many

Adv. Funct. Mater. 2015, 25, 7521-7529
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Figure 8. A) Luminance and current density at different driving voltage; B) EQE-voltage characteristics of nondoped device. Inset: EL spectrum at 5 V.

phosphorescent materials based NIR OLEDs which usually
showed sharp efficiency roll-off at high brightness,’l the EQE
of the non-doped TPATCN device was kept almost unchanged
even at a high current density of 200 mA cm™2, suggesting the
very low roll-off of external efficiency (Figure 8, Table 2). Equa-
tion (1) is applied to calculate the theoretical value of the radia-
tive excition ratio. Assuming the light outcoupling efficiency of
20% and the 100% hole—electron recombination in the OLED,
the theoretical value of the radiative exciton ratio was calculated
to be 39%, which breaked through the spin statistics limit of
25% (singlet/triplet ratio 1/3). Such high EL performances are
impressive and outperform the previous literature results.['!'1
No delayed fluorescence was observed from transient PL and
the device had no luminance efficiency roll-off with current
density increasing, which is in accordance with our demonstra-
tion of HLCT mechanism.

3. Conclusion

In summary, a NIR light-emitting D-A compound, TPATCN,
is rationally designed and synthesized using TPA as the donor
and DBFN as the acceptor. TPATCN shows AIE behavior in
aggregated state, stimuli-responsive property, and strong NIR
emission (Aemgim = 670 nm, gy, = 33%, Ppoyga = 72%).
Photophysical and DFT analysis reveals that TPATCN possesses
the large dipole moment of the CT state and a certain degree
of orbital of the LE state originating from the newly discovered
excited-state characteristics of the DFCN, endowing TPATCN
a potentially highly efficient material. In EL performance,
the maximum EQE of nondoped device reaches 2.58% with
a maximum luminance of 7025 cd m™2, which is among the

Table 2. EL performance of nondoped devices using TPATCN as emitter.

Device s Viumon?  Lma LEma) PEma?  EQEma
[nm] ™M [ed m™2] [cd A7) [Ilm W] [%]
TPATCN 675 3.6 7025 0.96 0.59 2.58

AIMaximum peak of EL spectra; ®)Turn-on voltage recorded at the luminance of
1 cd m2 IMaximum luminance; Y¥Maximum luminous efficiency; 9Maximum
power efficiency; ’Maximum external quantum efficiency.

Adv. Funct. Mater. 2015, 25, 7521-7529
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highest values observed for nondoped NIR OLEDs. Remark-
ably, the EQE of the device remains fairly constant over a range
of 100-300 mA cm™2. A high radiative exciton ratio of 39%
is observed, which exceeds the limit of 25% in conventional
OLEDs, probably as a result of efficient RISC through the “hot-
exciton” process. Our study should provide new ideas for the
design of efficient NIR-fluorescent molecules by emphasizing
the full use of both singlet and triplet excitons.

4. Experimental Section

Materials: All the reagents and solvents used for the synthesis and
characterization were purchased from Aldrich and Acros and used as
received.

Synthesis of 2,3-bis(4-Bromophenyl) Fumaronitrile (M2): M1 (5.1 mmol)
and I, (5.1 mmol) were dissolved in diethyl ether under nitrogen. The
system temperature was stabilized at —78 °C, and sodium methylate
(10.71 mmol) was added to the reaction system and stirred for 30 min.
Then, the reaction mixture was transferred to ice water and stirred
for further 4 h. Thereafter, a small amount of 3% HCl(aq) was added
to complete the reaction, and then M2 was isolated by simple suction
filtration of the reaction solution (yield 70%).

Synthesis of 2,3-bis(4'-(Diphenylamino)-[1,1’-Biphenyl]-4-yl) Fumaronitrile
(TPATCN): A mixture of M2 (2.0 mmol), M3 (4.4 mmol), sodium
carbonate (20 mmol), toluene (30 mL), absolute alcohol (8 mL), and
Pd(PPh;), (100 mg) was refluxed at 90 °C for 48 h under nitrogen.
After the mixture was cooled down, 40 mL water was added to the
resulting solution and the mixture was extracted with CH,Cl, for three
times. The organic phase was dried over Na,SO,. After filtration and
solvent evaporation, the liquid was purified by chromatography using
the mixture of CH,Cl,/petroleum ether as the eluent to afford a red
solid (yield 58%). 'H NMR (500 MHz, CDCls, &): 7.94-7.91 (m, 4H),
7.73 (d,) = 8.5 Hz, 4H), 7.55-7.51 (m, 4H), 7.32-7.27 (m, 8H), 7.16 (dd,
]=8.2,2.0Hz, 12H), 7.07 (t, / = 7.4 Hz, 4H). MS (ESI) m/z: [M]* calcd
for Cs,H36Ny, 717.3; found, 717.8. Anal. caled for Cs,H;36N,: C 87.12,
H 5.06, N 7.82; found: C 87.10, H 5.06, N 7.84.

General Details: The '"H NMR data were recorded on a Bruker
AVANCE 500 spectrometer at 500 MHz using tetramethylsilane (TMS)
as the internal standard and CDCl; as solvent. Elemental analysis
was performed on a Flash EA 1112, CHNS-O elemental analysis
instrument. The high-resolution mass spectrum was measured using
an Agilent1290-micrOTOF Q Il instrument. Thermal gravimetric
analysis (TGA) was measured on a Perkin-Elmer thermal analysis
system from 30 to 800 °C at a heating rate of 10 K min~' under nitrogen
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flow rate of 80 mL min~'. DSC was performed on a NETZSCH (DSC-
204) unit from 0 to 300 °C at a heating rate of 10 K min~' under
nitrogen atmosphere. The electrochemical properties (oxidation and
reduction potentials) were carried out via cyclic voltammetry (CV)
measurements by using a standard one-compartment, three-electrode
electrochemical cell given by a BAS 100B/W electrochemical analyzer.
0.1 m tetrabutylammoniumhexafluorophosphate (TBAPFg) in anhydrous
dimethyl formamide (DMF) or anhydrous dichloromethane was used as
the electrolyte for negative or positive scan. A glass—carbon disk electrode
was used as the working electrode, a Pt wire as the counter electrode,
and Ag/Ag® as the reference electrode together with ferrocene as the
internal standard at a scan rate of 100 mV s~'. UV-vis and fluorescence
spectra were recorded on a Shimadzu UV-3100 spectrophotometer using
1 cm path length quartz cells. The fluorescence lifetime and quantum
efficiency of solid film were carried out with FLS920 Spectrometer.
The @ of different solutions were measured by using Rhodamine B
as a reference (@ = 0.7 in ethanol) and were calculated by using the
following formula

0y=0 A (&) ) 1(A) \( % (&) )
T A(2x) L1 (2) ) n2 )\ D

where Q is the quantum efficiency, A is the value of absorbance, I is

the intensity of excitation source, n is the refractive index of solvent, D

is the area of emission spectra, and A is the corresponding wavelength.

The subscript r stands for the reference and X stands for test subject.

The excitation wavelengths were their absorption maxima.

Device Fabrication: ITO-coated glass was used as the substrate and
the sheet resistance was 15 Q square™'. The ITO glass substrates
were cleaned with isopropyl alcohol, acetone, toluene, and deionized
water, dried in an oven at 120 °C, treated with UV-zone for 20 min,
and finally transferred to a vacuum deposition system with a base
pressure lower than 5 x 10" mbar for organic and metal deposition.
The hole injecting PEDOT layer (40 nm). The deposition rate of all
organic layers was 0.3 A s7'. The electron injection LiF layer (1 nm)
was deposited at a rate of 0.1 A s™" and then the capping Al metal layer
(100 nm) was deposited at a rate of 5.0 A s™'. The EL characteristics
were measured using a Keithley 2400 programmable electrometer and
a PR-650 Spectroscan spectrometer under ambient condition at room
temperature.

Computational Details: The ground state (Sp) and the lowest singlet
excited state (S;) geometries were optimized at the B3LYP/6-31G(d,p)
level, which is a common method to provide molecular geometries
and the optimized outcome is in good agreement with the experiment
result. The energy levels of both singlet and triplet states were
calculated using TD-M062X/6-31G(d,p) method on the basis of the
optimized configuration of Sy and S;, respectively. For the purpose
of investigating the properties of excited states, NTOs of absorption
were evaluated for ten lowest excited states, involving both singlet
and triplet states under TD-M062X/6-31G(d,p) level. This approach
provides the most compact representation of the electronic transitions
in terms of an expansion into single particle orbitals by diagonalizing
the transition density matrix associated with each excitation. All the
calculations were carried out using Gaussian 09 (version D.01)
package.

Single Crystal Measurements: The single crystal of TPATCN was
performed on a Rigaku R-AXIS RAPID diffractometer equipped with a
graphite monochromated Mo Ko radiation source. The diffraction data
were collected at room temperatures. The structure was determined
using direct methods with the SHELXL-97 software program. X-ray
diffraction of powder was carried out with a Rigaku Smart Lab (3)
diffractometer. The sample placed on a glass plate (glass thickness: 0.05
mm) was irradiated by Cu Ko radiation source (voltage: 40 kV; current:
30 mA).

Lippert—Mataga Calculation: The properties of ground state (Sq) and
the lowest singlet excited state (S;) can be better understood through
solvatochromic experiment. One reliable way to explore the influence of
solvent environment on the optical property of our sample is by using

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Makies

www.MaterialsViews.com
the Lippert-Mataga equation, a model that describes the interactions
between the solvent and the dipole moment of solute

hc(va—v;):hc(v?—v?)—z(#ea;sug)f(e,n) (3)

where f is the orientational polarizability of the solvent; v? -}
corresponds to the Stokes shifts when f is zero; p, is the excited state
dipole moment; yg is the ground-state dipole moment; a is the solvent
cavity (Onsager) radius, derived from the Avogadro number (N),
molecular weight (M), and density (d = 1.0 g cm™); & and n are the
solvent dielectric and the solvent refractive index, respectively; f(e,n) and
a can be calculated respectively as follows

e-1 n?-1
flen=e =277 )

CCDC 1414550 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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