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Based on our deep comprehension of the unique excited state decay
process of tetraphenylpyrazine derivatives, triphenylpyrazine-3-
carbazole (TrPP-3C) was designed by replacing the phenyl group
with a methyl group at the 3-position of pyrazine. Compared to the
values for its model tetraphenylpyrazine-3-carbazole (TPP-3C), the
Commiission International de l'Eclairage (CIE) coordinates of TrPP-3C
shifted to the more valuable deep-blue region in the non-doped
device, demonstrating that the in-depth study of the excited state
distribution was of great significance for the development of a new
aggregation-induced emission (AIE) building block.

Organic light-emitting diodes (OLEDs) have attracted continu-
ously increasing attention in the last three decades and are
deemed to be the most promising candidates for the new-
generation full-color, large-area, flat-plane and flexible displays.
Up to now, blue, green and red OLEDs have performed well and
satisfied the requirements for practical applications.' Never-
theless, high-efficiency deep blue OLEDs with CIE coordinates
(x +y < 0.3) are still limited; thus, this has been an ongoing
challenge that has triggered wide-ranging efforts for its
resolution.'*™

Generally, rigid planar structures with finite conjugation are
fundamental for deep blue luminescent materials owing to
their low conformational relaxation, which can achieve narrow
full width at half maximum (FWHM) to improve the colour
purity. However, these dyes, e.g., anthracene and pyrene often
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generate weak fluorescence with red-shifted emission in the
aggregate form due to the undesirable strong interaction in
their stacking situation.’*™” To avoid these adverse factors,
some fluorophores have been constructed with aggregation-
induced emission luminogens (AIEgens), such as tetraphenyl-
ethene (TPE), because most of them have relatively twisted
structures that can prevent H-aggregation and n-m stacking.
However, the TPE-based luminophores usually show fluores-
cence with broad FWHM and are not suitable for achieving
outstanding deep blue emission because of the numerous
flexible conformations in their aggregates.’"'®' Therefore,
we have to divert our attention to search for other AIEgens that
are suitable for achieving deep blue emission. Tetraphenyl-
pyrazine (TPP) is a good AIE building block previously reported
by our group, and it emits violet-blue fluorescence with an emission
peak at 390 nm and acceptable FWHM in films.>* Besides, some
TPP-based compounds with blue emission have been developed
with a good performance in non-doped OLEDs, but it is still
difficult to obtain high-quality deep blue emitters.”* >

Recently, we discovered that their transition process was
chiefly determined by the conjugation along the substituted
axis direction, while the two off-axis phenyl groups seemed to
have a negligible effect on their emission. However, the detailed
analysis of the frontier orbital distribution for 9-(4-(3,5,6-
triphenylpyrazin-2-yl)phenyl)-9H-carbazole and 9-(4-(3,5,6-triphenyl-
pyrazin-2-yl)}-{1,1’-biphenyl]-4-yl}-9H-carbazole (TPP-PhCz) showed
that the phenyl group at the 3-position in pyrazine participated in
the transition process to some extent.”* This might significantly
affect the OLED performance of the TPP derivatives after sub-
stitution occurs there. Herein, TPP-3C and TrPP-3C (triphenyl-
pyrazine, TrPP) were designed to determine the feasibility of
replacing the phenyl ring with a non-conjugative methyl group
to achieve deep-blue emitters, while 3-carbazole was inserted
instead of 9-phenyl-carbazole in TPP-PhCz for enhancing the
luminescence efficiency (Fig. 1A).

To demonstrate our strategy, a theoretical calculation was
employed first. The geometries of TrPP-3C and TPP-3C in the
So and S; states were optimized using the density functional
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Fig.1 (A) The molecular structures and optimized geometries of two
compounds in the S, states; (B) natural transition orbitals of TPP-3C and
TrPP-3C in the S; states.

theory (DFT) and time-dependent density functional theory
(TD-DFT) with the M06-2X/6-31G(d,p) level on the Gaussian 09
program.”*® As shown in Fig. S1 (ESIt), the highest occupied
molecular orbitals (HOMOs) are mostly present on carbazole
and the adjacent phenyl groups, while the lowest unoccupied
molecular orbitals (LUMOSs) are localized on the TrPP or TPP
group, which indicates that the separated HOMO/LUMO
distributions have significant intramolecular charge transfer
(ICT) characteristics in the S, states for the two compounds.
However, the situation changed obviously in the excited states,
as shown in Fig. 1B and Table S1 (ESIf). For example, the
dihedral angles o, 4 and o, . became smaller in the excited
states (—38.34 and 16.26° for TPP-3C; —13.56 and —11.40° for
TrPP-3C) than those in the ground states (—41.34 and 41.49° for
TPP-3C; —36.29 and —33.41° for TrPP-3C). This suggested that
the TPP and TrPP units underwent a planarization process upon
excitation as we previously reported.”**® After the planarization
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Fig. 2 The transition density matrix of TPP-3C (A) and TrPP-3C (B).
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of the molecular conformations, both holes and particles were
dispersed on the TrPP or TPP and adjacent phenyl groups
(carbazole moieties); this implied that the S; states were local
excited states and were generally in favour of fluorescing for both
compounds. Besides, the dihedral angle between the TrPP unit
and 3-carbazole of TrPP-3C (32°) was larger than that of TPP-3C
(24°) in their excited states, suggesting the limited conjugation
along the substituted axis in the TrPP-3C’s excited state; thus,
TrPP-3C might exhibit bluer emission in solution and in the film
state because of some larger distortion angle in its main transi-
tion direction compared to TPP-3C.

For a better description of our design, the transition density
matrix of TPP-3C and TrPP-3C was then calculated on Multiwfn
to explore the effect of each moiety on the radiative decay
behaviour.”’” > As shown in Fig. 2, the brightness and red-
shifted colour (value) of the blocks exhibit a positive correlation
with the involvement of the S; — S, transition on the sub-units.
The dotted blocks on diagonal (a,a), (b,b), (c,c), (d,d), (e,e) and
(Cz,Cz) usually represent the transition of the local excited state
when the off-diagonal blocks such as (a,b) and (a,d) are
considered to be the transition with some CT feature. First,
the values of the dotted blocks (a,a) were the highest among all
the blocks and most of the blocks related to the a group, e.g.,
(a,X)/(X,a) [X = b, d, e, Cz] were also bright for both TPP-3C and
TrPP-3C, implying that the a (pyrazine) ring played a key role in
the radiation transition process of TPP-3C and TrPP-3C. The
values of blocks (d,d) and (a,d)/(d,a) also indicated relatively
large intensities, suggesting that the d phenyl group was also
important for the S; — S, transition of the two molecules. From
the careful observation of Fig. 2, we can distinguish their
transition difference. In the off-axis substituted direction of
TPP-3C, the block (c,c) was darker than the block (e,e), which
demonstrated that the transition participation of the ¢ phenyl
group was far less than that of the e phenyl group in TPP-3C.
Therefore, it would be meaningful to perform substitution on
the e phenyl group instead of the c position. Before the methyl
group replacement, the values of (b,b) and (a,b)/(b,a) were
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Fig. 3 (A) The absorption spectra of TPP-3C and TrPP-3C in THF solution.
(B) The normalized PL spectra of TPP-3C and TrPP-3C in THF solution and
film (concentration: 10~> M). (C) The PL spectra of TrPP-3C in THF/water
mixtures with different water fractions; concentration: 107> M. Inset:
Photos of the compounds in THF/water mixtures (f,, = 0 and 90%) taken
under 365 nm excitation. (D) The plots of PLQY as a function of different
water fractions (f,) in THF/H,O mixtures for TrPP-3C and TPP-3C
(concentration: 107> M).

relatively weak in TPP-3C. After replacement, these intensities
were enhanced in TrPP-3C, which testified that the b phenyl
group of TrPP-3C was more involved in the transition process,
and these changes were caused by methyl substitution at the
3-position of pyrazine. Furthermore, the integral intensity of
the transition density matrix increased significantly in TrPP-3C,
which would be conducive to the improvement in the photo-
luminescence efficiency. Hence, we believed that TrPP-3C
would exhibit effective deep-blue emission as expected. In
addition, these relatively bright transition blocks of S; — S,
such as (a,X)/(X,a), (d,X)/(X,d) and (Cz,X)/(X,Cz) ([X = a, d, Cz]
either with LE or CT states), were mainly distributed along the
substituted direction, which is consistent with the excited-state
quinone-conformation induced planarization process on
TPP-based derivatives.>

Based on the above theoretical analysis, the two compounds
were prepared following the synthesis route shown in Fig. S2
(ESIY), and their structures were confirmed via nuclear magnetic
resonance spectroscopy and high-resolution mass spectroscopy

Table 1 The photophysical properties of TPP-3C and TrPP-3C

View Article Online
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(Fig. S3-5S11, ESIY). The photophysical properties of TrPP-3C and
TPP-3C were analysed based on the absorption spectra and
photoluminescence (PL) spectra. As depicted in Fig. 3A, TrPP-3C
and TPP-3C exhibit strong absorptive peaks at 340 nm and
349 nm in THF solutions, respectively, which can be assigned to
the m—n* transition. The blue-shifted absorptive profile of TrPP-3C
suggested that the TrPP-based derivative possessed short conjuga-
tion in contrast to the TPP-based one, as calculated above.
Similarly, TrPP-3C (437 nm in THF and 432 nm in film) displayed
17 and 15 nm blue-shifted emissions compared with TPP-3C
(454 nm in THF and 447 nm in film) in the THF solution and
film state, respectively (Fig. 3B and Table 1), demonstrating that
TrPP-3C was more suitable as a deep blue luminogen than TPP-3C
as the calculation predicted. As shown in Table 1, TrPP-3C and
TPP-3C emitted strongly with higher quantum yields (&) of 47.2%
and 36.6% in the film state than 3.9% and 3.0% in THF solutions,
respectively, indicating their AIE features.

To confirm this point, the PL intensities of TrPP-3C and
TPP-3C were investigated in THF/water mixtures with different
water fractions (f,). As displayed in Fig. 3C and D, the PL
intensity of TrPP-3C increases slowly before f, = 60%
(unaggregated), while a drastic improvement in the PL intensity
is observed once f,, > 60% due to the formation of aggregates.
This suggested that structure modification did not affect the
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Fig. 4 (A) The energy diagram of the device structure; (B) EL spectra at
5 V; (C) current density—voltage—luminescence, and (D) current efficiency—
luminescence—power efficiency characteristics of TPP-3C and TrPP-3C.
Inset: Photos of OLEDs based on TPP-3C and TrPP-3C.

Jem? (nmM) @° (%) ¢ (ns) K° (107 s7Y) Ko (107 s7Y)
Compound Aabs” (NM) Soln Film Soln Film Soln Film Soln Film Soln Film
TPP-3C 349 454 447 3.0 36.6 0.40 0.91 7.5 40.2 242.5 69.7
TrPP-3C 340 437 432 3.9 47.2 0.52 1.67 7.5 28.1 184.8 31.6

¢ Maximum absorption wavelength, concentration: 10 uM. ” Maximum emission wavelength, soln: THF solution, film: droplet film. ¢ Absolute
fluorescence quantum efficiency. ¢ Luminescence lifetime. © K, = /1.7 Ky = (1 — ®)/x.
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Table 2 The electroluminescence performance of the devices
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Maximum values

Values at 1000 cd m >

Device Vo (V) nc’ (ed A™") e’ Im W) EQE” (%) IP(cdm™2) nl(cdA™™) n? ImW™') EQE’ (%) CIE(x,y) Jpc? (nm)
TPP-3C 3.3 3.09 2.43 2.81 6527 3.03 1.83 2.76 (0.150, 0.145) 444
TrPP-3C 3.3 1.88 1.49 2.89 2995 1.71 0.84 2.62 (0.152, 0.086) 428

? Von = turn-on voltage at 1 cd m >

. P ye = current efficiency; np = power efficiency; EQE = external quantum efficiency; L = luminance. ¢ CIE =

Commission International de I'Eclairage coordinates at 10 mA cm ™2 current density. ¢ J; = maxima of electroluminescence spectra.

AIE feature, and TrPP would become a promising deep-blue AIEgen.
Similar to most TPP derivatives, TPP-3C also exhibited a perfect AIE
plot (Fig. S12, ESI). In addition, gradually red-shifted PL profiles
appeared as the water fractions increased up to 60% due to the ICT
states, which were verified by the solvatochromism investigation in
different-polarity solvents (Fig. S13 and Table S2, ESIt). When in the
aggregated state, the PL emission shifted to the blue region because
the environment polarity was smaller in the nanoparticle states than
in THF/water solutions (f;, < 60%).** Besides, their luminescence
lifetimes were of the order of nanoseconds with one component,
which referred to the normal fluorescence emission (Fig. S14, ESIY).
Similar to the observations for previous TPP-based derivatives,
increase in the radiative decay rates (K;) in TrPP-3C was observed,
which might originate from its planar conformation in the excited
states, and this conjecture was consistent with the above theoretical
calculation and our reported results.>* Meanwhile, the decrease in
non-radiative decay (K,,) from the THF solution to the film state for
TrPP-3C also implied that the restriction of the intramolecular
motion contributed significantly to the fluorescence enhancement
in the aggregate states.”® The results showed that we obtained a
novel deep-blue AIE building block via the deep comprehension of
the unique excited state on the TPP unit.

For fabricating into OLED devices with a good performance,
their thermal properties were measured by thermogravimetric
analysis and differential scanning calorimetry under a nitrogen
atmosphere. They exhibited good thermal stability with 5%
weight loss (T4) at the temperatures of more than 400 °C as well
as good morphological stability with adequate glass-transition
temperatures (T,) of more than 100 °C (Fig. S15, ESIt). The
energy levels of HOMOs and LUMOs were estimated from cyclic
voltammetry measurements. Similar to their theoretical calcu-
lations in the ground state, the two compounds had almost
identical HOMO level values (—5.54 eV for TrPP-3C and
—5.53 eV for TPP-3C) because of their electron location on
the Cz-dominant group, while the LUMO level values exhibited
some differences originating from the absence of the phenyl
ring (—2.48 eV for TrPP-3C and —2.59 eV for TPP-3C) (Fig. S16
and Table S3, ESIT). These results indicate that the compounds
were appropriate for OLED emitters.

Non-doped OLED devices were fabricated with the device
configuration of ITO/HATCN (5 nm)/TAPC (40 nm)/TCTA
(5 nm)/TrPP-3C or TPP-3C (20 nm)/TPBi (40 nm)/LiF (1 nm)/
Al In the devices, HATCN (2,3,6,7,10,11-hexacyano-1,4,5,8,9,12-
hexaazatriphenylene) and TAPC (1,1-bis[4-[N,N-di( p-tolyl)amino]-
phenyl]cyclohexane) served as the hole-injecting layer and hole-
transporting layer, respectively. TCTA (4,4,4"-tri-9-carbazoly-
triphenylamine) functioned as the hole-transporting layer and

13050 | J. Mater. Chem. C, 2019, 7, 13047-13051

electron-blocking layer. TPBi (2,2'2"-(1,3,5-benzinetriyl)tris-
(1-phenyl-1-H-benzimidazole)) was used as the electron-
transporting layer and hole-blocking layer (Fig. 4A). The key
data and characteristic curves are given in Table 2 and Fig. 4.
The devices were turned on at a low voltage of 3.3 V for both
compounds. TrPP-3C exhibited deep blue electroluminescence
emission with a peak (/g) at 428 nm and CIE coordinates of
(0.152, 0.086). It also achieved good external quantum efficiency
(EQE) of 2.89%, 5c of 1.88 cd A™" and #p of 1.49 Im W,
Compared to the TPP-3C-based OLED with EQE of 2.81% and
CIE coordinates of (0.150, 0.145), the TrPP-3C-based device did
not exhibit improvement in efficiency, but its CIE coordinates
blue-shifted to a more valuable area, which proved that this
structural modification of converting a phenyl group into a non-
conjugative methyl group on polyphenylpyrazine seemed to
be successful. Besides, the performance of TrPP-3C was much
better than that of most reported AlEgens with deep blue
emission, as shown in Table S4 (ESIY).

In summary, we found that four phenyl substituents had
different effects on the transition process of the TPP derivatives
via a deep understanding of the unique excited state. The S; to
So transition process originated primarily from the conjugation
along the substituted axis, while in the off-axis direction, the e
phenyl group (at the 3-position of pyrazine) also participated to
some extent based on systematic theoretical analysis. Thus, the
non-conjugated methyl group in TrPP-3C was employed to
replace this phenyl group on TPP-3C, and a novel deep-blue
AIE emitter was obtained. In non-doped OLEDs, TrPP-3C dis-
played a better device performance with appreciable maximum
EQE of 2.89% and desirable CIE coordinates of (0.152, 0.086)
compared with TPP-3C. All these results indicate that the
strategy of confining conjugation on the 3-position substitution
group of pyrazine is essential to develop high-efficiency deep
blue emitters based on the TPP group. Therefore, the profound
investigation of the excited state changes will be of great
significance for the development of new AIE building blocks.
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