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ABSTRACT: We have developed a new family of luminescent materials
featuring through-space charge transfer from electron donors to acceptors
that are electronically separated by triptycene. Most of these molecules are
highly fluorescent, and modulation of their emissions was achieved by
tuning the electron-accepting strength in a range from the weak triptycene
acceptor over triarylborane (BMes) to strongly accepting naphthalimide
(Npa) moieties. Pz−Pz shows an aggregation-induced emission in
aggregates and in the solid state coupled with a highly red-shifted broad
emission (ca. 160 nm) of the excimer, indicating that phenothiazine (Pz)
also plays a vital role in the emission responses as an electron donor. This
work may help develop new approaches to photophysical mechanism based
on the rigid, homoconjugated, and structurally unusual 3D triptycene
scaffold.

■ INTRODUCTION

Organic luminescent materials have received tremendous
interest due to significant advances motivated by various
applications in broad areas of smart sensing, security, light
emitting, bioimaging and organic electronics, and so forth.1

Fully π-conjugated systems are well-known for robust
functionalization with electron donors (D) and acceptors
(A) that enables facile emission modulation by fine tuning
their strength of electronic coupling.2 Other than this
conventional molecular design, a new type of electronic
interaction of through-space conjugation has recently been
established for the next generation of optoelectronic materials
and devices with considerably more flexible π-electron
delocalization via spatial overlap of π orbitals.3 In the past
few years, triptycene as a unique member of iptycenes has
attracted attention in supramolecular chemistry and molecular
machines due to its trigonal 3D skeleton.4 On the other hand,
the unusual electronic properties of triptycene that feature a
nonconjugated but structurally rigid nature of the three
benzene rings fused to a central bicycle lead to the
homoconjugation effect.5 Such homoconjugated electronic
characteristics were previously supported by interchromo-
phoric charge-transfer transition and other studies on
triptycene derivatives.6 Given the spatially disposed homo-
conjugation, substantial efforts have been devoted to
investigations of triptycene-based luminescent materials for
thermally activated delayed fluorescence7 with fully separated
highest occupied molecular orbital (HOMOs) and lowest
unoccupied molecular orbital (LUMOs) as well as for

circularly polarized luminescence emitters and chiroptical
materials.8

However, many of the traditional luminescent materials may
suffer from severe emission quenching and low quantum yields
in aggregates, which is unexpected and disadvantageous to
light-emitting applications strongly based on the photophysical
performance in solid states.9 In 2001, Tang and co-workers
first proposed a conceptually new mechanism of aggregation-
induced emission (AIE) opposite to commonly observed
intense luminescence in well-dispersed solutions.10 Research
associated with the AIE phenomenon has witnessed a rapid
growth over two decades, and the community found their
significant impacts on many other fields such as OLEDs,
bioimaging, chiral luminescence, and drug-resistant stud-
ies.11−14 In an attempt to persistently seek new luminescent
materials with tunable emissions,15 we, herein, present a large
family of through-space charge-transfer systems based on the
spatially distinct and electronically homoconjugated spacer of
triptycene that is functionalized with shifts of electron donating
and accepting strength and AIE activity (Scheme 1).
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■ EXPERIMENTAL SECTION

Materials. n-Butyllithium, phosphinic acid, potassium
carbonate, pyridine, o-phenylendiamine, o-dichlorobenzene,
cuprous iodide, trifluoroacetic anhydride, 18-crown-6, carba-
zole, phenothiazine, diisopropylethylamine, sodium t-butoxide,
and tribenzylidene acetone dipalladium (II) were purchased
from Energy Chemical. Tetrahydrofuran, dichloromethane,
petroleum ether, methanol, and ethyl acetate were purchased
from Sinopharm Chemical Reagent Co., Ltd. Chemicals were
used without further purification unless otherwise noted.
Anhydrous solvents were distilled from commercial sources
with sodium/benzopheneone or calcium hydride.
General Methods and Instrumentation. 1H NMR

spectra were recorded on a 400 MHz Bruker spectrometer.
13C NMR spectra were recorded on the 101 or 176 MHz
Bruker spectrometers. 11B NMR spectra were recorded on a
128 MHz Bruker spectrometer. 11B NMR spectra were
acquired with boron-free quartz NMR tubes, and the spectra
were referenced externally to BF3·Et2O (δ = 0). High-
resolution mass spectral data were obtained via ESI on an
Agilent (Q-TOF 6520) analyzer. UV−visible absorption
spectra were recorded on a Cary 300 UV−vis spectropho-
tometer. Luminescent spectra were recorded on an Edinburgh
Instrument FLS980 or Lengguang Tech F97PrO spectropho-
tometer. Fluorescent quantum efficiencies were determined
using a Hamamatsu C11347-11 Quantaurus-QY spectrometer.
X-ray single crystals were obtained on a Bruker D8 X-ray single
crystal Venture diffractometer. SAINT5.0 and SADABS
programs are used for the reduction and absorption correction
of crystal data. The resolution and refinement of the crystal
structure are obtained on SHELXTL-97 software. Using the
direct or Patterson methods, all nonhydrogen source
coordinates are obtained by using the differential Fourier
method and the least square method. Then, the geometric
method and the difference value are used. The hydrogen atom
coordinates were obtained by the Fourier method, and the
crystal structure was obtained. The CCDC numbers of
2011196 (Cz−Cz) and 2011197 (Pz−Pz) are deposited.
DFT calculations were performed with the Gaussian 09
program. Geometry optimizations and vertical excitations were
calculated by means of the hybrid density functional B3LYP
and CAM-B3LYP with the basis set of 6-31G*. The input files
and orbital representations were generated with GaussView 5.0

(scaling radii of 75%, isovalue = 0.02). Excitation data were
calculated using time-dependent density-functional theory
(TD-DFT) (B3LYP/6-311G**). The true minimum of
resulting structures was confirmed to be stationary points
through vibrational frequency analysis with absorbance of
imaginary frequencies.

Synthesis of Pz−Pz. 6 (46.4 mg, 0.1 mmol), phenothiazine
(43.8 mg, 2.2 equiv), t-BuONa (29 mg, 3 equiv), tris-
(dibenzylidineacetone)-dipalladium(0) (4.6 mg, 5%), and tri-t-
butylphosphonium tetrafluoroborate (3 mg, 10%) were
dissolved in dry toluene (6 mL). The mixture was degassed,
heated to 107 °C, and refluxed for 20 h under N2. After the
reaction was complete, the reaction was cooled to r.t, filtrated,
concentrated, and purified by column chromatography on
silica gel (petroleum ether/ethyl acetate = 10:1, v/v first; then
dichloromethane) to give Pz−Pz as a brown solid (22 mg,
29%). 1H NMR (400 MHz, CDCl3): δ 7.98 (dd, J = 6.2, 3.4
Hz, 2H), 7.71 (dd, J = 6.8, 3.8 Hz, 4H), 7.58 (d, J = 1.6 Hz,
2H), 7.18 (dd, J = 8.0, 2.0 Hz, 2H), 7.12−7.02 (m, 4H), 6.85
(dt, J = 5.8, 2.4 Hz, 8H), 6.37−6.24 (m, 4H), 5.72 (s, 2H). 13C
NMR (101 MHz, CDCl3): δ 156.8, 144.5, 143.8, 140.6, 140.4,
139.4, 129.6, 128.7, 127.7, 127.1, 127.0, 126.9, 125.7, 123.1,
122.4, 117.6, 55.0. ESI-HRMS (m/z): calcd for C46H28N4S2
[M + H]+, 701.1828; found, 701.1821.

Synthesis of Cz−Cz. 6 (113 mg, 0.24 mmol), carbazole (90
mg, 2.2 equiv), K2CO3 (67 mg, 2 equiv), cuprous iodide (2.3
mg, 5%), and 18-crown-6 (6.5 mg, 10%) were dissolved in dry
o-dichlorobenzene (5 mL). The mixture was degassed and was
then heated to 180 °C and refluxed overnight under N2. After
the reaction was complete, the reaction was cooled to r.t,
concentrated, and purified by column chromatography on
silica gel (petroleum ether/ethyl acetate = 15:1, v/v) to give
Cz−Cz as a yellowish solid (14 mg, 9%). 1H NMR (400 MHz,
CDCl3): δ 8.13 (d, J = 7.6 Hz, 4H), 8.03 (dd, J = 6.2, 3.2 Hz,
2H), 7.85−7.77 (m, 4H), 7.73 (dd, J = 6.2, 3.4 Hz, 2H), 7.49−
7.32 (m, 10H), 7.29 (dd, J = 7.8, 4.0 Hz, 4H), 5.84 (s, 2H).
13C NMR (101 MHz, CDCl3): δ 156.6, 143.8, 140.8, 140.8,
139.5, 136.5, 129.7, 128.7, 126.5, 126.0, 125.6, 123.9, 123.4,
120.4, 120.2, 109.8, 55.1. ESI-HRMS (m/z): calcd for
C46H28N4 [M + H]+, 637.2387; found, 637.2372.

Synthesis of Cz−BMes. Cz−Br (55 mg, 0.1 mmol),
tetrakis(triphenylphosphine)-palladium(0) (18.5 mg, 5%),
and 8 (45 mg, 1.2 equiv) were dissolved in toluene (6 mL).
The mixture was degassed, and then, a solution of K2CO3 (83

Scheme 1. Design of Triptycene-Based Luminescent Materials with Electron Donors and Acceptors
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mg, 6 equiv) dissolved in water (3 mL) was added dropwise
under N2. The mixture was heated to 110 °C and refluxed
overnight under N2. After the reaction was complete, the
reaction was cooled to r.t, filtrated, concentrated, and purified
by column chromatography on silica gel (petroleum ether/
ethyl acetate = 15:1, v/v) to give Cz−BMes as a pale solid (23
mg, 29%). 1H NMR (400 MHz, CDCl3): δ 8.11 (d, J = 7.7 Hz,
2H), 7.99 (dq, J = 11.0, 3.7 Hz, 2H), 7.90 (d, J = 1.5 Hz, 1H),
7.79−7.74 (m, 2H), 7.72−7.64 (m, 3H), 7.59−7.52 (m, 4H),
7.47 (dd, J = 7.7, 1.7 Hz, 1H), 7.39−7.23 (m, 7H), 7.24 (d, J =
1.4 Hz, 1H), 6.83 (s, 4H), 5.84 (s, 1H), 5.75 (s, 1H), 2.31 (s,
6H), 2.02 (s, 12H). 13C NMR (101 MHz, CDCl3): δ 141.1,
140.8, 138.7, 137.0, 129.5, 128.7, 128.2, 126.7, 125.9, 125.5,
123.8, 123.4, 120.3, 120.1, 109.8, 23.5, 21.2. 11B NMR (225
MHz, CDCl3): δ 28. ESI-HRMS (m/z): calcd for C58H46BN3
[M + H]+, 796.3858; found, 796.3847.
Synthesis of Pz−BMes. A similar procedure for Cz−BMes

was performed to give Pz−BMes as a yellowish solid (19 mg,
28%). 1H NMR (400 MHz, CDCl3): δ 7.97 (td, J = 7.2, 3.6
Hz, 2H), 7.87 (d, J = 1.6 Hz, 1H), 7.77−7.59 (m, 4H), 7.59−
7.51 (m, 5H), 7.46 (dd, J = 7.6, 1.8 Hz, 1H), 7.18 (dd, J = 7.8,
2.0 Hz, 1H), 7.01 (dd, J = 4.2, 2.6 Hz, 2H), 6.90−6.70 (m, H),
6.23−6.11 (m, 2H), 5.75 (d, J = 35.0 Hz, 2H), 2.31 (s, 6H),
2.01 (s, 12H). 13C NMR (101 MHz, CDCl3): δ 139.8, 137.7,
136.0, 129.2, 128.5, 127.6, 127.2, 125.8, 125.6, 124.9, 121.7,
115.8, 76.2, 28.7, 22.4, 21.7, 20.2, 13.1. 11B NMR (128 MHz,
CDCl3): δ 26. ESI-HRMS (m/z): calcd for C58H46BN3S [M +
H]+, 828.3578; found, 828.3580.
Synthesis of Cz−Npa. Cz−NH2 (91 mg, 0.187 mmol) and

1,8-naphthalic anhydride (37 mg, 0.187 mmol, 1 equiv) were
dissolved in acetic acid (5 mL) and refluxed for 5 h. The
reaction was cooled to r.t., and 10 mL of water was added. The
precipitates were recovered by filtration, and the crude product
was dried under vacuo and purified by column chromatog-
raphy on silica gel (dichloromethane, then methanol) to obtain
Cz−Npa as a pale solid (66 mg, 53%). 1H NMR (400 MHz,
CDCl3): δ 8.62 (dd, J = 7.2, 1.0 Hz, 2H), 8.30 (dd, J = 8.2, 0.8
Hz, 2H), 8.10 (d, J = 7.6 Hz, 2H), 8.02−7.93 (m, 2H), 7.82
(dd, J = 8.2, 7.2 Hz, 2H), 7.79−7.68 (m, 5H), 7.46 (d, J = 7.9
Hz, 1H), 7.40−7.22 (m, 8H), 5.71 (d, J = 21.0 Hz, 2H). 13C
NMR (101 MHz, CDCl3): δ 159.2, 156.8, 143.5, 143.0, 140.7,
140.2, 139.7, 139.2, 137.9, 131.1, 130.0, 129.7, 129.0, 128.9,

128.8, 127.1, 126.2, 124.0, 122.0, 121.4, 121.1, 120.9, 120.2,
116.1, 110.3, 51.0. ESI-HRMS (m/z): calcd For C46H27N4O2
[M + H]+, 667.2129; found, 667.2131.

Synthesis of Pz−Npa. A similar procedure for Cz−Npa was
performed to give Pz−Npa as a yellowish solid (39 mg, 29%).
1H NMR (400 MHz, CDCl3): δ 8.56 (d, J = 7.6 Hz, 2H),
8.27−8.23 (d, J = 8.0 Hz, 2H), 7.88 (m, 2H), 7.79−7.72 (m,
3H), 7.68−7.59 (m, 4H), 7.47 (s, 1H), 7.35 (d, J = 8.0 Hz,
1H), 7.26−7.22 (dd, J = 7.6, 1.6 Hz, 1H), 7.10 (dd, J = 7.8, 2.0
Hz, 1H), 6.98−6.89 (m, 2H), 6.75−6.69 (m, 3H), 6.11−6.07
(m, 1H), 5.65−5.51 (d, J = 19.8 Hz, 2H). 13C NMR (101
MHz, DMSO-d6): δ 159.3, 156.7, 144.4, 143.7, 143.0, 140.2,
139.5, 137.8, 137.5, 136.9, 133.2, 130.3, 128.9, 128.4, 127.4,
126.1, 125.8, 124.0, 122.1, 122.0, 117.8, 52.9. ESI-HRMS (m/
z): calcd for C46H26N4O2S [M + H]+, 699.1849; found,
699.1842.

Synthesis of Cz−NpaBr. A similar procedure for Cz−Npa
was performed to give Cz−NpaBr as a yellowish solid (50 mg,
35%). 1H NMR (400 MHz, CDCl3): δ 8.96 (d, J = 8.0, 2H),
8.72 (d, J = 7.8 Hz, 2H), 8.45−8.38 (m, 1H), 8.11 (d, J = 7.6
Hz, 2H), 7.98 (ddd, J = 10.2, 5.0, 3.4 Hz, 2H), 7.79−7.65 (m,
5H), 7.45 (d, J = 7.8 Hz, 1H), 7.38−7.22 (m, 8H), 5.75−5.64
(d, J = 20.8 Hz, 2H). 13C NMR (101 MHz, CDCl3): δ 159.7,
153.3, 144.3, 143.7, 140.8, 140.4, 139.5, 139.4, 138.9, 136.5,
128.3, 127.7, 126.7, 126.6, 126.4, 125.6, 125.4, 125.2, 124.6,
123.8, 123.4, 120.6, 120.3, 120.1, 119.0, 118.9, 121.3, 109.9,
54.9. ESI-HRMS (m/z): calcd for C46H25BrN4O2 [M + H]+,
745.1234; found, 745.1228.

Synthesis of Pz−NpaBr. A similar procedure for Cz−Npa
was performed to give Pz−NpaBr as a yellowish solid (55 mg,
37%). 1H NMR (400 MHz, CDCl3): δ 8.88 (m, 2H), 8.43 (d, J
= 7.8 Hz, 1H), 8.05 (d, J = 7.6 Hz, 1H), 7.89 (m, 3H), 7.84−
7.76 (m, 1H), 7.72−7.61 (m, 3H), 7.54−7.45 (m, 1H), 7.39
(d, J = 8.0 Hz, 1H), 7.22−7.10 (m, 1H), 7.03 (dd, J = 7.8, 2.0
Hz, 1H), 6.90−6.83 (m, 2H), 6.73−6.64 (m, 4H), 6.11−6.07
(m, 2H), 5.55 (d, J = 21.0 Hz, 2H). 13C NMR (101 MHz,
CDCl3): δ 160.4, 157.6, 145.4, 143.8, 143.1, 140.3, 139.0,
137.0, 136.9, 136.8, 135.4, 133.4, 131.7, 131.6, 130.8, 129.9,
128.9, 128.8, 128.2, 127.3, 126.1, 125.8, 124.4, 122.6, 121.9,
120.9, 117.9, 57.4. ESI-HRMS (m/z): calcd for
C46H25BrN4O2S [M + H]+, 777.0954; found, 777.0949.

Scheme 2. Synthesis and Structures of Triptycen-Based Luminescent Moleculesa

aReagents and conditions: (i) with modified procedures in ref 16: (a) vinylene carbonate, hydroquinone (5%), 190 °C, 3 d; (b) KOH, H2O, reflux;
(c) trifluoroacetic anhydride, N-ethyldiisopropylamine, DCM/DMSO, −60 °C to r.t., overnight, and treatment with HCl; (d) o-phenylenediamine
(1.0 equiv), pyridine, 65 °C. (ii) Carbazole (2.0 equiv), CuI (5%), o-C6H4Cl2, 180 °C. (iii) Phenothiazine (2.2 equiv), Pd2(dba)3 (5%), t-Bu3P, t-
BuONa, toluene, reflux. (iv) Carbazole (1.0 equiv), CuI (5%), o-C6H4Cl2, 180 °C. (v) Phenothiazine (1.0 equiv), CuI (5%), o-C6H4Cl2, 180 °C.
(vi) For Cz−BMes and Pz−BMes: Mes2BC6H4B(OH)2, Pd(PPh3)4 (5%), K2CO3, toluene/H2O, reflux. For Cz−Npa, Pz−Npa, Cz−NpaBr, and
Pz−NpaBr: (a) benzophenonimine, Pd2(dba)3 (5%), BINAP, t-BuONa, 107 °C; (b) treatment with HCl and THF; (c) (bromo)naphthalic
anhydride, HOAc, reflux, 5 h.
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■ RESULTS AND DISCUSSION

The synthetic details are described above and in the
Supporting Information. A key step to achieve triptycene
derivatives is the scalable synthesis of bifunctional compound
6, which was obtained via a modified procedure in the previous
report.16 As shown in Scheme 2, the coupling reactions of 6
with electron donors were performed by Cu(I)-catalyzed
Ullmann reaction for carbazole (Cz, 2.0 equiv) and
Buchwald−Hartwig reaction for phenothiazine (Pz, 2.2
equiv), leading to symmetrical Cz−Cz and Pz−Pz, respec-
tively. Under similar conditions, we first prepared the
intermediates monofunctionalized with Cz and Pz, and they
were then reacted with triarylborane (BMes) as a moderate
acceptor in Suzuki cross-coupling to give D−A type molecules

Cz−BMes and Pz−BMes. They were also coupled with
strongly electron-accepting groups of naphthalimide (Npa)
and bromonaphthalimide (NpaBr) via the condensation
reaction of primary amines and anhydrides, giving rise to
highly efficient D−A charge-transfer systems of Cz−Npa, Cz−
NpaBr, Pz−Npa, and Pz−NpaBr. These products have been
fully characterized by 1H, 13C, and 11B NMR and high-
resolution mass spectroscopic analysis.
Single crystals of Cz−Cz and Pz−Pz were grown by slow

evaporation from the CH2Cl2/MeOH solution (1:1, v/v) at
room temperature, and their solid-state structures were
examined by X-ray crystallographic analysis. As shown in
Figure 1, the rigid backbone of these molecules was indicated
by dihedral angles of 120° between the phenyl rings in

Figure 1. X-ray crystallographic structures (left) and molecular packing (right) of Cz−Cz and Pz−Pz (50% thermal ellipsoids). Aromatic hydrogen
atoms have been omitted for clarity.

Table 1. Photophysical and Computational Data

λabs
a (nm) λem

a (nm) Φfl
b (%) EHOMO

c (eV) ELUMO
c (eV) Egap

d (eV) ETDDFT
e (eV) Egap(opt)

f (eV)

Cz−Cz 341 490 42 −5.39 −1.88 3.51 3.10 3.53
Cz−BMes 329 485 36 −5.35 −1.85 3.50 3.12 3.45
Cz−Npa 400 579 29 −5.27 −2.48 2.79 2.54 2.90
Cz−NpaBr 434 573 24 −5.30 −2.68 2.62 2.37 2.68
Pz−Pz 356 N/A N/A −5.01 −1.92 3.09 2.71 3.33

Pz−BMes 327 485 32 −4.95 −1.86 3.09 2.73 3.45
Pz−Npa 444 581 26 −4.87 −2.50 2.37 2.11 2.65
Pz−NpaBr 489 625 22 −4.90 −2.70 2.20 1.95 2.44

aRecorded in CH2Cl2 (c = 1.0 × 10−5 M) for the longest λmax.
bFluorescence quantum efficiency (Φfl).

cObtained by DFT calculations (B3LYP, 6-
31G*). dHOMO−LUMO energy gap: Egap = ELUMO − EHOMO.

eVertical excitation of the lowest transition (S0 → S1) calculated by TD-DFT
(B3LYP, 6-31G**). fCalculated from the experimental absorption onset.

Figure 2. (a) UV−vis absorption and (b) emission spectra recorded in CH2Cl2 (c = 1.0 × 10−5 M, λex = λabs(max)). Inset: photographs of emission
colors for solutions under UV light at λex = 365 nm. The absence of Pz−Pz is due to its nonemissive nature in pure organic solvents.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c03565
ACS Omega 2020, 5, 28606−28614

28609

http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03565/suppl_file/ao0c03565_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03565?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03565?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03565?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03565?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03565?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03565?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03565?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03565?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c03565?ref=pdf


triptycene. Different intermolecular interactions proved crucial
to the molecular packing of these compounds. The assembly of
Cz−Cz leads to an antiparallel superstructure via C−H···π
interactions (2.790 and 2.898 Å), while the supramolecular
structure of Pz−Pz is a result of the cooperative effects of C−
H···π (2.822 and 2.826 Å), C−H···S interactions (3.417 Å),
and π−π stacks (3.399 Å). This difference in the molecular
packing may reflect the sterically nonplanar and more bulky
nature of the electron donor Pz than that of Cz.
The photophysical properties of these compounds were

investigated in CH2Cl2, and the results are summarized in
Table 1. As shown in Figure 2a, Cz−Cz and Pz−Pz display
moderate absorption bands around 350 nm in the UV−vis
spectra, ascribed to change transfer from Cz−Pz to the
triptycene core. In comparison, stronger charge transfer
absorption was observed for other compounds due to the
contribution from additional electron acceptors of BMes, Npa,
and NpaBr, consistent with the TD-DFT computational data.
With exception in Pz−Pz, these molecules show intense
luminescence with reasonably high quantum efficiency (Φfl =
0.22−0.42, in CH2Cl2). More importantly, their emission

colors were highly tunable over a broad spectrum from 485 nm
(green) to 625 nm (red) as the electron-accepting strength of
A moieties were systematically enhanced (Figure 2, inset). The
solvent-induced solvatochromic shift in the emission was also
observed (Figure S34). These optical behaviors suggest that
the through-space electron coupling proves highly efficient in
the homoconjugated triptycene-based systems used for
emission modulation materials.
Using DFT (B3LYP/6-31G* and CAM-B3LYP/6-31G*)

and TD-DFT (B3LYP/6-311G**), we performed their
electronic structure calculations and the results are described
in the Supporting Information. These molecules show similar
HOMOs localized on electron donors Cz−Pz, and LUMOs
involve the major acceptor moieties (BMes, Npa, and NpaBr)
with contribution from the triptycene unit. Notably, the
HOMOs are fully separated from LUMOs and have no overlap
of the electron density in all cases. As illustrated for
representative examples in Figure 3, vertical excitations to
lower excited states (S1, S2) of Cz−BMes exhibit a CT
character and π−π* transition is also observed in higher energy
transitions (S0 → S3, f = 0.0685; S0 → S4, f = 0.4491).

Figure 3. Vertical excitations, oscillator strength ( f) (TD-DFT, B3LYP/6-31G**), and diagrams of the calculated orbitals contributing to key
transitions (isovalue = 0.02; DFT, B3LYP/6-31G*) for Cz−BMes (a) and Pz−Npa (b) as representative examples.
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However, Pz−Npa shows only charge-transfer electronic
transitions likely due to the high strength of the Npa acceptor
(Figure 3b). The first electrochemical oxidation wave (vs Fc+/
Fc, CH2Cl2) shifts more positive in cyclic and differential pulse
voltammetry (CV and DPV) as the acceptors are incorporated
in the molecular systems, indicative of again the electronic
communications between the donor and acceptor across the
homoconjugated triptycene (Figures 4 and S32).
Given that Pz−Pz showed a nonemissive property in dilute

solutions of pure organic solvents, in sharp contrast to other
analogues, we explored its photoluminescence in aggregates.
To examine the exceptional AIE behavior, its emission spectra
were acquired in the mixture solvent (H2O/THF) with
increasing water fractions ( fw). As shown in Figure 5a, Pz−
Pz exhibits very poor emission (Φfl < 0.5%), and the solution
remains almost dark before the water fraction goes up to fw =
50%. A rapid increase in the emission was then observed at 390
nm, and an apparent turn-on fluorescence occurred with the
loss of transparency of solutions. As further increase of the
water content approaches fw = 90%, a strongly emissive
solution was visualized together with a dramatically enhanced
fluorescence quantum yield (Φfl = 11%) in response to the

increase of solvent polarity (Figure 5a, inset). The enhanced
emission of Pz−Pz is attributed to the formation of aggregated
states, fully consistent with the well-known AIE activity. As
evidenced by dynamic light scattering (DLS) profiles (Figure
5c), the average size of aggregated particles was fast growing
with the hydrodynamic diameter (D) increasing from ∼6 nm
for fw = 0% to 460 nm for fw = 90%. These aggregates were
also confirmed by the particles of 0.55 μm displayed in the
scanning electron microscopy (SEM) image (Figure 5d). This
AIE property might be a result of cooperative effects from the
3D rigid geometry of triptycene and the bulky, twisted sterics
of the Pz donor.
Interestingly, once fw exceeds 70%, further addition of water

resulted in a remarkable decrease in emission of the initial
band at 390 nm along with a highly red-shifted new broad
emission band developed at 550 nm and gradually enhanced
up to fw = 90% (Figures 5a,b and 6a,b). By comparison, the
new band at 550 nm was similarly recorded for single crystals
of Pz−Pz with a strong yellow emission (Φfl = 21%). We also
found that grinding the crystals leads to a considerable
emission quenching with the Φfl = 4% (Figure 6c). The
variable temperature-dependent spectra indicated that the

Figure 4. CV of oxidation curves for (a) Pz−Pz, Pz−BMes, Pz−Npa, and Pz−NpaBr; (b): Cz−Cz, Cz−BMes, Cz−Npa, and Cz−NpaBr (vs Fc+/
Fc) recorded in CH2Cl2 with [Bu4N][PF6] (c = 0.1 M) as the electrolyte, ν = 100 mV/s.

Figure 5. AIE behavior of Pz−Pz: (a) emission spectra of solutions in H2O/THF with increasing water fraction (c = 1.0 × 10−5 M, λex = 356 nm);
(b) intensity changes in the two emission bands (λem = 390 and 550 nm) at various fw; (c) selected DLS profiles as a function of fw and (d) SEM
image (H2O/THF, fw = 90%).
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emission at 550 nm nearly disappeared when T was elevated to
350 K (Figure 6d). Based on these, we suspect that such a
broad, highly bathochromically shifted (∼160 nm) and
concentration-enhanced emission at 550 nm in aggregates
and crystals could be similar to excimer-induced emission in
the condensed states.17

To gain better understanding of the origin of dual emissions
in Pz−Pz and support the excimer formation as a function of
water fractions, we dissected its solid-state structural packing
and spectroscopic analysis of the far-separated emissions at 390
and 550 nm assigned to the monomer and excimer,
respectively. Compared with the Cz−Cz crystal structure,
multiple types of intermolecular contacts (e.g. C−H···π, C−
H···S, and π−π stacking) involved in Pz−Pz further strengthen
the dimeric stabilization, in favor of the existence of the
excimer in condensed states. A drop in the emission at 390 nm
and an increment at 550 nm were the consequence of the
increased molar ratio of the excimer/monomer upon fw > 70%.
The excitation spectra monitored at the two emissions also
show similar profiles, indicating a relationship of the precursor-
successor between the monomer and excimer (Figure S36).
Furthermore, the time-resolved emission decay of the longer-
lived excited state at 550 nm gave a lifetime τav = 20.3 ns
(Figure 6e,f), which is 80 times greater than that of τav = 0.25
ns for λem = 390 nm and is typically observed in excimer
formation.17c,d

■ CONCLUSIONS

In this work, we have designed and synthesized a series of
triptycene-based D−A type luminescent materials. The use of
intrinsically rigid and spatially disposed triptycene as an
unusual steric spacer gave rise to new through-space charge-
transfer molecular systems, resulting from the homoconjuga-
tion effect of the central triptycene core. These molecules are
highly emissive, and the emission modulation was achieved
over a wide range of 390−625 nm by fine tuning the electron-
accepting strength (e.g. BMes, Npa, and NpaBr). Pz−Pz
represents a new example of triptycene-based AIE molecules,
and its emission was switched on by addition of water leading
to aggregated excited states. The solid-state yellow emission
showed pronounced changes in response to the mechanical
stimulus. We envision that these triptycene derivatives may
provide a new platform for future studies of high-performance
luminescent materials with applications in sensing and
electronic devices.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.0c03565.

Figure 6. (a) Plot of I/I0 verse water fraction, I0 is the emission intensity in pure THF at 390 nm; (b) expansion of the new emission band
developed at 550 nm with the water fraction ranging from 70 to 90% for Pz−Pz; (c) emission changes in response to mechanical force in the solid
state of Pz−Pz. Inset: photographs of emission colors under the UV lamp (λex = 365 nm) before and after grinding the crystal; (d) temperature-
dependent emission spectra at 550 nm for solution in H2O/THF (c = 1.0 × 10−5 M, fw = 85%, λex = 356 nm); (e,f) time-resolved fluorescence
decay curves for Pz−Pz in H2O/THF monitored at λem = 390 and 550 nm.
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Synthetic details; photophysical data; crystallography;
1H, 13C, and 11B NMR spectroscopy; and DFT
computations (PDF)
Crystallographic data of Cz−Cz (CIF)
Crystallographic data of Pz−Pz (CIF)
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