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The preparation of amorphous pure organic room-temperature phosphorescence materials with high ef-
ficiency is still a challenging task. Herein, we introduce a CB[6] derivative-based supramolecular self-
assembling strategy. A water soluble and ellipsoidal deformed CB[6] derivative is used to self-assemble
with 4-(4-bromophenyl)-1-methylpyridin-1-ium chloride, bromide and hexafluorophosphate in water. Af-
ter freeze-drying, the obtained amorphous complexes exhibit brilliant green phosphorescence emission
under ambient conditions, with phosphorescence efficiency up to 59%, 60% and 72%, respectively. This is
the first report of amorphous non-polymeric pure organic room-temperature phosphorescence with such
a high efficiency. In view of the dynamic self-assembling property, the complexes are responsive to water,
which could enable information encryption.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Pure organic room-temperature phosphorescence (PORTP) ma-
terials, featuring large Stokes shifts, long triplet lifetime, diversi-
fied molecular design, lower cost and toxicity, have exhibited var-
ious potential practical applications, such as organic light-emitting
diode (OLED), information encryption and anti-counterfeiting, and
bio-imaging [1,2]. As is known to all, pure organic molecules
usually suffer from inefficient RTP efficiency, owing to the in-
herently feeble spin-orbit coupling (SOC) and vulnerable triplet
excitons [3]. Therefore, the key points to realize highly effi-
cient RTP are to promote intersystem crossing (ISC) to popu-
late triplet excitons, to minimize vibrational dissipation to re-
strict non-radiative relaxation, and to isolate triplet excitons from
triplet oxygen to prevent quenching [4,5]. So far, the main strate-
gies for efficient PORTP are focused on crystal engineering [6,7],
halogen-bonds [8,9], co-polymerization or dope with rigid poly-
mer [10-12], H-aggregation [13,14], host-guest complexation [15-
18], and trace impurity-involved charge-separation [19,20]. There
are only a few reports about PORTP materials with phosphores-
cence efficiency (®p) exceeding 50%, however, these highly effi-
cient PORTP materials are basically in high-quality crystal states
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[8,9,15,19,21,22], which require strict formation and maintenance
conditions, thereby limiting their practical applications. Thus, it is
crucial and challenging to construct highly efficient PORTP ma-
terials in amorphous state. As far as we know, the reports of
amorphous highly efficient (@, > 50%) PORTP materials are re-
ally rare. In 2013, Baldo dispersed phosphors into rigid poly(methyl
methacrylate) (PMMA) to demonstrate an amorphous dopant with
50% RTP efficiency [23]. Recently, L proposed a synergistic strat-
egy, involving cucurbit[6]uril (CB[6])-based host-guest complexa-
tion and copolymerization with acrylamide. The obtained amor-
phous polymer achieved a @, up to 76% [24]. Nevertheless, to the
best of our knowledge, there is still no report of non-polymeric
amorphous highly efficient PORTP host-guest complex.

In this work, we put forward and demonstrated a supramolec-
ular self-assembling strategy for constructing CB[6] derivative-
based amorphous highly efficient PORTP host-guest complex. Non-
phosphorescent 4-(4-bromophenyl)-1-methylpyridin-1-ium chlo-
ride (BMPCl) and hexafluorophosphate (BMPPFg), and inefficiently
phosphorescent bromide (BMPBr) were mixed in water with
phenyl mono-functionalized cucurbit[6]uril (phCB[6]), respectively.
After freeze-drying, the obtained amorphous host-guest complexes
exhibited brilliant green phosphorescent emission, with @, up
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Scheme 1. (a) Single crystal structure and schematic illustration of phCB[6] (CCDC:
2084353); (b) Crystal structure view in z-axis and partial dimensional parameters
for phCB[6] (top) and CB[6] (bottom, CCDC: 643862); (c) Schematic illustration of
the complex showing RTP; (d) Simplified Jablonski diagram.

to 59%, 60% and 72% for BMPCI/phCB[6], BMPBr/phCB[6] and
BMPPFg/phCB[6] under ambient conditions, respectively.

Herein, BMPPFg, BMPCl, BMPBr and phCB[6] were synthesized
by following previous reports [25,26]. The synthetic routes and
characterization data are shown in Scheme S1 and Figs. S1-S4
(Supporting information). It was worth noting that we fortunately
obtained the suitable single crystal of phCB[6] for X-ray diffrac-
tion (Scheme 1a and Table S1 in Supporting information). Although
it was synthesized as early as 2011 by Issacs, the accurate X-ray
structure was not determined. The phCB[6] is ellipsoidal deformed
as compared to CB[6] (Scheme 1b) [27]. In addition, we were sur-
prised to find that the water solubility of phCB[6] reaches up to
0.14 mol/L, in sharp contrast to CB[6] (1.8 x 10— mol/L) [28]. All
these features imply that phCB[6] may overcome the disadvantage
of poor binding affinity for CB[6] with phenyl guests (commonly
as low as 10%2-103 L/mol) [29]. Once phosphor guests were en-
capsulated in the cavity of phCB[6] by self-assembling, the highly
efficient PORTP host-guest complexes might be expected, owing
to the strong restriction of vibrational dissipation and isolation of
quenchers (Schemes 1c and d).

Benefiting from the good solubility of phCB[6], isothermal titra-
tion calorimetric (ITC) measurements were able to carried out in
water to investigate the binding behaviors between guests and
phCBJ[6]. Taking BMPCI as an example, The data were fitted to give
a binding constant as 6.33 x 10% L/mol (Fig. S5a in Supporting
information), indicating that BMPCl may form a stable host-guest
complex with phCB[6]. Meanwhile, the ITC results also determines
a stoichiometry of 1:1 for BMPCl and phCB[6], which is consistent
with the result of UV-vis Job’s plot (Fig. S5b in Supporting infor-
mation). The results for BMPBr were similar with that of BMPCI,
featuring a binding constant as 7.31 x 10 L/mol and a stoichiom-
etry of 1:1 with phCB[6] (Figs. S5c and d in Supporting informa-
tion).

To further clarify the binding mode of the host-guest com-
plex, a series of measurements were also performed. The result of
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Fig. 1. '"H NMR (D,0, 400 MHz, 298K) of BMPCIl/ phCB[6] (a), BMPCI (b), after
adding 1 equiv. of PXDA-2HCI to BMPCl/phCB[6] (c), and PXDA-2HCI/phCB[6] (d).

MALDI-TOF MS confirms the formation of the desired 1:1 complex
BMPCI/phCB[6] (Fig. S6 in Supporting information). The 2D 'H-'H
COSY NMR spectrum of the complex reveals the positional rela-
tionship of the aromatic protons of BMPCI in the complex accord-
ing to the clear cross-peaks (Fig. S7 in Supporting information).
The 'H NMR measurements show that, as illustrated in Figs. 1a
and b, the proton signals of BMPCI after complexation undergo sig-
nificant upfield shifts by 0.16 ppm, 0.34 ppm and 0.48 ppm for
methyl proton H; and aromatic protons H, and Hy4, respectively.
These changes in chemical shifts are in accord with those previous
reports [15,30], thereby indicating a shielding effect owing to the
deep encapsulation of BMPCI into the cavity of phCB[6]. The MS
and 'H NMR results for BMPBr/ phCB[6] were identical to that of
BMPCI /phCB[6].

After uncovering the binding mode of the complexes, we firstly
investigated their photophysical properties in aqueous solution
(Fig. S8 in Supporting information). According to the binding con-
stants obtained from ITC experiments, we set the concentration of
BMPCl and BMPBr as 2.5 x 10~ mol/L, while that of phCB[6] was
1.0 x 103 mol/L, so as to guarantee quantitative complexation at
such a low concentration. The two complexes show a same emis-
sive peak at 380 nm in the photoluminescent (PL) spectrum, when
excited by the maximum excitation wavelength at 321 nm, which
match well with the absorption spectra. Further time-resolved PL
decay curves at 380 nm demonstrate the fluorescence characteris-
tic, with nanosecond-scale lifetimes.

Before exploring the photophysical properties of the com-
plexes in solid state, we firstly carried out powder X-ray diffrac-
tion (PXRD) to verify their amorphous states, featuring no obvi-
ous diffraction peaks (Fig. 2a). These three amorphous complexes
BMPX/phCB[6] (X = Cl, Br, PFg) all emitted brilliant green light
when excited by 365 nm portable UV lamp under ambient con-
ditions, implying a highly efficient PORTP (Figs. 2d and e, Fig.
S14a in Supporting information). Taking BMPCI/phCB[6] as an ex-
ample (Fig. 2d), there are two emissive peaks of 383 nm and
500 nm in the PL spectrum when excited by 334 nm. However,
in delayed (0.1 ms) PL spectrum, only one emissive peak is cen-
tered at 503 nm. The subsequent time-resolved PL decay curves
fitted a lifetime of 0.42 ns (Fig. S11a in Supporting information)
for 383 nm and a lifetime of 9.2 ms for 506 nm (Fig. 2b), which
demonstrate that they are fluorescence and phosphorescence, re-
spectively. Moreover, the maintenance of the emission peak at
500 nm and the considerable enhancement of the lifetime of
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Fig. 2. (a) XRD patterns of the two complexes. Time-resolved PL decay curves of (b) BMPCl/phCB[6] and (c) BMPBr/phCBJ[6]; (d) Spectra of PL, excitation and phosphorescence
for BMPCl/phCB[6] and (e) BMPBr/phCB[6] (inset: the photo of complexes under 365 nm UV lamp); Spectra of PL and exitation for (f) BMPCI and (g) BMPBr (inset: the photo
of guests under 365 nm UV lamp).

Table 1

Photophysical data of BMPX/phCB[6] (X = Cl, Br, PFg and I) in solid state.

Substrates lex (nm)  Ap (nm)  Ap (nm) Tp (ms) Dp (%)
BMPCI/phCBJ[6] 334 383 500 9.2 59
BMPBr/phCB[6] 358 384 501 9.7 60
BMPPFg/phCB[6] 330 379 502 7.9 72
BMPI/phCB[6] 323 378 499 4.0 8.1

500 nm in 77 K further demonstrate the phosphorescence char-
acteristic (Fig. S9 in Supporting information). As expected, the ab-
solute @, reaches up to 59% (Fig. S10a in Supporting information).
The amorphous BMPBr/phCB[6] and BMPPFg/phCB[6] own similar
photophysical properties and high efficiency (Figs. S10b and S13 in
Supporting information), as listed in Table 1. However, in the case
of BMPI/phCBJ[6] (Fig. S13 and S14 in Supporting information), the
@, is only 8.1%, which could be attributed to the charge transfer
from I~ to BMP* that greatly quench PL, according to the previ-
ous report [15]. By comparison, in the case of unbounding BMPCI
(Fig. 2f), only slight bule fluorescence at 422 nm could be observed
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under excitation by 371 nm, with a lifetime of 0.47 ns (Fig. S11c
in Supporting information). While for BMPBr (Fig. 2g), there is an
emissive peak centered at 560 nm when excited by 391 nm. Com-
bined with a lifetime of 0.15 ms (Fig. S11d in Supporting informa-
tion), we could classify this emissive peak at 560 nm as phospho-
rescence, with an absolute @, of 26.6%. The difference of photo-
physical properties between BMPCl and BMPBr may be attributed
to the external heavy-atom effect from counter-ion Br~ [31]. Be-
sides, it should be noted that there is no detectable optical sig-
nal for phCB[6] in the visible-light region (Fig. S12 in Supporting
information), whether in aqueous solution or in solid state, indi-
cating that the highly efficient PORTP originates form the BMPX
(X = Cl, Br and PFg) units in the cavity of phCB[6]. Meanwhile,
the high performance of the complexes validate the phCB[6]-based
supramolecular self-assembling strategy for highly efficient PORTP.

To verify the indispensable role of phCB[6] for the highly ef-
ficient PORTP, negative controlled experiments were conducted.
Taking BMPCl/phCB[6] as an example, more than 1 equiv. of p-
xylylenediamine hydrochloride (PXDA-2HCI) was added into the
D,0 solution of the 1:1 complex. Proton signals of free BMPCI
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Fig. 3. Photographs of the word “RTP” written with the aqueous solution of BM-
PCl/phCB[6] under different lights and humidity conditions. The blue arrow repre-
sents a turn-on condition of UV lamp.

and another new set of PXDA-2HCI/phCB[6] complex appear in the
TH NMR spectrum, (Figs. 1c and d) indicating that PXDA-2HCI
could replace the occupation of BMPCI in the cavity of phCB[6] and
simultaneously release BMPCI. The solid obtained after drying dis-
played blue luminescence, accompanied by the vanishment of the
green emission. These facts prove that it is the host-guest interac-
tions that are responsible for the boost of the RTP emission.

In view of the facts that water could quench the RTP of the
complexes, we utilized the dynamic response properties and real-
ized the information encryption. As illustrated in Fig. 3, the aque-
ous solution of BMPCI/phCB[6] was used as the encryption ink to
draw a word “RTP” on a non-fluorescent paper. After drying, the
word “RTP” was only visible under UV light and almost invisible
under visible light. Besides, after moisten by water vapor for 30 s,
the green emission of the word “RTP” disappeared under 365 nm
UV light, while it reappeared by drying.

In summary, a phCB[6]-based supramolecular self-assembling
strategy for highly efficient PORTP was proposed and demon-
strated. Owing to the ellipsoidal deformation and fine water sol-
ubility of phCB[6], BMPCl, BMPBr and BMPPFg could self-assemble
into the cavity of phCB[6] efficiently to minimize the vibrational
dissipation and quenching of triplet excitons. Eventually, the first
case of amorphous non-polymeric highly efficient PORTP host-
guest complexes was realized successfully. Besides, owing to the
dynamic self-assembling property in water, the aqueous solution
of the complexes could be used as information encryption ink. We
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envision that the facilitation and the extra-high performance of
this strategy will bring about inspiration for future RTP investiga-
tion.
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