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A twin-axial pseudorotaxane is constructed using a phenylpyridine
salt with diethanolamine (DA-PY) and cucurbit[8]uril (CB[8]), and it
not only displays phosphorescence in aqueous solution but it can
also be used for targeted cell-imaging.

Pure organic room-temperature phosphorescence (RTP) has
received great attention because of its potential applications
in biological imaging,"™ light-emitting devices,” information
storage and encryption,*” and other fields. Many well-designed
pure organic phosphorescent molecules have been developed,
and the key design principle for RTP molecules is regarded as
overcoming the inefficient spin-orbit coupling and avoiding
quenching of the triplet excited state.® For example, the intro-
duction of a heavy atom can trigger significant intersystem
crossing (ISC),’ and halogen bonding promotes ISC by reducing
the molecular motion and enhancing the heavy-atom effect.'
However, it is still difficult to achieve phosphorescence in
water, especially with compounds that completely dissolve in
solution, because the phosphorescence is easily quenched by
oxygen and water. Several methods have been reported to
achieve RTP in water, such as polymerization,"™ solid
dispersion,™* and host-guest interaction.">****™"” Wu and co-
workers used a nanoprecipitation method to prepare nano-
particles that showed RTP in water and effective imaging
towards cells."* Tian and co-workers have made great contribu-
tions to phosphorescence using supramolecular assembly. For
example, strong RTP luminescence in the amorphous solid
state was achieved by modifying B-CDs, and the hydrogen
bonding between the cyclodextrin derivatives could suppress
the non-radiative relaxation and enhance phosphorescence
emission.”"® Kim and co-workers reported a strategy to
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enhance phosphorescence via intermolecular interactions (halogen
and hydrogen bonding).!®' Additionally, we also reported an
efficient way to improve quantum yield and lifetime in the solid
state and its application in anti-counterfeiting.>>>" However,
phosphorescence in aqueous solution still requires more atten-
tion, especially in biological sensing and imaging, because in
aqueous media, electrons of the organic RTP luminophores in
the triplet excited state can be easily quenched by molecular
motion and oxygen. On the other hand, suitable size, good
solubility in water, and biocompatibility should also be taken
into consideration.® Herein, we report a water-soluble twin-axial
pseudorotaxane based on host-guest recognition between a
cucurbit[8Juril and a phenylpyridine derivative (DA-PY). This
pseudorotaxane can emit effective phosphorescence in aqueous
solution. The binding mode of the pseudorotaxane and its
luminescence properties were investigated by means of isothermal
titration calorimetry (ITC), mass spectrometry, NMR, ultraviolet-
visible, fluorescence, and phosphorescence measurements, along
with structural optimization calculations. The results revealed the
molecular structure of the “two-end blocked” pseudorotaxane.
Phosphorescence might result not only from the introduction of a
heavy atom, which enhances the ISC rate, but also from the
“pseudorotaxane” structure, which strengthens the halogen
bonding and reduces non-radiative transitions. Additionally,
the pseudorotaxane was successfully used for cell imaging
targeted at mitochondria.

Assemblies consisting of phenylpyridine derivatives and
cucurbit[6]uril (CB[6]) can display efficient phosphorescence in
the solid state,”**" but they would not be suitable in water because
CB[6] has poor solubility in water, even when binding a guest.
Moreover, oxygen and water would affect the phosphorescence
more obviously when the complexes are dissolved in solution. Thus,
we speculated that assemblies based on CB[8], which has a similar
structure to CB[6] and better solubility, could achieve effective
phosphorescence in water. To verify this hypothesis, a phenylpyr-
idine derivative (DA-PY) was designed and synthesized (Scheme 1).

DA-PY exhibits a strong absorption peak at 310 nm and a
blue fluorescence emission peak at 384 nm in water (Table S1,
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Scheme 1 A schematic illustration of the phosphorescent supramolecular
assembly.

ESIY). Surprisingly, a new peak (503 nm) appeared and became
stronger as CB[8] was added to the solution of DA-PY (Fig. 1a
and Fig. S1d, ESIt). The resulting phosphorescence lifetime was
419 ps (Fig. 1b), and the phosphorescence quantum yield
was 2.73%. The microsecond-order lifetime provides strong
evidence of phosphorescence. Furthermore, the phosphorescence
properties of DA-PY/CB[8] in the solid state were also characterized
(Fig. S22, ESIt); a longer lifetime was observed, which is consistent
with our previous work. Further evidence confirming that the
emission at 503 nm was phosphorescence was obtained.
To weaken the phosphorescence quenching effect of dissolved
oxygen, the DA-PY/CB[8] solution was vacuum-degassed. The
intensity of the peak at 503 nm increased greatly (Fig. S1f, ESI{),
and it showed a longer lifetime (944 ps) (Fig. S23, ESIT). The peak
at 503 nm was more obviously enhanced than that at 390 nm
when the temperature of the solution was decreased from 343 K to
273 K (Fig. S1g, ESIT), and the lifetime at 510 nm accordingly
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Fig.1 (a) The photophysical properties of DA-PY/CB[8]. (a) Excitation
(red), fluorescence (blue) and phosphorescence (black) spectra of
DA-PY/CBI8] in solution (iex = 325 nm, [CBI8]] = 30 uM and [DA-PY] =
60 pM); insets: Photographs of the luminescence of DA-PY (1.00 mM) and
DA-PY/CBI8] (1.0 mM) in solution at 298 K under UV (365 nm) light. (b)
Time-resolved photoluminescence decay and fitting curves of DA-PY/
CBI8] solution ([CB[8]] = 30 uM and [DA-PY] = 60 uM) at 510 nm at room
temperature.
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changed from 225 ps to 760 ps (Fig. Sih, ESIf). In addition,
low-temperature spectroscopy of a solid powder of the guest was
conducted. DA-PY showed obvious phosphorescence at 77 K,
which is consistent with the previous report and further suggested
that the phosphorescence originates from the guest.”

It is well-known that the introduction of heavy atoms can
facilitate ISC and improve the phosphorescence quantum yield,
as the heavy-atom effect can promote the probability of S;-T,
intersystem crossing and cause spin-orbit coupling (SOC).
However, phosphorescence could not be detected in solutions
of DA-PY, DA-PY/CB[6], DA-PY/CB[7] and CB[6, 7, 8] (Fig. S1 and
S27, ESIY). Thus, factors other than the introduction of heavy
atoms are responsible for the enhanced phosphorescence:
(1) the rigidified cavity structure of cucurbituril can provide a
good hydrophobic cavity and protect the chromophore from
water and oxygen attack; (2) the DA-PY/CB[8] assembly is more
stable and tighter than DA-PY/CB[6] and DA-PY/CB[7] in
solution; (3) hydrogen bonding between CB[8] and DA-PY made
the pseudorotaxane structure tighter; (4) the inclusion form of
the assembly promotes halogen bonding by shortening the
distance between the bromine and carbonyl groups.

In the UV-Vis spectra, the maximum absorption was red-
shifted upon the addition of CB[7] or CB[8] (Fig. S11, ESIt),
implying that DA-PY formed assemblies with CB[7] and CB[8].
In the fluorescence spectra of DA-PY, after binding with CB[6],
the fluorescence intensity was slightly enhanced (Fig. Sib,
ESIT), suggesting that the DA-PY was included in CB[6] in a
small amount. With the addition of CB[7], the fluorescence of
the solution exhibited a significant improvement (Fig. Sic,
ESIT) because of the good water solubility and reduced non-
radiative transition. However, when CB[8] was continuously
added to a solution of DA-PY, the fluorescence peak decreased
(Fig. S1d, ESIt) and the phosphorescence peak increased;
additionally, the luminescence color of the solution changed
from blue to green (Fig. 1a, inset). This implies a transition
from fluorescence to phosphorescence because the formation
of the DA-PY/CB[8] assembly enhanced and activated the
phosphorescence.

In order to prove that the assembly structure of DA-PY/CB[8]
with the “head-to-tail” and “one host with two guests” modes
was the main source of the phosphorescence in the aqueous
solution (Scheme 1), the Job’s plot method was adopted to
validate the binding stoichiometry between DA-PY and CB[8].
An inflection point was observed at a molar ratio of 0.66,
indicating a 2:1 binding stoichiometry (Fig. S2b, ESIT).
In addition, the CB[7] vs. DA-PY curve exhibited an inflection
point at 0.5, which implies a 1:1 binding stoichiometry
between CB[7] and DA-PY (Fig. S2a, ESIt). Mass spectrometry
also demonstrated the formation of the DA-PY/CB[8] complex
(Fig. S4, ESIY). The intense [M — 2Cl + H*" peak (m/z 1045.5) fit
well with the calculated value (1045.7). '"H NMR spectra in
which different numbers of equivalents of CB[8] were added to
the solution of DA-PY were recorded, and the original peak
disappeared completely when [CB[8]]/[DA-PY] was equal to 0.5;
this result was in good agreement with the Job’s plot results
(Fig. Se6, ESIt). In addition to the poor solubility of CB[6],

Chem. Commun., 2021, 57,1214-1217 | 1215


https://doi.org/10.1039/d0cc06717b

Published on 15 December 2020. Downloaded by Nankai University on 2/23/2021 10:08:33 AM.

ChemComm
@ gana7 H of cBig] () H of CBI[8]
i i 3.5
i T
R | 2 3.6
i 8.0 1<{--------- >
! ! 3.7
_____________________ I 55 2 H
4  [EC—— -O 3.8
9.0

6.8 6.6 6.4 6.2 6.0 5.8 5.6
HQ

© 5 ganda7 5045 67
Hi

8.58.0757.06.56.0555.04.54.035
6/ ppm

Fig. 2 (aandb) 2D ROESY spectra (400 MHz, D,0, 298 K) of DA-PY/CBI8]
(IDA-PY] = 5.0 mM, [CBI8]] = 2.5 mM); (c) *H NMR (400 MHz, D,0, 298 K)
spectra of solutions of DA-PY (red) and DA-PY/CBI8] (green); [DA-PY] =
[DA-PY/CB[8]] = 10.0 uM.

the binding between CB[6] and DA-PY was weak, and the
aromatic protons shifted to lower field after the addition of
excess CB[6] under long-time ultrasonic dissolution, suggesting
that DA-PY might be expelled from the CB[6] cavity (Fig. S9,
ESIt). Furthermore, 2D ROESY provided more powerful
evidence of the formation of the inclusion complex (Fig. 2
and Fig. S10, ESI{). Strong signals were observed between the
H; protons of pyridine and the Hg, protons of the phenyl
group, implying that DA-PY was present in the CB[8] cavity in a
“head-to-tail” manner. The ‘“head-to-tail” arrangement not
only decreases the distance between the carbonyl and halogen
groups of the two guest molecules, but also facilitates the
interaction between the carbonyl of cucurbituril and halogen.
More evidence was provided by the binding constant (K;). Using
ITC and UV titration, the K values for the DA-PY/CB[8] and
DA-PY/CB[7] complexes were estimated to be 8.60 x 10" M2
and 2.50 x 10° M, respectively (Fig. S11 and S24, ESIt). The
larger binding constant suggested a more stable and tighter
structure, which could effectively reduce the non-radiative
transitions caused by molecular motion. In summary, the poor
solubility of the DA-PY/CB[6] complex and the looser structure
of the DA-PY/CB[7] complex would not promote the generation
of phosphorescence.

Moreover, the H, , protons shifted downfield in the 'H NMR
spectrum, and the H; protons of DA-PY exhibited correlation
peaks with the H, protons of CB[8] (Fig. 2b) in the 2D ROESY
spectrum. This phenomenon implied that hydrogen bonds
might exist between the hydroxyl and carbonyl groups, and
that the stoppers of the pseudorotaxane, ie., the hydroxyl
groups of diethanolamine, might contribute to the formation
of a more stable assembly. Subsequently, MA-PY and PY without
modification with diethanolamine were designed (Scheme S1,
ESIt). MA-PY, PY and DA-PY had similar optical properties due to
having the same luminophore (Table S1, ESIt). In addition, the
molecular binding behaviors of MA-PY were similar to those of
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DA-PY upon complexation with CB[6] and CB[7]. The corres-
ponding characterization results are given in the ESI.{ Notably,
DA-PY/CB[8] had a higher phosphorescence quantum yield and
longer lifetime than MA-PY/CB[8] (@phos = 1.70%, Tphos = 370 Us)
and PY (Pphos = 1.14%, Tphos = 264 pis) (Table S1, ESIT). PY did not
form intermolecular halogen bonds, resulting in a small ks
(Table S1, ESIt). Not only did the halogen bond play an impor-
tant role in the enhancement of the phosphorescence, but the
hydrogen bonding between the host and the guests also had a
positive effect. The reasons for the stronger phosphorescence
were provided by the binding constant and density functional
theory (DFT) calculations. The K value of MA-PY/CB[8] was
calculated to be 4.58 x 10'' M2, which was smaller than that
of DA-PY/CB[8] (8.60 x 10" M~?) (Fig. S24, ESI¥). This result was
mainly due to the hydrogen-bonding interconnection between
the host and guests, which made the resulting ternary complexes
more stable.

In the DFT and TD-DFT results, the hydrogen bonds of the
pseudorotaxane shortened the distance between the bromine
and carbonyl groups. The distance between Brpa.py- - -O—Cpa.-py
(bromine and the carbonyl of the other DA-PY) is 3.43 A, and
that of Brpa.py: - -O—Ccp[s) (bromine and the carbonyl of CB[8])
is 3.30 A, which is shorter than Brya.py - -O—Cpa-py (3.50 A)
and Bryapy - ©O=Ccgs) (3.86 A) (Fig. 3a and b). According to
the frontier molecular orbital (FMO) analysis, DA-PY had more
LUMO overlap and a smaller energy gap (5.98 eV) between the
HOMO and LUMO than MA-PY (6.25 eV) due to the extensive
hydrogen-bonding interactions in the structure of pseudorotax-
ane. Stronger halogen bonding and a reduced distance between
the bromine and carbonyl can promote ISC by reducing AEgr
(the energy gap between S, and T,)."° DA-PY/CB[8] had much a
smaller AEgy (0.055 eV) than DA-PY (0.254 eV) and MA-PY/CB[8]
(0.251 eV) (Fig. 3c-e), which suggested that the stronger halogen
bond promoted ISC and SOC. The ks value was further esti-
mated according to perturbation theory and previous work:**
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Fig. 3 Theoretical calculations of the phosphorescence emission mecha-
nism. (a and b) The optimized structures and intermolecular interactions of
DA-PY/CBI8] and MA-PY/CBI8]. The dotted lines in the figure are the
distances between Br---O—C and OH- - -O—C. (c—e) Energy level diagrams
and SOC coefficients for DA-PY/CBI[8], MA-PY/CBI[8] and DA-PY in the
aqueous state.
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Fig. 4 Confocal fluorescence images of human lung adenocarcinoma
A549 cells co-stained with DA-PY/CBI[8] and DA-PY ([DA-PY] = 0.05 mM,
[CB[8]] = 0.01 mM), DAPI (nuclear probe, 0.005 mM), and Mitotracker Red
(mitochondria probe, 0.005 mM) for 30 min: (a) DA-PY/CBI8] (ex. 315 nm,
em. 520 nm); (b) DAPI (ex. 358 nm, em. 461 nm); (c) mitotracker Red

(ex. 579 nm, em. 599 nm); (d) a merged image of (a—c); (e—h) are similar to
(a—d) but using DA-PY alone.

when the &gr (SOC coefficients) were similar, the k;s. of DA-PY/
CB[8] was larger than that of MA-PY/CB[8], but with a much
smaller AE value. The larger k;,. could facilitate the electron
transfer from the S; excited state to the T, excited state through
the ISC pathway. Taken together, the presence of hydrogen
bonds could make the pseudorotaxane more stable and enhance
intermolecular interactions, and more importantly, these inter-
actions would be beneficial to phosphorescence emission.

Considering that phosphorescent imaging has the obvious
advantages of lower background interference and a longer
lifetime than fluorescence imaging, we expected that the
DA-PY/CB[8] pseudorotaxane might display good performance
in cellular imaging. Confocal laser scanning microscopy of
A549 cells incubated with DA-PY/CB[8] and the DA-PY mono-
mer suggested that the DA-PY/CB[8] assemblies could be easily
internalized into the cell and displayed an effective green
phosphorescence, which showed a good colocalization with
the mitochondria marker Mitotracker Red (Fig. 4d).

These results indicated that the DA-PY/CB[8] assembly is an
effective phosphorescent imaging probe for mitochondria in
living cells. We speculated that this specific organelle targeting
might be attributed to the efficient positive charges of DA-PY
and the hydrophobic construction of cucurbituril. Moreover, it
is known that high cytotoxicity imaging agents limit the appli-
cation of cellular probes. Therefore, we investigated the cell
cytotoxicity of the DA-PY/CB[8] assembly using MTT assays.
When the concentration was below 0.01 mM ([CB[8]] = 0.01
mM, [DA-PY] = 0.05 mM, respectively), the complex showed almost
no toxicity to A549 cells (cancer cell line) or NIH3T3 cells (normal
cell line) (see the ESIt). Additionally, DA-PY/CB[8] displayed lower
toxicity than DA-PY even when the concentration was increased to
0.2 mM. In summary, the formation of the pseudorotaxane assembly
not only promotes the generation of phosphorescence, but also
reduces the biological toxicity and achieves good targeted imaging.

We have constructed a twin-axial pseudorotaxane with good
water solubility based on host-guest interactions between
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DA-PY and CB[8], and it displayed effective pure organic RTP
with a long lifetime (tpa-py/ca[s) = 419 ps). The phosphorescence
relies on a pseudorotaxane structure featuring a ‘“head-to-tail”
and “one host with two guests” binding mode, and the co-
operative hydrogen-bonding interaction between the hydroxyl
of DA-PY and carbonyl of CB[8] could further enhance the
phosphorescence. Additionally, the obtained 1:2 complexes
were successfully used for the targeted mitochondria cell
imaging of living cells with low bio-toxicity. These results might
help us to design more advanced phosphorescent assemblies
for cell imaging and diagnostics.
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