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ABSTRACT: Weakening the triplet−triplet annihilation (TTA)
self-quenching effect induced by sensitizers remains a tremendous
challenge due to the very few investigations carried out on them.
Herein, benzo-21-crown-7 (B21C7)-functionalized 2,6-diiodo-
1,3,5,7-tetramethyl-8-phenyl-4,4-difluoroboradiazaindacene
(DIBDP) was synthesized to investigate the influences of huge
bulks and electron-rich cavities of B21C7 moieties on the
fluorescence emission and triplet-state lifetimes of DIBDP
moieties. Density functional theory (DFT)/time-dependent DFT
(TDDFT) computable results preliminarily predicted that B21C7
moieties had influences on the fluorescence emissions of DIBDP moieties but not on their localization of triplet states of B21C7-
functionalized DIBDP (B21C7-DIBDP). The UV−vis absorption spectra, fluorescence emission spectra, and cyclic voltammograms
verified that there was an electron-transfer process from the B21C7 moiety to the DIBDP moiety in B21C7-DIBDP. However, the
calculated results of ΔGCS and ECS values and nanosecond time-resolved transient absorption spectra demonstrated that the electron-
transfer process from the B21C7 moiety to the DIBDP moiety in B21C7-DIBDP had direct influences on the fluorescence emission
of DIBDP moieties but not on the triplet states of DIBDP moieties. The experimental values of triplet-state lifetimes of B21C7-
DIBDP were obviously longer than those of DIBDP at a high concentration (1.0 × 10−5 M); however, the fitted values of intrinsic
triplet-state lifetimes of B21C7-DIBDP were slightly greater than those of DIBDP in the same solvent. These results demonstrated
that the steric hindrance of B21C7 moieties could weaken the TTA self-quenching effect of DIBDP moieties at a high concentration
and the a-PET effect induced a proportion of the produced singlet states of DIBDP moieties and could not emit fluorescence in the
form of radiation transition but they could be transformed into triplet states through intersystem crossing (ISC) processes due to the
iodine atoms in the DIBDP moiety. The stronger a-PET effects in polar solvents induced smaller fluorescence quantum yields so
that more singlet states of DIBDP moieties were transformed into triplet states to weaken the TTA self-quenching effects.

1. INTRODUCTION
Triplet photosensitizers have demonstrated a strong potential
for a broad range of applications in numerous areas, such as
photocatalysis,1−7 photodynamic therapy (PDT),8−19 photo-
electric devices,20−22 organic room-temperature phosphores-
cence (RTP) materials,23−30 and triplet−triplet annihilation
(TTA) upconversion.31−41 Significantly, to complete the
triplet−triplet energy-transfer (TTET) processes from photo-
sensitizers to acceptors following the Dexter energy-transfer
mechanism in most of these applications, the photosensitizers
and acceptors must diffuse within a distance smaller than the
Dexter radius (usually 0−1 nm) before the total triplet states of
the sensitizers decaying;31,35,36 therefore, a long-enough triplet
excited-state is pivotal for a perfect photosensitizer besides the
abilities of strong absorption of visible light and efficient
intersystem crossing (ISC).1,6,7,14,31,37,38,40 The triplet-state
lifetimes of sensitizers can be influenced by many factors, and
previous efforts have been devoted to prolonging their triplet-
state lifetimes.1,6,7,40,42−50 However, limited by the repulsive
aggregation-caused quenching (ACQ) effect of the π-
conjugated-system-containing and planar rigid sensitizers

(e.g., 2,6-diiodo-1,3,5,7-tetramethyl-8-phenyl-4,4-difluorobora-
diazaindacene (DIBDP)),51,52 the TTA self-quenching effect
induced by these photosensitizers will cause additional lifetime
quenching in the decaying of their transient absorption
accompanied by their concentration increase, which will result
in the experimental values of the triplet-state lifetimes to be
much shorter than their intrinsic values in most cases due to
the TTA self-quenching effects.47,49−51 Although we have
reported that huge bulks of pillar[5]arene moieties in DIBDP-
functionalized pillar[5]arene could weaken the TTA self-
quenching effect of DIBDP moieties,51 owing to only one
report, weakening the photosensitizers’ TTA self-quenching
effect is still a great challenge for their further applications.
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Crown ethers have been widely exploited and applied in
numerous areas, such as supramolecular polymers,53−57

fluorescence probes and sensors,58−61 molecular ma-
chines,62−67 and ionic channels,68 since the 1987 Nobel
Prize for Chemistry was awarded to Pedersen,69 Cram,70 and
Lehn.71 Among them, fluorophore-functionalized crown ethers
utilized in constructing supramolecular fluorescence systems
that were usually based on photoinduced electron-transfer
(PET) mechanisms between the hosts and guests were widely
applied in fluorescence probes and sensors;58−61 however,
fabricating triplet-photosensitizer-functionalized crown ether
systems remains an enormous challenge due to very few
investigations on them.72 Previously, we prepared a DIBDP-
functionalized ethoxypillar[5]arene (EtP5) and confirmed that
the steric hindrance of EtP5 could reduce collision and further
weaken the TTA self-quenching effects of DIBDP moieties.51

However, to the best of our knowledge, the electron-transfer
mechanism in triplet-photosensitizer-functionalized crown

ethers has not been investigated so far, and the influences of
electron-rich cavities of crown ethers on the triplet-state
lifetimes of photosensitizers in photosensitizer-functionalized
crown ether are still not clear. All of these are major obstacles
and challenges to designing and assembling supramolecular
smart nanostructures, including excellent PDT materials,
photocatalysis, and photovoltaic devices based on photo-
sensitizer-functionalized crown ethers.
Herein, we designed and synthesized a benzo-21-crown-7

(B21C7)-functionalized DIBDP (B21C7-DIBDP) (Scheme
1). Systematic investigations of calculations of density
functional theory (DFT), photophysical properties, electro-
chemical properties, and nanosecond time-resolved transient
absorption spectra were performed to work out the electron-
transfer mechanisms between crown ethers and DIBDP
moieties, as well as the strategies of weakening the TTA self-
quenching effect of DIBDP moieties.

Scheme 1. Synthetic Routes of B21C7-DIBDPa

aThe molecular structure of the reference compound DIBDP is also shown in this scheme.

Figure 1. Selected frontier molecular orbitals of B21C7-DIBDP. The calculations are based on the optimized ground-state geometry (S0 state)
without any solvent at the B3LYP/6-31G(d) level using Gaussian 09W.
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2. RESULTS AND DISCUSSION

2.1. Design and Synthesis of the Target Molecule. As
stated in Section 1, the TTA self-quenching effect induced by
sensitizers is an obstacle for applications of triplet sensi-
tizers,47,49−51 and how to weaken the TTA self-quenching
effect of triplet sensitizers is a critical issue that needs to be
resolved. Inspired by our previous work, owing to the huge
bulks, pillar[5]arenes connected by methylene bridges at the
para-positions of five 2,5-dialkoxybenzene rings could weaken
the TTA self-quenching effect induced by the photosensi-
tizers.51 Herein, we attempted to introduce another supra-
molecular macrocycle (B21C7) connected by seven ethylene
glycol units that contain electron-rich cavities and huge bulks
as well.57 Moreover, due to the excellent photophysical
properties of DIBDP,42,47,48,50−52 as well as both DIBDP
and B21C7 being readily functionalized,42,47,48,50−52,57

B21C7-substituted BODIPY (B21C7-BDP) was prepared
according to a literature report,73 followed by the iodization of
B21C7-BDP to obtain B21C7-DIBDP. Both B21C7-BDP
and B21C7-DIBDP could be prepared in satisfactory yields
(Scheme 1). The molecular structure of B21C7-DIBDP was
systematically verified by melt points, 1H nuclear magnetic
resonance (NMR), 13C NMR, and high-resolution mass
spectra (HRMS) (Figures S1−S3). Furthermore, similar to
DIBDP-functionalized pillar[5]arene in our previous work,51

the electron-transfer effect of electron-rich B21C7 moieties on
both singlet and triplet states of DIBDP moieties was also
expected to be systematically investigated in B21C7-function-
alized DIBDP.
2.2. DFT/TDDFT Computations. DFT calculations using

Gaussian 09W were effective auxiliary tools for predicting the
electron-transfer process from the B21C7 moiety to the
DIBDP moiety in B21C7-DIBDP prior to the experimental
investigations.51 From the highest occupied molecular orbital
(HOMO)−lowest unoccupied molecular orbital (LUMO)
distributions of the low-lying singlet state (S1) of B21C7-
DIBDP (Figure 1), no overlaps were observed between the
initial and the destination molecular orbital (MO) involved in
the transitions of B21C7-DIBDP, which indicates that the
forbidden S0 → S1 transition and the emission intensity of
B21C7-DIBDP may be weaker than DIBDP. It could be
speculated from the DFT/TDDFT calculated results that there
may be an electron-transfer process from the B21C7 moiety to
the DIBDP moiety in B21C7-DIBDP.
The isosurfaces of spin densities of DIBDP and B21C7-

DIBDP were exported from their optimized lowest-lying
triplet-state (T1) geometries based on their optimized
geometries of the S0 state, respectively (Figure 2), at the
DFT//B3LYP/6-31G(d) level using Gaussian 09W.74−76

However, unlike the HOMO−LUMO distributions of the S1
state of B21C7-DIBDP, the isosurface of the spin density of
B21C7-DIBDP was not localized on the B21C7 moiety but on
the DIBDP moiety, which indicated that the electron-rich
cavity of B21C7 had no direct effect on the T1 state of the
DIBDP moiety. As seen from Figures 1 and 2, the possible
existing electron-transfer process in B21C7-DIBDP from the
B21C7 moiety to the DIBDP moiety could only affect the S0
→ S1 transition of the DIBDP moiety but not the ISC of S1
states. Next, these computational results will be further verified
using experimental strategies.
2.3. Spectroscopic and Photophysical Properties. The

basic spectroscopic (Figures 3 and 5) and photophysical

properties (Table 1) were investigated first. In comparison to
the characteristic absorptions of DIBDP in Figure 3, the strong
absorption bands of B21C7-DIBDP at ∼530 nm in toluene,
CHCl3, acetone, and CH3CN are all absorptions of DIBDP
chromophores in B21C7-DIBDP (Figure 3). Both maximum
absorption wavelengths of DIBDP and B21C7-DIBDP
exhibited a hypsochromic shift to shorter wavelengths, and
the decreasing intensities at maximum absorption wavelengths
with the polarity of solvents increasing (Table 1) indicated that
there were also n−π transitions besides π−π transitions in
these two molecules because both contained nonbonding
electrons in the atoms of nitrogen, iodine, and fluorine.
However, the absorption intensities of B21C7-DIBDP at
maximum absorption wavelengths were weaker than those of
DIBDP in the same solvent (Figure 3 and Table 1), which
could be attributed to the electron transfer from B21C7
moieties to DIBDP moieties. Furthermore, the maximum
absorption intensities of B21C7-DIBDP became weaker when
1.0 equiv of KPF6 was added in the above-mentioned four
solvents (Figure 3 and Table 1). Thus, it could be seen that the
hyperchromic effect of electron-rich B21C7 on the DIBDP

Figure 2. Isosurfaces of the spin densities of DIBDP and B21C7-
DIBDP based on the optimized triplet-state geometries. The
calculations were performed at the B3LYP/6-31G(d) level using
Gaussian 09W.

Figure 3. UV−vis absorption spectra of DIBDP and B21C7-DIBDP
(1.0 × 10−5 M, 25 °C) in toluene (a), CHCl3 (b), acetone (c), and
CH3CN (d).

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

https://doi.org/10.1021/acsomega.1c04540
ACS Omega 2021, 6, 28356−28365

28358

https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04540/suppl_file/ao1c04540_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04540?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04540?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04540?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04540?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04540?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04540?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04540?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04540?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04540?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


moiety became weaker after the K+ entered the B21C7’s cavity
because a proportion of electrons of B21C7 was transferred to
K+, as well as the increase in the solvents’ polarities after
adding KPF6 could have weakened the maximum absorption
intensities of B21C7-DIBDP due to the n−π transitions in
B21C7-DIBDP. The UV−vis absorption spectra in Figure 3
preliminarily verified that there were electron-transfer
processes from the B21C7 moiety to the DIBDP moiety in
B21C7-DIBDP in toluene, CHCl3, acetone, and CH3CN.
The PET processes, which included a-PET (the photo-

induced electron-transfer process from the electron donor to
the fluorophore that is an electron acceptor) and d-PET
processes (the photoinduced electron-transfer process from
the fluorophore (donor) to the electron acceptor), are
illustrated in Figure 4. We have verified the a-PET (Figure

4a) effect between EtP5 and DIBDP moieties in DIBDP-
functionalized pillar[5]arene in our previous work.51 To
investigate the electron-transfer process between B21C7 and
DIBDP moieties in B21C7-DIBDP, the fluorescence
emissions of DIBDP, B21C7-DIBDP, and B21C7-
DIBDP⊃K+ were investigated in a variety of solvents with

different polarities (Figures 5 and S4−S9). First, the emission
intensities of B21C7-DIBDP were slightly weaker than those

of DIBDP in toluene and CHCl3; however, the emission
intensities of B21C7-DIBDP were quenched more seriously
when K+ was added (Figure 5a,b), which indicated that there
were more obvious electron-transfer processes when the
polarities of the solvents became higher after K+ was added.
Second, interestingly, the opposite experimental results were
obtained in acetone and CH3CN (Figure 5c,d). The emission
intensities of B21C7-DIBDP were quenched more seriously in
acetone and CH3CN than those in toluene and CHCl3, which
verified again that the electron-transfer processes could easily
occur in higher polar solvents. When K+ was added, the
emission intensities of B21C7-DIBDP were boosted in
acetone and CH3CN because the complexations of B21C7
moiety with K+ made the electron-transfer effects from the
B21C7 moiety to the DIBDP moiety weaker. Upon
investigating the fluorescence emission experiments of
DIBDP, B21C7-DIBDP, and B21C7-DIBDP⊃K+ in a variety
of solvents with different polarities, the electron-transfer effect
between B21C7 and DIBDP moieties in B21C7-DIBDP (a-

Table 1. Photophysical Parameters of DIBDP and B21C7-DIBDP in Toluene (TOL), CHCl3 (CHL), Acetone (ACE), and
CH3CN (ACN)

solvent compd λabs (nm)a εb λem (nm)c ΦF (%)
d τF (ns)

e τT1 (μs)
f τT (μs)g

TOL DIBDP 537 0.87 556 1.9i 0.27 45 126
B21C7-DIBDP 536 0.83 553 1.7 0.28 59 125
B21C7-DIBDP⊃K+h 536 0.73 554 1.3 0.18 60 136

CHL DIBDP 536 0.88 553 2.0i 0.29 66 142
B21C7-DIBDP 536 0.81 552 1.7 0.32 99 145
B21C7-DIBDP⊃K+h 537 0.72 555 1.4 0.16 104 144

ACE DIBDP 531 0.83 550 1.5i 0.12 43 130
B21C7-DIBDP 529 0.78 548 1.1 0.07 66 136
B21C7-DIBDP⊃K+h 530 0.72 548 1.3 0.15 63 139

ACN DIBDP 529 0.81 550 1.5i 0.17 41 114
B21C7-DIBDP 529 0.76 548 0.8 0.04 78 117
B21C7-DIBDP⊃K+h 529 0.69 548 1.1 0.10 75 118

aMaximum absorption wavelength (c = 1.0 × 10−5 M). bMolar extinction coefficient, in 105 M−1 cm−1. cMaximum emission wavelength (c = 1.0 ×
10−5 M). dAbsolute fluorescence quantum yields. eFluorescence lifetimes. fTriplet-state lifetimes (c = 1.0 × 10−5 M). gIntrinsic triplet-state lifetimes
obtained by fitting experimental curves using a kinetic model supposing the TTA self-quenching effect eliminated.77 hMolar ratio of 1:1. iLiterature-
reported value.

Figure 4. Frontier molecular orbitals of fluorescecet molecules with
PET processes. (a) a-PET process: photoinduced electron-transfer
process from the electron donor to the fluorophore, which is an
electron acceptor; (b) d-PET process: photoinduced electron-transfer
process from the fluorophore (donor) to the electron acceptor.

Figure 5. Fluorescence emission spectra of DIBDP and B21C7-
DIBDP (1.0 × 10−5 M, 25 °C) in toluene (a), CHCl3 (b), acetone
(c), and CH3CN (d).
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PET) was further confirmed. In addition, the other photo-
physical properties of DIBDP and B21C7-DIBDP are listed in
Table 1. According to the a-PET process in Figure 4a, the
electron transfer from the B21C7 moiety to the DIBDP
moiety resulted in the HOMO orbitals of DIBDP moieties
being occupied by the electrons of B21C7 moieties, and a
proportion of the produced singlet states of DIBDP moieties
could not emit fluorescence in the form of radiation transition.
Therefore, the fluorescence quantum yields of B21C7-DIBDP
were smaller than those of DIBDP in the same solvents (Table
1).
2.4. Electrochemical Investigations. To verify the a-

PET process from the B21C7 moiety to the DIBDP moiety in
B21C7-DIBDP qualitatively and quantitatively, the electro-
chemical properties of B21C7-DIBDP and reference com-
pounds DIBDP and B21C7 were investigated using cyclic
voltammetry (Figure 6). B21C7 showed a reversible oxidation

potential at +0.98 V (vs Fc/Fc+), and no reduction potential
was observed from 0 to −2.0 V, indicating that the B21C7
moiety was suitable for being an electron donor (Figure 6 and
Tables 2 and 3).51 However, interestingly, after the B21C7
moiety modified to DIBDP, the oxidation potential of B21C7-
DIBDP was at +0.87 V (vs Fc/Fc+) and the initial oxidation
potential of B21C7 at +0.98 V disappeared due to the electron
transfer from the B21C7 moiety to the DIBDP moiety.
Moreover, both oxidation and reduction potentials of B21C7-
DIBDP were similar to those of DIBDP (Figure 6 and Tables
2 and 3). Cyclic voltammograms in Figure 6 qualitatively
demonstrate the existence of the electron-transfer process from
the B21C7 moiety to the DIBDP moiety in B21C7-DIBDP.
To clarify the direction and limitation of the influences of

electron-transfer processes in B21C7-DIBDP on the fluo-
rescence emission and the T1 state of the DIBDP moiety

quantitatively, Gibbs free energy changes (ΔGCS) of the
electron transfer as well as the energy levels of charge
separation states (ECS) of B21C7-DIBDP were determined
using Weller equations (eqs 1−3).78
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where ΔGS is the static Coulombic energy, which was
determined by eq 1. e is the elementary charge, EOX is the half-
wave potential for one electron oxidation in the electron-donor
unit, ERED is the half-wave potential for one electron reduction
of the electron-acceptor unit, and E00 is the energy level
calculated with the fluorescence emission wavelength (S1) or
the phosphorescent emission wavelength (T1). εS is the static
dielectric constant of the solvent. RCC is the center-to-center
separation distance between the electron donor and the
electron acceptor, determined by the optimized geometry of
DFT calculations. RD is the radius of the electron donor; RA is
the radius of the electron acceptor. εREF is the static dielectric
constant of the solvent used for the electrochemical studies. ε0
is the permittivity of free space. ΔGCS is the Gibbs free energy
changes, which was determined by eq 2. ECS is energy of the
charge-separated states, which was determined by eq 3. The
calculated results of ΔGCS and ECS for the influence on
fluorescence emission (E00 is the energy level approximated
with the fluorescence emission wavelength) of the DIBDP
moiety in B21C7-DIBDP are listed in Table 2; however, the
results for the influence on the T1-state lifetime (E00 is the
energy level approximated with phosphorescent emission
wavelength) of the DIBDP moiety in B21C7-DIBDP are
listed in Table 3.
When E00 was the energy level of the fluorescence emission

(S1), the ΔGCS values were 0.01, −0.10, −0.19, and −0.21 eV
for the electron-transfer processes from the B21C7 moiety to
the DIBDP moiety in toluene, CHCl3, acetone, and CH3CN,
respectively (Table 2). The corresponding ECS values in
CHCl3, acetone, and CH3CN were 2.14, 2.06, and 2.05,
respectively (Table 2), and were all lower than the
corresponding S1-state energies of DIBDP moieties (2.25
eV). However, in toluene, the ΔGCS value for the electron-
transfer process in B21C7-DIBDP was greater than 0 and the
ECS value of B21C7-DIBDP was higher than the S1-state
energy of DIBDP moieties (2.25 eV). These calculation results
demonstrated that the electron-transfer processes from B21C7
moieties to DIBDP moieties influenced the fluorescence

Figure 6. Cyclic voltammograms of B21C7, DIBDP, and B21C7-
DIBDP in deaerated CH2Cl2 containing 1.0 mM compound to be
measured and ferrocene (Fc), 0.10 M Bu4NPF6 as the supporting
electrolyte, and Ag/AgNO3 as the reference electrode; scan rate was
0.1 V/s, 25 °C. Fc was used as the internal reference [E1/2 = +0.64 V
(Fc+/Fc) vs the standard hydrogen electrode].

Table 2. Electrochemical Redox Potentialsa, Gibbs Free Energy Changes (ΔGCS), and Charge Separation Energy States (ECS)
b

for B21C7, DIBDP, and B21C7-DIBDP in Toluene (TOL), CHCl3 (CHL), Acetone (ACE), and CH3CN (ACN)

ΔGCS (eV) ECS (eV)

compd EOX (V) ERED (V) TOL CHL ACE ACN TOL CHL ACE ACN

B21C7 +0.98 c d d d d d d d d

DIBDP +0.89 −1.47 d d d d d d d d

B21C7-DIBDP +0.87 −1.48 0.01 −0.10 −0.19 −0.21 2.25 2.14 2.06 2.05

aThe values of redox potentials were obtained by setting the potential of Fc+/Fc as 0 V, measured in deaerated CH2Cl2. The counter electrode was
a Pt electrode, and the working electrode was a glassy carbon electrode, with a Ag/AgNO3 couple as the reference electrode.

bE00 is the energy level
of the fluorescence emission. cNot been observed. dUnable to be determined.
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emission of DIBDP moieties in CHCl3, acetone, and CH3CN
except for that in toluene. Simultaneously, the fluorescence
emissions of DIBDP moieties were easier to be affected by the
electron-transfer processes in higher polar solvents, which were
in agreement with the fluorescence emission spectra in Figure
5.
When E00 was the energy level of the T1 state of DIBDP

(1.61 eV), the ΔGCS values were 0.59, 0.49, 0.41, and 0.38 eV
for the electron-transfer processes from the B21C7 moiety to
the DIBDP moiety in toluene, CHCl3, acetone, and CH3CN,
respectively (Table 3). The ΔGCS values in these four solvents
were all greater than 0, and the corresponding ECS values were
all higher than the T1-state energy of DIBDP moieties (Table
3). These calculated results demonstrated that the electron-
transfer processes from B21C7 moieties to DIBDP moieties in
B21C7-DIBDP could not directly affect the T1 states of
DIBDP moieties in all of the above four solvents due to the
exceedingly low T1 energy state of DIBDP (1.61 eV).
2.5. Nanosecond Time-Resolved Transient Absorp-

tion Spectroscopy. DFT calculations and electrochemical
investigations demonstrated that there were no direct
influences on the electron-transfer process on the T1 states
of DIBDP moieties in B21C7-DIBDP. Herein, nanosecond
time-resolved transient absorption spectra were used to verify
the results of DFT calculations and electrochemical inves-
tigations further (Figures S26−S34). Simultaneously, we fitted
the intrinsic triplet-state lifetimes of DIBDP and B21C7-
DIBDP in these four solvents according to eqs 4−6.47,50,77 The
differential equation in the decaying process of the triplet state
is expressed in eq 4.

c
t

k c k c
d
d

T
1 T 2 T

2= − −
(4)

where cT is the concentration of the triplet state, t is the
decaying time, k1 is the spontaneous decaying rate constant
without the TTA self-quenching effect, and k2 is the
bimolecular decaying rate constant induced by the TTA self-
quenching effect. Moreover, the corresponding integral
equation is expressed in eq 5.

c t
c k

k t c k k c k
( )

exp( ) ( )T
0 1

1 0 2 1 0 2
=

· + − (5)

where c0 is the initial concentration of triplet states and cT (t) is
the concentration of triplet states at time t. The transient
absorption intensity at time t is expressed in eq 6.

A t
A

t
( )

/
exp( / ) (1 / ) 1

0 2 1

1 2 1

τ τ
τ τ τ

=
· + − (6)

where A(t) is the transient absorption intensity at time t. A0 is
the initial transient absorption intensity prior to decaying. τ1 is

the unimolecular lifetime of the triplet state without the TTA
self-quenching effect induced by the photosensitizers. τ2 = 1/
c0k2, which is the reciprocal of the initial concentration of the
triplet state multiply the bimolecular decaying rate constant
induced by the TTA self-quenching effect of the photo-
sensitizers. The triplet-state lifetime values of the photo-
sensitizers were fitted using eq 6 with three variables (A0, τ1,
τ2) supposing that the TTA self-quenching effect was
eliminated.47,50,77

First, the maps of transient absorption for DIBDP and
B21C7-DIBDP in various solvents were very similar (Figures
S26−S33), verifying that B21C7 moieties could not affect the
T1 states of DIBDP moieties in B21C7-DIBDP. Second, the
lifetimes of B21C7-DIBDP in toluene, CHCl3, acetone, and
CH3CN were obviously longer than those of DIBDP at a high
concentration (1.0 × 10−5 M); moreover, the lifetimes of
B21C7-DIBDP in these four solvents almost remained
unchanged when K+ was added (Figure S34). Third, the
intrinsic triplet-state lifetimes values of B21C7-DIBDP were
slightly greater than DIBDP in the same solvents, for instance,
in Figure S34b,f,j. The above experimental results demon-
strated that there were no direct effects of the electron transfer
from the B21C7 moiety to the DIBDP moiety in B21C7-
DIBDP on the intrinsic triplet-state lifetimes. Moreover, the
huge bulks of B21C7 moieties resulting in steric hindrance
(Figure 7) could reduce the collision of DIBDP moieties and

further weaken the TTA self-quenching effect (the TTA
process needs collision of sensitizers in the range of 0−1
nm31,35,36) of DIBDP moieties in B21C7-DIBDP at a high
concentration (1.0 × 10−5 M). The fluorescence quantum
yields of B21C7-DIBDP were observed to be greater in
nonpolar solvents compared to those in polar solvents; this was
because the stronger a-PET effects induced smaller fluo-
rescence quantum yields in polar solvents, while the TTA self-
quenching effects were weakened more efficiently in polar

Table 3. Electrochemical Redox Potentialsa, Gibbs Free Energy Changes (ΔGCS), and Charge Separation Energy States (ECS)
b

for B21C7, DIBDP, and B21C7-DIBDP in Toluene (TOL), CHCl3 (CHL), Acetone (ACE), and CH3CN (ACN)

ΔGCS (eV) ECS (eV)

compd EOX (V) ERED (V) TOL CHL ACE ACN TOL CHL ACE ACN

EtP5 +0.98 c d d d d d d d d

DIBDP +0.89 −1.47 d d d d d d d d

EtP5-DIBDP +0.87 −1.48 0.59 0.49 0.41 0.38 2.25 2.14 2.06 2.05
aThe values of redox potentials were obtained by setting the potential of Fc+/Fc as 0 V, measured in deaerated CH2Cl2. The counter electrode was
a Pt electrode, and the working electrode was a glassy carbon electrode, with a Ag/AgNO3 couple as the reference electrode.

bE00 is the energy level
of the T1 state.

cNot been observed. dUnable to be determined.

Figure 7. Optimized ground-state geometries of DIBDP and B21C7-
DIBDP at the DFT//B3LYP/6-31G(d) level using Gaussian 09W.
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solvents (Table 1). As illustrated in Figure 4a, when the outer-
layer valence electron of DIBDP moieties in B21C7-DIBDP
was transited from the HOMO orbital to the LUMO orbital, as
a result of the a-PET effect, the HOMO orbitals of DIBDP
moieties were occupied by the electrons in B21C7 moieties so
that singlet states of DIBDP moieties could not emit
fluorescence in the form of radiation transition but could be
transformed to triplet states through the ISC process due to
the iodine atoms in the DIBDP moiety. Therefore, the
stronger a-PET effects in polar solvents induced smaller
fluorescence quantum yields but weaker TTA self-quenching
effects (Table 1).

3. CONCLUSIONS

In summary, we designed and synthesized a B21C7-function-
alized DIBDP (B21C7-DIBDP) to investigate the influences
of huge bulks and electron-rich cavities of B21C7 moieties on
the fluorescence emission and triplet-state lifetimes of DIBDP
moieties. DFT/TDDFT computable results preliminarily
predicted that B21C7 moieties had direct influences on the
fluorescence emissions of DIBDP moieties but not on their
localization of triplet states of B21C7-DIBDP. The UV−vis
absorption spectra, fluorescence emission spectra, and cyclic
voltammograms verified that there was an electron-transfer
process from the B21C7 moiety to the DIBDP moiety (a-
PET) in B21C7-DIBDP. However, the calculated results of
ΔGCS and ECS values, nanosecond time-resolved transient
absorption spectra, and intrinsic triplet-state lifetimes demon-
strated that the electron-transfer processes from the B21C7
moiety to the DIBDP moiety in B21C7-DIBDP had direct
influences on the fluorescence emission of DIBDP moieties
but not on the triplet states of DIBDP moieties. The triplet-
state lifetimes of B21C7-DIBDP were obviously longer than
DIBDP at a high concentration (1.0 × 10−5 M); however, the
fitted values of intrinsic triplet-state lifetimes of B21C7-
DIBDP were only slightly greater than those of DIBDP in the
same solvent. Besides the steric hindrance of B21C7 moieties,
which could weaken the TTA self-quenching effect of DIBDP
moieties at a high concentration, the a-PET effect resulted in a
proportion of the produced singlet states of DIBDP moieties
not being able to emit fluorescence in the form of radiation
transition, but they could be transformed to triplet states
through ISC processes due to the iodine atoms in the DIBDP
moiety. The stronger a-PET effects in polar solvents induced
smaller fluorescence quantum yields so that more singlet states
of DIBDP moieties were transformed to triplet states to
weaken the TTA self-quenching effects. These experimental
results provided another strategy of weakening the TTA self-
quenching effect induced by the sensitizers; thus, they will be
significant for designing and assembling supramolecular smart
nanostructures, including excellent PDT materials, photo-
catalysis, and photovoltaic devices based on photosensitizer-
functionalized crown ethers.

4. METHODS

4.1. Synthesis and Characterizations. All of the raw
materials were analytically pure and used without further
purification. The organic solvents were dried or distilled before
use. Thin-layer chromatography (TLC) and column chroma-
tography were carried out using silica gel (200−300 mesh) as
the stationary phase. Melting points were measured on an
SHPSIC WRS-2 automatic melting point apparatus (China).

1H NMR and 13C NMR spectra were obtained on a Bruker
AVANCE 400 spectrophotometer (Germany) with CDCl3 as
the solvent and Si(CH3)4 as the internal standard (0.00 ppm).
High-resolution mass spectra (HRMS) were recorded in an ion
trap ESI-HRMS spectrometer. Detailed synthetic routes for
B21C7-DIBDP are shown in Scheme 1; please see the
Supporting Information for the structural characterizations.

4.2. Instruments for Spectral Measurement. The UV−
vis absorption spectra were recorded on an HP8453 UV−vis
spectrophotometer. The fluorescence emission spectra were
measured with an FS5 spectrofluorometer (Edinburgh Instru-
ment Ltd., U.K.). The absolute fluorescence quantum yields
were determined by a C13534 UV−NIR spectrometer,
equipped with an optical integration sphere (Hamamatsu
Photonics K.K., Japan). Fluorescence lifetimes were recorded
on an OB920 luminescent lifetime spectrometer (Edinburgh
Instruments Ltd., U.K.) equipped with a 510 nm EPL
picosecond pulsed laser for excitation, and the decay traces
were measured with the time-correlated single photon
counting (TCSPC) technique. Cyclic voltammograms were
performed using a CHI610D electrochemical workstation
(Shanghai, China). The nanosecond time-resolved transient
absorption spectra were measured with an LP980 laser flash
photolysis spectrometer (Edinburgh Instruments Ltd., U.K.).
Opolette HE 355 UV tunable laser systems (OPOTEK Inc.)
were used for excitation (210−2400 nm). Typical laser power
was 5 mJ per pulse. The signal was digitized on a Tektronix
TDS 3012B oscilloscope.

4.3. Details of Theoretical Computations. The ground-
state (S0) geometries of DIBDP and B21C7-DIBDP were
optimized based on DFT with the B3LYP functional74 and the
6-31G(d) basis set.75 The isosurfaces of spin density and
excited-state energies of DIBDP and B21C7-DIBDP were
calculated using DFT and time-dependent DFT (TDDFT),
respectively, based on the optimized geometries of the S0 state.
All of these calculations were performed using the Gaussian
09W program package suite in a Dell server.76

4.4. Methods of Electrochemical Studies. Cyclic
voltammogram curves were recorded at a scan rate of 0.1 V/
s. The electrolytic cell was a three-electrode-containing cell.
Electrochemical measurements were performed in CH2Cl2
with ferrocene (Fc) as the internal reference and 0.1 M
Bu4NPF6 as the supporting electrolyte after deaerated by high-
purity N2. The working electrode was a glassy carbon
electrode, and the counter electrode was a platinum electrode.
In addition, a nonaqueous Ag/AgNO3 (0.1 M in CH3CN)
reference electrode was contained in a separate compartment
connected to the solution via a semipermeable membrane.78

4.5. Measuring Method for Nanosecond Time-
Resolved Transient Absorption Spectroscopy. All of
the samples of DIBDP and B21C7-DIBDP were deaerated by
high-purity N2 for 15 min and well-sealed by a parafilm prior to
measurement. The fitted values of triplet-state lifetimes and the
maps of transient absorption of the samples were obtained in
L900 software. The intrinsic triplet-state lifetimes were
obtained by fitting experimental curves using a kinetic
model, supposing that the TTA self-quenching effect was
eliminated.77

4.6. Synthetic Procedures of B21C7-DIBDP. Com-
pounds 1 and B21C7-BDP were prepared according to a
literature report,73 and the synthetic procedures of B21C7-
DIBDP have been described as follows.
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B21C7-BDP (1.2 g, 2.0 mmol) was dissolved in anhydrous
CH2Cl2 (250 mL), and then excess N-iodosuccinimide (1.8 g,
8.0 mmol) was added. The mixture was stirred at room
temperature overnight. The reaction mixture was then washed
using brine three times and concentrated under a vacuum. The
crude product was purified by flash column chromatography
(CH2Cl2/EtOAc, 5:1, v/v). The red band was collected, and
the solvent was removed under reduced pressure to give the
product as a red solid. Yield: 1.5 g, 85.0%. MP: 168.8−169.5
°C. The 1H NMR spectrum of B21C7-DIBDP is shown in
Figure S1. 1H NMR (400 MHz, CDCl3): δ 6.99−6.97 (d, 1H,
J = 8.0 Hz), 6.78−6.74 (m, 2H), 4.24−4.22 (t, 2H, J = 4.0 Hz),
4.12−4.10 (t, 2H, J = 4.0 Hz), 3.99−3.97 (t, 2H, J = 4.0 Hz),
3.93−3.91 (t, 2H, J = 4.0 Hz), 3.86−3.84 (t, 2H, J = 4.0 Hz),
3.81−3.75 (m, 6H), 3.70 (s, 8H), 2.64 (s, 6H), 1.48 (s, 6H).
The 13C NMR spectrum of B21C7-DIBDP is shown in Figure
S2. 13C NMR (100 MHz, CDCl3): δ 156.6, 149.8, 144.8,
141.2, 132.9, 131.6, 129.8, 128.0, 127.1, 120.8, 114.0, 113.3,
85.6, 70.5, 68.6, 63.6, 31.9, 29.6, 21.6, 17.1, 16.0. The ESI-
HRMS spectrum of B21C7-DIBDP is shown in Figure S3.
ESI-HRMS: calcd [C31H39BF2I2N2O7 + NH4

+] m/z =
872.1246, found m/z = 872.1253, error: 0.0007; calcd
[C31H39BF2I2N2O7 + Na+] m/z = 877.0800, found m/z =
877.0805, error: 0.0005.
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