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Aggregation effects on the one- and two-photon
excited fluorescence performance of
regioisomeric anthraquinone-substituted
perylenediimidef
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Regioisomerism is an efficient strategy for finely tuning the structures of molecules in the isolated or the
aggregated state. Herein, two regioisomers of perylene diimide (PDI) derivatives have been designed and
synthesized. The positions of the substituent anthraquinone groups display distinct influences on their
molecular conformation and aggregate structures, resulting in different fluorescence properties upon
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one- and two-photon excitation. In addition, owing to the bright emission, cellular imaging tests based
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Introduction

Organic luminescent materials have drawn considerable attention
owing to many attractive advantages, such as the diversity of
molecular design, high compatibility with organisms, and
potential to prepare flexible devices.! Therefore, they have great
potential for applications in biological imaging,>™ organic non-
linear optical (NLO) materials,®'° etc. The performance of these
materials depends on not only the properties of the well-designed
molecules with specific functional groups but also their aggregate
states."' ™ In 2001, Tang and co-workers first coined the concept
of aggregation-induced emission (AIE)."* In 2018, Li and co-
workers first coined the concept of molecular uniting set identi-
fied characteristic (MUSIC)."® In 2020, Tang and co-workers put
forward the concept of “aggregate science”.'® These concepts all
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on their nanoparticles were also conducted.

highlight the key role of molecular aggregates in the performance
of organic luminescent materials.

There are mainly two approaches used to adjust the molecular
aggregates. One is external force, including the characteristics of
solvent (polarity, viscosity, hydrophilia or hydrophobicity),
mechanical force, light, and electric field."” For instance,
polymorphs,'®'® mechanoluminescence (ML),*** photoinduced
room temperature phosphorescence (RTP),**® and the optimized
nonlinear optical (NLO) properties were achieved after electric
poling.>** The other is internal force including n-n stacking,
anion-n interactions, dispersion forces, electrostatic interactions
and hydrogen bonding.**?” For instance, alkyl chains can suppress
molecular motions and favour the RTP properties through the
formation of multiple C-H- - -t and C-H- - -X (X presents hetero-
atoms such as N, O, S, etc.) interactions with surrounding aromatic
rings or heteroatoms.*®* Moreover, the different lengths of alkyl
chains can subtly tune intermolecular interactions, resulting in
a unique oddeven effect in photoluminescence.*>*! Hydrogen
bonding induced by hydroxy, carboxylic acid and amino moieties
can promote RTP performance by suppressing the molecular
motions in the aggregated states.”* Overall, predesign or modifica-
tion of the molecular aggregates at the stage of molecular design
would be ideal, despite its great difficulty and challenges.

As one kind of molecular design method, regioisomerism
is a very promising strategy for adjusting the molecular aggregates.
In this way, a simple structural modification may drastically
influence the luminescence properties of the molecular
aggregates.®’ In recent three years, several groups have reported
the use of regioisomerism to finely tune the structures of the
molecular aggregates, leading to distinct luminescence
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properties. In 2019, Li and co-workers reported a series of
halogen-substituted triphenylamines. Among these, ortho-sub-
stituted products are all ML-inactive, while meta-substituted
products are all ML-active."* In 2020, Wang, Zhang and
co-workers reported a phenyl-substituted effect in tetraphenyl-
pyrazine. They found that the ortho-phenyl substitution stimu-
lates the AIE characteristics, but substituting at either meta or
para position results in non-AlE active compounds.”” In 2020,
Tang, Lu, Qian and co-workers reported two triphenylamine-
substituted dithienobenzophenazine and found that the end-
substituted product is dominated by the ACQ properties while
the bay-substituted product is AlE-active.*® In 2020, Promarak
and co-workers reported two n-hexylthiophene-substituted
naphthothiadiazole with AIE properties. Due to a large steric
repulsion between naphthothiadiazole and nearby thiophenes,
the molecular conformation of the product substituted at the
3-position of thiophene is more twisted than that of the product
substituted at the 4-position of thiophene. As a result, their
fluorescence emission peak and quantum yields are totally
different in solution and aggregate.’” In 2020, Iyer and co-
workers reported two pyridine-substituted triphenylethylene.
When the pyridine group is substituted at the ortho position
of the phenyl ring, the product is non-AIE active. When the
pyridine group is substituted at the para position of the phenyl
ring, the product is AIE active.’® In 2021, Wang, Zhi and
co-workers reported three aldehyde-substituted tetraaryl ethylenes.
They are all AlE-active; however, the AIE amplification factors are
totally different. The biggest one is 176.4 for the para-substituted
product, while the smallest one is only 9.3 for the meta-substituted
product.*®

Although perylene diimides (PDIs) are one class of the most
explored organic fluorescent materials, the report of the regioi-
somerism effect on the aggregate emission properties of PDIs is
still rare. Tang, Sun and co-workers reported two tetraphenyl
ethene-substituted PDIs with AIE properties.”® The AIE ampli-
fication factor of the 1,7-substituted product is larger than that
of the 1,6-substituted product. In 2021 and 2022, our group
reported bay- and ortho-substituted PDIs with the benzanthrone
or anthracene groups as the electron-donating moieties.>">* Very
interesting phenomena are observed. With the substitution posi-
tion of benzanthrone changing from bay to ortho, ACQ-to-AIE
conversion is achieved. With the substitution position of anthra-
cene changing from bay to ortho, the AIE process is accelerated
and the AIE amplification factor is also enhanced.>'** However, it
is still unknown what will happen if changing the substitution
position of electron-withdrawing groups from bay to ortho on PDL

Inspired by the above points, this work aims to explore the
aggregate emission of PDIs with electron-withdrawing anthra-
quinone groups as the bay- and ortho-substituents. It is antici-
pated that by changing the anthraquinone group from the ortho
position to the bay position of PDI, the resultant steric hin-
drance may alter the n-conjugated core and affect the molecular
aggregates, which may make possible altering the aggregate
fluorescence emission properties. Herein, we present the syntheses,
UV-Vis absorption and fluorescence emission properties,
femtosecond and nanosecond transient absorption properties,
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two-photon absorption properties, and theoretical calculations
in detail. Finally, given the high fluorescence quantum yields of
the products, their nanoparticles are also applied for cellular
imaging.

Results and discussion
UV-Vis absorption and fluorescence emission spectra

As shown in Fig. 1, the UV-Vis absorption spectrum of PDI in
THF shows three main peaks centered at 522, 486 and 455 nm,
respectively. The ortho-substituted product O-PDI-ANQ in THF
also exhibits structured absorption peaks centered at 524, 488 and
457 nm, respectively. The bay-substituted product B-PDI-ANQ in
THF exhibits absorption peaks centered at 530 and 495 nm,
respectively. Upon excitation at 525 nm, PDI shows vibronically
resolved emission peaks centered at 530, 571 and 620 nm. O-PDI-
ANQ exhibits slightly red-shifted emission peaks centered at
535, 576 and 625 nm. B-PDI-ANQ exhibits a broad emission
band centered at 567 nm. As a result, the Stokes shifts for PDI,
O-PDI-ANQ and B-PDI-ANQ are 8, 11 and 37 nm, respectively. It is
worth noting that both the absorption and emission spectra of
B-PDI-ANQ appear to be less structured in comparison to those of
O-PDI-ANQ. For O-PDI-ANQ, the structured emission spectrum
and small Stokes shift reflect its molecular rigidity. For B-PDI-
ANQ), the extremely broad emission spectrum and the large Stokes
shift suggest a drastic rearrangement of this flexible molecule in
the excited state.>® The optimized molecular structures in vacuum
indeed reveal that the dihedral between the ANQ group and PDI
core changes by 12° from the ground state to the excited state for

1
f | | 1
[ ) [ R
B-PD-ANQ 0O-PD-ANQ
(b) 08 —— B-PDI-ANQ ~=— B-PDI-ANQ
0.7 ——— 0-PDI-ANQ —=— 0-PDI-ANQ

Absorbance
Normalized Fluorescence

Wavelength (nm)

Fig. 1 (a) The molecular structures of B-PDI-ANQ and O-PDI-ANQ and
(b) UV-Vis absorption and normalized fluorescence emission spectra of
PDI, B-PDI-ANQ and O-PDI-ANQ in THF.
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B-PDI-ANQ, while that is only 6° for O-PDI-ANQ (Fig. S5 and S6,
ESIt). Using rhodamine B (®y = 97% in ethanol) as the calibration
standard, the fluorescence quantum yields (®¢) of PDI, O-PDI-
ANQ and B-PDI-ANQ are 70, 70, and 54%, respectively. Partial
reduction in the @ value of B-PDI-ANQ when compared with PDI
and O-PDI-ANQ could be attributed to the non-radiative decay
pathways arising from the bay substitution of the PDI core.

Femtosecond and nanosecond transient absorption of B-PDI-
ANQ and O-PDI-ANQ in THF

Further insights into the excited state deactivation in bay- and
ortho-substituted PDI derivatives come from femtosecond and
nanosecond transient absorption measurements. Fig. 2a-d
show four distinct processes for B-PDI-ANQ after photoexcitation.
First, B-PDI-ANQ exhibits two negative peaks centered at 534 and
493 nm corresponding to ground-state bleaching (GSB),>* where
one negative peak centered at 566 corresponds to stimulated
emission (SE),”> and two positive peaks centered at 345 and
710 nm come from excited-state absorption (ESA).*® Second, the
decrease of GSB signals at 534 nm suggests the occurrence of
intramolecular charge transfer (ICT),>” and no significant spectral
shift is observed. It indicates that this singlet excited state with
ICT character is formed very fast. Third, the transient absorption
peaks do not show any change. This is probably due to the solvent
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Paper

rearrangement (SR).>® Fourth, GSB and ESA signals gradually fall
down to the baseline and remain at a 534 nm peak, which do not
disappear even after reaching the maximum delay time of the
fs-TA instrument (7.5 ns). This reveals that an intersystem crossing
(ISC)*° may take place to generate a triplet state. Compared to
the fs-TA spectrum of B-PDI-ANQ, that of O-PDI-ANQ displays
apparently different features. As shown in Fig. 2f, O-PDI-ANQ
shows GSB at 532, 487, and 456 nm, SE at 576 nm and ESA at
345 and 706 nm. The SE feature of O-PDI-ANQ is more
prominent than that of B-PDI-ANQ, which is consistent with
the larger @ value of O-PDI-ANQ. As shown in Fig. 2g, the SR
feature persists in the transient spectra, but there is no ICT
feature observed for O-PDI-ANQ. Therefore, there are two non-
radiative decay processes (ICT and ISC) for the excited state
of B-PDI-ANQ. In contrast, there is one non-radiative decay
process (ISC) for the excited state of O-PDI-ANQ. This is the
reason that the @y value of O-PDI-ANQ is higher than that of
B-PDI-ANQ. To obtain the exact rate constants of the excited
state dynamics, the kinetic fittings of 534 nm for B-PDI-ANQ
and 532 nm for O-PDI-ANQ are extracted from the data of fs-TA.
As shown in Fig. 2e, for B-PDI-ANQ, the 534 nm transient
absorption should be fitted by the four exponential functions,
resulting in four lifetimes for them. The four lifetimes are
7, = 0.45 ps (16.2%), 7, = 6.5 ps (13.1%), 75 = 231 ps (12%),
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Fs-TA spectra and kinetics of (a—e) B-PDI-ANQ and (f—i) O-PDI-ANQ in THF.
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and 1, = 7.32 ns (51.5%), respectively. As shown in Fig. 2i, for O-
PDI-ANQ, the 532 nm transient absorption should be fitted by
the three exponential functions, resulting in 7, = 0.36 ps (5.7%),
T, = 254 ps (12.6%) and 13 = 4.07 ns (77.3%), respectively. To
further confirm the generation of triplet states for B-PDI-ANQ
and O-PDI-ANQ, purged nitrogen and oxygen experiments
for nanosecond transient absorption (ns-TA) were performed.
The results and discussion are available in the ESL{

One-photon excited fluorescence properties

In order to investigate the fluorescence properties of B-PDI-ANQ
and O-PDI-ANQ in their aggregated state, the fluorescence
spectra of these compounds are measured in THF containing
various water volume fractions (f,). As shown in Fig. 3, the
fluorescence intensities of B-PDI-ANQ are dramatically decreased
at the initial stage from f, = 0 to 30%, indicating a grave
quenching effect. Unlike B-PDI-ANQ, the fluorescence intensities
of O-PDI-ANQ have a very small decrease when f,, is below 60%,
manifesting a slight quenching effect. When water is progressively
added, an evident decrease in the fluorescence intensity of O-PDI-
ANQ is observed at f,, = 70%.

In order to further clarify the quenching characteristics of
B-PDI-ANQ and O-PDI-ANQ with the increase in the water
content in the solution, the changes in the @ values and the
maximum emission wavelengths are plotted against the water
fraction in the THF solutions. The quenching factor @ is
calculated by using the equation of @y = (Pgo1 — Pagg)/Psol,
where @, and ®,q, are the fluorescence emission quantum
efficiency of the dye in dilute solution and in the aggregated
state, respectively.”” When f,, increases from 0 to 30%, @y of
B-PDI-ANQ drops from 54 to 2.8%. @ is calculated to be as high
as 95%. Under the same condition, @ of O-PDI-ANQ decreases
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slowly from 70 to 60% and @ is calculated to be 14%. Only at a
very high f,, of 70%, @y of O-PDI-ANQ decrease to 24% and @ is
calculated to be 66%. It is noted that the emission peak of
B-PDI-ANQ gradually red-shifted from 570 to 645 nm when f, is
increased from 50 to 70%. This result indicates that the
aggregation of B-PDI-ANQ involves intermolecularn-n interac-
tions, which would increase the coplanarity of the n-conjugated
molecules and should result in a red-shift of the emission
wavelength due to excimer formation.®" Interestingly, the emis-
sion peak of B-PDI-ANQ shows a small blue-shift by approxi-
mately 5 nm at f,, = 80% as compared with that at f;, = 70%. The
abnormal phenomenon of spectral shift is related to the degree
of aggregation. When the degree of aggregation exceeds a
certain range ( fi, > 70%), the intermolecular n-n interactions
are weakened rather than strengthened, leading to a blue-shift
of the emission wavelength. A similar behavior of emission
wavelength is also observed for O-PDI-ANQ.

Femtosecond transient absorption of B-PDI-ANQ and
O-PDI-ANQ in THF/H,O systems

According to the literature, on one hand, molecular aggregation
could enhance the ISC rate and thereby suppressing fluorescence.
This mechanism is termed “aggregation-induced intersystem
crossing” (AI-FISC).°>® On the other hand, core-twist leads to
an enhancement in triplet excited state generation, which is
proposed as twisted t-conjugation-induced ISC.**"*® The present
study focuses on the impact of aggregation on the fluorescence
properties of PDI derivatives in the core-twisted vs. planar
conformation. The influence of the aggregation degree on the
excited state is also tracked with the femtosecond transient
absorption study. We choose aggregated B-PDI-ANQ in the
THF/water mixture (with f, of 30%) and O-PDI-ANQ in the
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Fig. 3 The fluorescence emission spectra of (a) B-PDI-ANQ and (c) O-PDI-ANQ in the THF/water mixture with different water fractions (f,,). Variations
of the fluorescence quantum yield and the maximum fluorescence emission wavelength for (b) B-PDI-ANQ and (d) O-PDI-ANQ in the THF/water
mixture with different f,,. The insets of (a and c) show the photographs of FL images (taken under 365 nm UV light) for the corresponding mixtures.
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THF/water mixture (with £, of 30% and 70%, respectively) as the
test samples. As shown in Fig. 4, GSB and ESA bands show an
apparent redshift upon aggregation. Four or three components
are required for the satisfactory fitting of the data for B-PDI-ANQ
and O-PDI-ANQ, respectively. At f,, = 30%, the ISC rate or the
triplet rise time of aggregated B-PDI-ANQ is 3.70 ns, which
is much shorter than that of non-aggregated B-PDI-ANQ (t;5¢c =
7.32 ns), while the ISC takes 3.50 ns in aggregated O-PDI-ANQ,
which is only slightly shorter than that in non-aggregated O-PDI-
ANQ (tisc = 4.07 ns). Thus, aggregated B-PDI-ANQ displays a
large fluorescence quenching at f, = 30%, but aggregated O-PDI-
ANQ only exhibits a small one. At f,, = 70%, the ISC takes 716 ps
in aggregated O-PDI-ANQ, which is much shorter than that in
non-aggregated O-PDI-ANQ. Therefore, the fluorescence of aggre-
gated O-PDI-ANQ begins to quench largely then.

Two-photon excited fluorescence properties

The influence of aggregation on the two-photon excited fluores-
cence properties of PDI derivatives has also been investigated.
As shown in Fig. 5, the two-photon excited fluorescence emis-
sion spectra of B-PDI-ANQ and O-PDI-ANQ in THF/H,Omixtures
with different water fractions are recorded. Interestingly, B-PDI-
ANQ and O-PDI-ANQ all show fluorescence quenching with the
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increasing water fractions; however, there is some variation
in the extent of the decline. To quantitatively describe their
fluorescence quenching process, the changes in the /I, values
are plotted against the water fraction in the THF solutions. I, is
the fluorescence intensity in THF. I is the fluorescence intensity
in THF/H,O mixtures. The tendencies are very clear: the
fluorescence intensity of B-PDI-ANQ decreases relatively fast,
with only 23% and 15% of its initial emission at f, = 20% and
fw =40%, respectively. The fluorescence intensity of O-PDI-ANQ
shows a relatively slow but apparent decrease since it keeps
37% and 20% of its initial emission at fi, = 20% and f,, = 40%,
respectively.

Cellular imaging

Banking on their bright emission, cellular imaging ability of
B-PDI-ANQ and O-PDI-ANQ were assessed. Before this study,
the cytotoxicity of the two PDI derivatives toward HeLa cells was
tested. Results in Fig. 6a and b demonstrate that both B-PDI-
ANQ and O-PDI-ANQ display negligible influence on the viability
of HeLa cells, indicating a good biocompatibility of these two
PDI derivatives. Then, cells are incubated with B-PDI-ANQ or
O-PDI-ANQ for 8 h. A commercially available probe Lyso-tracker
blue (LTB) with lysosome targetability is used for indicating

(b) 120
100
80+
60-

40+

Cell viability

20

0= . . ; . .
0 10 20 30 40 50
Concentration (uM)

Merge
B-PDI-ANQ .

O-PDI-ANQ

Fig. 6 (a and b) Cell viability of HelLa cells incubated with different concentrations of B-PDI-ANQ and O-PDI-ANQ for 8 h. (c) Confocal images of HelLa
cells co-stained with B-PDI-ANQ and O-PDI-ANQ (25 pM) and LTB (25 puM).
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cellular lysosomes. As displayed in Fig. 6¢, both B-PDI-ANQ and
O-PDI-ANQ exhibit bright orange emission inside cells and the
bright emission matches well with the blue emission of probe
Lyso-tracker blue, verifying the lysosome-targeting capability of
B-PDI-ANQ and O-PDI-ANQ. These data confirm the potential
application of B-PDI-ANQ and O-PDI-ANQ in fluorescence
imaging of live cells and further visualization of biological
procedures that occur inside lysosomes.

Conclusions

In summary, the regioisomerism strategy is employed in explor-
ing the structure-property relationship of aggregated PDI deriva-
tives. The experimental and theoretical results reveal that
changing the substitution position of the anthraquinone group
on the PDI from the bay position to the ortho position can
improve the planarity of the PDI core and enhance the struc-
tural rigidity of the product. Femtosecond transient absorption
studies on their isolated and aggregated state confirm that the
regioisomerism from the bay to the ortho position not only
blocks the nonradiative decay channels in the non-aggregated
state but also decelerates nonradiative excited-state decay in the
aggregated state, thus resulting in enhanced fluorescence emis-
sion of the isolated molecules and a suppressed fluorescence
quenching effect of the aggregated molecules. Two-photon
excited fluorescence studies on their aggregated state also show
a suppressed fluorescence quenching effect of the ortho-
substituted product. Cellular imaging studies reveal their
potential application in fluorescence imaging of live cells.
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