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N-Substitution of acridone with electron-donating
groups: crystal packing, intramolecular charge
transfer and tuneable aggregation induced
emissiony

Renfei Liu, Guanxing Zhu and Gang Zhang =™

Acridone derivatives with electron-rich triphenylamine functionalized at the amino position were
synthesized and their properties were experimentally and computationally investigated. The single crystal
structure analysis revealed that the -t interaction of acridone and the formation of hydrogen bonds of
carbonyl and the hydrogen atoms of the pending phenyl ring were crucial in the determination of
molecular packing in the crystalline state. An intramolecular charge transfer (ICT) process was observed
between acridone and triphenylamine even with reduced conjugation by the nitrogen atom of acridone.
Tuneable aggregation induced emissions with blue and green fluorescence were found due to the
different aggregation state and particle size, which varied according to the water content in THF.
Furthermore, the size of the spacer between acridone and the appended amine was also important in
adjusting the property of aggregation induced emission or aggregation caused quenching in the solid state.

Introduction

Acridone is a basic structural unit of natural alkaloids, which
has received considerable attention for its good bioactivity.*
The tricyclic acridone contains an electron-donating amine
and an electron-withdrawing carbonyl in the central ring and
demonstrates excellent photoluminescence and wonderful
photostability,” which makes it a good fluorescence signalling
unit in sensors.*” Various organic functional materials with
interesting properties have been prepared by the functionali-
zation of acridone at the positions of the amine, carbonyl and
the phenyl ring. The connection of functional groups to the
phenyl ring of acridone is among the most studied owing to
the ready halogenation followed by the well-developed cross-
coupling reactions. For example, the introduction of amine
or carbazole to the phenyl ring of acridone would give hole-
transporting materials or host materials for OLED applica-
tions.*** The acridone units could also couple with each other
at the phenyl ring to form acridone oligomers with tuneable
energy levels.” The functionalization of carbonyl of acridone
usually involved the formation of C-C double bonds with
another functional group, such as malononitrile, or fluorene,
to furnish molecules with variable colour upon external
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stimuli due to the conformational change."**® The introduc-
tion of biphenyl carbazole or tetraphenylethylene to the amino
position of acridone can also supply molecules with inter-
esting electroluminescence and piezochromic luminescence
properties.

Molecules containing electron-donating groups and
electron-withdrawing groups in the chain can form a donor-
acceptor system with lower energy gaps and are good candidates
as photoelectric materials or as fluorescence dyes for bioimag-

17-19

ing.**>* When acridone is used to construct a donor-acceptor
system, it can serve as an acceptor once the electron-donating
groups are linked to the phenyl ring to ensure an efficient ICT
process through the phenyl ring to the carbonyl.** The
condensation of carbonyl of acridone and cyanoacetic esters
can also generate an acridone based donor-acceptor system,
which lowers the rotational barrier with controllable rotational
rate around the formal C-C double bond.* Recently we found
that acridone can be used as a donor when the electron-
withdrawing anthraquinone was connected to the amino posi-
tion of acridone to generate a molecule with interesting ther-
mally activated delayed fluorescence properties.*® However, the
presence of a nitrogen atom in acridone makes it difficult to
build a donor-acceptor system with acridone as an acceptor via
N-substitution due to the reduced conjugation. To further study
the influence of N-substitution on the properties of acridone,
herein we report the synthesis and properties of electron-rich
triphenylamine functionalized acridone at the amino position.
For a purpose of comparison, the N-substitution of acridone
with methoxyphenyl is also involved.

This journal is © The Royal Society of Chemistry 2020
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Results and discussion

The synthesis of N-substituted acridone derivatives could be
easily achieved via copper-catalyzed Ullmann amination of
acridone and the related aryl bromide with 2,2,6,6-
tetramethylheptane-3,5-dione as ligand to give the target
compounds in 77-83% yields (Scheme 1).>* All the compounds
were fully characterized by NMR, IR and HRMS.

Single crystals that are suitable for X-ray diffraction analysis
were obtained by slow evaporation of ethanol/dichloromethane
solution (2a and 2b) or vapor diffusion of hexane into the
toluene solution (2¢), which allows a detailed structural inves-
tigation on the conjugation and intermolecular interactions in
the solid state (Fig. 1). In the acridone moiety of these three
compounds, the shortest C-C bonds with the distances 1.36—
1.37 A are found at the a and c¢ positions, indicating the largest
olefin character. Meanwhile, the bond length of carbonyl is 1.24
A, which is longer than that of the relevant C-O double bond.
The bond alternation indicates the presence of ICT process in
acridone, as verified in other reports.’*? The C-N bond between
acridone and the pending phenyl has a length of 1.45 A. The
dihedral angles of the acridone plane and the pending phenyl
ring are in the range 75-85° due to the steric hinderance. The
bond lengths and dihedral angles are in good agreement with
those of the non-substituted N-phenylacridone.?” The dihedral
angles in the triphenylamine moiety of 2b and 2c are in the
range 63-82°. The dihedral angle of the two methoxyphenyl
rings is larger than the other ones around the nitrogen atom. It
is worth mentioning that the three N-C bond lengths are
different at the triphenylamine moiety with the shortest one
(1.41 A) at the pending phenyl that connects to the acridone,
while the other two are slightly longer with the distances 1.42-
1.43 A. The bond length difference demonstrated the delocal-
ization of electron from the triphenylamine towards the acri-
done unit. The crystal analysis also revealed the m-w
interactions between the acridone moiety with the distances
3.42-3.61 A. The hydrogen bonds between the oxygen atom of
carbonyl and the hydrogen atom of pending phenyl ring with
the distances in the scale 2.30-2.58 A are all observed in these
crystal structures. The £ C-H:--O angles are 140-169°. These
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Scheme 1 Synthesis of acridone derivatives with electron rich groups
at the amino position.
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Fig. 1 Crystal structures of 2a—2c. (a) Crystal structural information;
crystal packing and hydrogen bond lengths around carbonyl (b) 2a, (c)
2b and (d) 2c.

informations of hydrogen bonds are consistent with the crys-
tallographic evidence for the presence of C-H---O hydrogen
bonds.?® It is worthwhile to note that the C-H---O hydrogen
bond plays an important role in directing the molecular over-
lapped packing of acridone. As also found in the crystal packing
of N-phenylacridone,” this observation can be served as
a guideline in the design of acridone based crystalline materials
and other analogous molecules, such as 5-oxophenothiazine
and 5,5-dioxophenothiazine.

The influence of the substituents on the electronic proper-
ties of acridone derivatives was investigated by the density
functional theory (DFT) calculations at B3LYP/6-311+G(2d,p)
level of theory in vacuo (Fig. 2).> The LUMOs are located at the
acridone moiety with the energy levels in the range 1.78-1.86 eV.
The distributions of HOMOs are substituent dependent. With
the methoxyphenyl as the substituent, the HOMO mainly
occupies the acridone backbone in 2a with the energy level of
—5.81 eV. However, the HOMO locations of 2b and 2c¢ are at the
pending triphenylamine, which is separated from the LUMO
positions and is different from the previously reported donor-
acceptor system with amine connecting to the phenyl ring of
acridone, in which the HOMO spreads over the whole mole-
cule.”” The HOMO energy level of 2b is elevated to —5.36 eV due
to the influence of the electron donating dimethoxyphenyl-
amine. The HOMO energy level of 2¢ decreases to —5.71 eV, and
no HOMO is observed in the acridone moiety, attributable to
the extended conjugation of biphenyl.

The redox properties of 2a-2c¢ were studied by measuring
cyclic voltammetry (CV) in dichloromethane for oxidation and
in THF for reduction. An irreversible oxidation wave at E;,, =
1.11 V and a reversible reduction wave at E,,, = —2.57 V are
observed for 2a (Table 1, ESI Fig. S247). However, a reversible
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Fig. 2 DFT calculations of the molecular frontier orbitals and energy
levels of acridone derivatives.

and an irreversible oxidation waves are found for 2b and 2c. The
reversible oxidation wave with smaller oxidative potential
should originate from the oxidation of triphenylamine, which
possesses electron-rich amine with lone pair electrons on the
nitrogen atom, thus making the oxidation easier and rising the
HOMO energy levels. A reversible reduction wave is seen for 2b
and 2¢, and the half-wave potentials are close to that of 2a,
indicating the similar LUMO energy levels. The electrochemical
analysis is in good agreement with the computational results.
The photophysical properties of the compounds 2a-2¢ were
characterized by UV/vis absorption and fluorescence emission
in dichloromethane (Fig. 3). The UV/vis absorption spectra
shows that two absorption bands in the long wavelength area
are at 376-378 nm and 395-397 nm, which are assigned to the
m-7t* transitions.»*® The molar absorbances of 2a and 2b are
quite close in the band range 395-397 nm, but smaller than that
of 2¢ due to the extended conjugation. The optical energy gaps
estimated from the onsets of the absorptions are 3.05 eV for 2a,

View Article Online

Paper

2a

£/x10* M"cm™

o
T
normalized fluorescence intensity

122000005

T I. = T T T T
450 500 550 600 650 700
wavelength / nm

T T T
250 300 350 400

Fig. 3 UV/vis absorption (solid line) and emission (dot line) spectra of
2a, 2b and 2c in dichloromethane at the concentration 10 uM.

3.01 eV for 2b and 3.04 eV for 2¢, respectively. The electron
transitions were further evaluated by the time-dependent
density functional theory (TD-DFT) calculations at the APFD/6-
311G+(2d,p) level of theory in dichloromethane solvent (ESI
Fig. S29-S317). The absorption band at 395 nm of 2a is attrib-
uted to the HOMO — LUMO transition. However, multiple
electron transitions are found for the absorptions of 2b and 2¢
at the long wavelength (ESI Tables S7-S9t1). The UV/vis
absorption spectra were also measured in other solvents. Each
compound shares similar UV/vis absorption patterns and the
shift of band positions is negligible (ESI Fig. S7-S97).

The fluorescence spectra that were measured in dichloro-
methane at room temperature are shown in Fig. 3. Two emis-
sion maxima at 406 nm and 427 nm with an absolute quantum
yield of 35% are observed for compound 2a. The fluorescence
time is 1.9 ns and the corresponding radiative and non-radiative
rates are 19 x 10" s~ ' and 36 x 10” s, respectively (ESI Table
S47). Interestingly, dual fluorescence emission is detected for 2b
and 2c in dichloromethane. One emission maximum is in the
range 400-464 nm for both of them, which are at the same
position to that of 2a and should originate from the locally
excited (LE) state of the acridone moiety. Another emission
maximum is very broad and is located at 571 nm for 2b and
627 nm for 2c, which should be the results of ICT process
between the electron-accepting acridone and the electron-
donating triphenylamine. Although the methoxyl group is an

Table 1 Summary of photophysical and electrochemical properties of 2a—2c

Compd A’ (nm) Eg,‘,ptb (eV) Aem (nm)

5" (%) Aemd (nm) @Fd (%) on1,1/ze \%]

Eredl,l/zf(v) Enomo® (EV) ELUMOh (EV] Eg,electm (eV)

2a 395 3.05 406, 427 35 464 13
2b 397 3.01 426, 565 1.1 457 17
2¢ 395 3.04 407, 425, 627 1.2 496 2

1.11 —2.57 —5.73 —2.49 3.24
0.35 —2.55 —5.06 —2.39 2.67
0.32 —2.50 —5.02 —2.44 2.58

“ Absorption at longest wavelength in dichloromethane at the concentration 10 uM. ? Optical energy gap calculated from the absorption onset.
¢ Measured in dichloromethane at the concentration 10 pM, excitation wavelength: 377 nm for 2a, 379 nm for 2b and 376 nm for 2c.
4 Measured in solid state, excitation wavelength: 365 nm for 2a-2c. © Measured in 0.1 M "Bu,NPF, in CH,Cl, at room temperature with a scan
speed of 0.1 V s™! and ferrocene as internal reference. / Measured in THF, the other parameters are same to the measurements in CH,Cl,.

g EHOMO = _(4-8 + onl,onset) ev. " ELUMO = _(4-8 + Eredl,onset) ev.
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electron-donating group, it is not strong enough to achieve the
separation of molecular frontier orbitals, hence only locally
excited fluorescence is observed in 2a. But dimethoxyphenyl-
amine is a stronger electron-donating group and forms the
donor-acceptor system with acridone, thus resulting the ICT
process. The second emission maximum of 2¢ is more red-
shifted than that of 2b due to a longer spacer caused larger
dipole moment in the excited state. The absolute quantum yield
of 2b in dichloromethane from the LE state is 1.7%, which is
lower than that from the ICT state (3.3%). But the lifetime from
the LE state is 3.9 ns, which is longer than that from the ICT
state (0.69 ns). Both the radiative and non-radiative rates of 2b
in dichloromethane from the LE state are lower than these from
the ICT state. For compound 2c, the absolute quantum yield
(1.7%) and lifetime (4.7 ns) in dichloromethane from the LE
state are close to these of 2b. A quantum yield of 1.2% and
lifetime of 4.4 ns for 2¢ is found from its ICT state, which leads
to a comparable radiative and non-radiative rates to those from
the LE state, but smaller than those from the ICT state of 2b.
These results are reasonable considering the relatively longer
spacer between the donor and acceptor in 2c.

The fluorescence property was further investigated by
measuring the spectra in different solvents. The emission
maximum of compound 2a shifts from 391 nm in the non-polar
solvent cyclohexane with low quantum yield (4.4%) and short
lifetime (0.014 ns) to 405 nm in the polar solvent acetonitrile
with relatively higher quantum yield (23%) and longer lifetime
(2.0 ns). No emissions from the ICT process was observed. But
for compound 2b, dual emissions from both LE and ICT states
are observed in other solvents. The emission maximum from
the LE state shows a red-shift with the increase of solvent
polarity, similar to that of 2a. No regularity on the positions of
emission maximum from the ICT state is found in the non-polar
solvent cyclohexane and toluene, but a red shift in the emission
from the ICT state with the increase of solvent polarity is
observed in the polar solvents. The fluorescence of compound
2¢ from the ICT state is gradually isolated from its LE state and
the emission is red-shifted from 414 nm in cyclohexane to
627 nm in dichloromethane and cannot be found in the polar
acetonitrile. Thus, the emission of acridone-triphenylamine
system can be modulated by either adjusting the spacer or
changing the polarity of the solvent.

The fluorescence spectra of 2a-2¢ were also measured in the
solid state (Fig. 4). Compounds 2a and 2b are blue fluorescence
with the emission maxima at 464 nm and 457 nm, respectively.
Whereas compound 2¢ demonstrates a weak pale yellow fluo-
rescence with broad emission maxima in the range 458-504 nm.
All the emissions in the solid state are red-shifted compared to
these from the locally excited states in the solutions due to the
close intermolecular contacts caused the excimer coupling.®®
The absolute quantum yields are 13% for 2a, 17% for 2b and 2%
for 2c¢, respectively (ESI Table S5t). The loss of emission inten-
sity in solid state is common for the excited states of the
aggregates often decay or relax to the ground state in the non-
radiative manner.** But compound 2b in solid state exhibits
a much higher quantum yield than that in the solution,
demonstrating an aggregation induced enhanced emission

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Fluorescence spectra of 2a—2c measured in solid state. Inset:
the powder emissions (top to down: 2a, 2b and 2c¢) under 365 nm UV
light.

(AIEE). The lifetimes of 2a and 2b in the solid state are 3.9 ns
and 3.2 ns, respectively, leading to the close radiative (3.3-5.3 x
107 s7') and non-radiative rates (22.3-25.9 x 10’ s~'). The
lifetime of 2c¢ in the solid state is 37.9 ns, which is longer than
those of 2a and 2b. The corresponding radiative and non-
radiative rates are 0.06 x 10’ s™' and 2.6 x 10’ s~ ', respec-
tively. The non-radiative rate is about 47 times faster than the
radiative rate. Thus, the non-radiative transitions consume
most of the energy in the excited states and lead to a weak
fluorescence of 2¢ in the solid state.

The electron rich triphenylamine is often used to synthesize
hole-transporting materials for solar cell.**** However, it is also
an ideal building block in the construction of molecules with
AIEE property due to the presence of rotatable C-N bonds.***
Hence, the photophysical properties of compounds 2a-2¢ in the
aggregation state was further investigated by measuring their
spectra in the water/THF mixture. The absorption maxima at
the longest wavelength is red-shifted with the increase of water
fraction (ESI Fig. S10-S127). However, the absorption intensity
demonstrates a dramatic loss when water contents are 95% for
2a, 80% for 2b and 75% for 2¢, indicating that the aggregation
happens at these points. For compounds 2b and 2c, the
absorption gradually shifts back to its original pattern with the
increased water contents.

The fluorescence spectra of 2a in water/THF demonstrates
an interesting variation depending on the water content (ESI
Fig. S19t). The emission maxima is red-shifted from 399 nm in
pure THF to 409 nm with 10% water fraction accompanied by
a rise in the fluorescence intensity due to the water addition
caused increase in solvent polarity, which is consistent with the
fluorescence spectra measured in different solvents. The fluo-
rescence intensity starts to fall when more water is added and
the emission maxima shifts to 425 nm when the water content
is 90%. A new emission maximum appears at 431 nm when the
water fraction is 95% and reaches its highest intensity with 99%
water. This new emission should be the aggregation induced
fluorescence, as proofed by the UV/vis absorption analysis. The

RSC Adv, 2020, 10, 7092-7098 | 7095
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average particle size is 337 nm in 99% water (ESI Fig. S25t). The
absolute quantum yield is 7.3% in 99% water, which is lower
than that in pure THF (10%) and in the solid state (ESI Table
S6t). Considering the lifetimes, both the radiative and non-
radiative rates gradually decrease from the solution to aggre-
gation state and to the solid state.

Although compound 2b and 2c share similar structure, their
fluorescence spectra in water/THF are quite different.
Compound 2b in pure THF shows very weak blue fluorescence
with an absolute quantum yield of 3.5%. With the increase of
water contents in the solvent, a blue fluorescence with the
emission maxima at 433 nm starts to appear with 80% water
content and reaches its highest intensity (21% quantum yield)
in 85% water (Fig. 5). The fluorescence intensity decreases with
the increase of water content and the emission maxima is red-
shifted to 525 nm. The green fluorescence shows its highest
intensity (1.9% quantum yield) in 99% water. This tuneable
dual fluorescence emission in aggregation state is rarely re-
ported and it should originate from the different water contents
caused variable aggregation states and particle size of
compound 2b in THF.*** The average particle sizes of
compound 2b in 85% and 95% water are 532 nm and 108 nm,
respectively (ESI Fig. S26 and S271). This reveals that the bigger
particle size would lead to a comparable emission to that in its
solid state. Indeed, the radiative and non-radiative rates in solid
state and in 85% water are quite close to each other, indicating
a similar emission manner. The different aggregation state
could also be identified by naked eyes when the concentrations
of 2b in 85% and 95% water are increased. Irradiated with
a laser pointer, compound 2b in 85% water is a suspension with
scattered light beam due to the big particle size, whereas it is

300000 —_—C
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85%
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—95%
99%
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Fig. 5 The fluorescence spectra of 2b in the THF/water mixtures with
different water fractions (concentration: 10 uM, excitation wavelength:
374 nm). Bottom: the photographs of 2b in 85% and 95% water
(concentration: 50 uM) under room light (left two), 365 nm UV light
(middle two) and irradiation with a laser pointer (right two).
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a sol in 95% water without light scattering. The emission decay
of 2b in 85% water can be fitted in a double-exponential manner
with a lifetime of 3.4 ns, whereas the lifetime of 2b in 95% water
is much longer (89 ns) with quadruple-exponential fitting,
unravelling the different decay pathway depending on the
aggregation state.

Compound 2c in pure THF presents a bluish green fluores-
cence with the emission maxima at 473 nm and an absolute
quantum yield of 10% (ESI Fig. S22t). The emission intensity
reduces due to the increased solvent polarity when water is
added. With the increase of water content, a weak yellow fluo-
rescence appears in 85% water, indicating the aggregation
induced emission, which is consistent with the results of UV/vis
absorption. Compound 2c¢ gives the strongest yellow fluores-
cence in 90% water with the emission maxima at 538 nm and an
absolute quantum yield of 1.5%, but less than that in pure THF.
Compound 2c¢ in 90% water is a sol with an average particle size
of 80 nm, smaller than that of 2b in 95% water (ESI Fig. S287).
Similar to the sol state aggregation of 2b, the emission decay of
2c¢ in 90% water is fitted in a quadruple-exponential way with
a longer lifetime (31.5 ns) than in the solution state (2.9 ns), but
shorter than that of 2b.

It is of interest to note that 2b and 2c share similar struc-
ture, but demonstrate different luminescence in solution and
in solid state. In solution, compound 2b shows weak fluores-
cence, but the emission of 2c is stronger. Compound 2c¢
possesses more rotatable joints than that of 2b, thus the
intramolecular rotation should not be the main reason of weak
fluorescence for 2b. The lower quantum yield of 2b should be
due to the ICT process. Compound 2b has a short phenyl
spacer, which allows a more efficient ICT process from dime-
thoxyphenylamine to acridone. The fluorescence spectrum of
2b also shows the luminescence derived from ICT process is
the main fraction in the dual fluorescence emission (Fig. 2).
With slightly long spacer biphenyl, the ICT process in 2¢ is not
that so efficient. Together with the reduced conjugation by the
nitrogen atom of acridone, it resulted in an improved locally
excited emission with stronger intensity than that of 2b. In the
solid state, compound 2b shows AIEE phenomenon due to the
restricted intramolecular rotation, whereas compound 2c¢
demonstrates aggregation caused emission quenching. It is
found that the acridone part favours the formation of m-m
stacking from the crystal structural analysis. The distance of
neighbouring acridone facets is 3.54 A for 2b, which is farther
than that of 2¢ (3.42 A). Moreover, compared to 2c¢, the dihe-
dral angles of triphenylamine, the acridone and the pending
phenyl of 2b are larger, which can facilitate the isolation of the
molecules from each other, thus minimizing the potential
non-radiative transitions and improving the luminescence of
2b in the solid state. Although the rotation around C-N and
C-C bonds in 2c are restricted in solid state, the tight inter-
molecular contacts caused the electronic coupling makes itself
less emissive. The comparison of radiative and non-radiative
rates also revealed that the non-radiative transitions is the
main reason in the loss of fluorescence intensity for 2c in solid
state.

This journal is © The Royal Society of Chemistry 2020
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Conclusions

In summary, acridone derivatives with electron-donating
groups at the amino position were synthesized and their
structural and photophysical properties were investigated. The
crystal structural analysis reveals that the acridone moiety tends
to form m-m stacking with the assistant of the pending phenyl
rings to form C-H:---O hydrogen bonds with the carbonyl of
acridone, which provides a good strategy in the design of acri-
done based crystalline materials. Although the strong electron-
donating triphenylamine is connected to acridone at the amino
position with reduced conjugation, ICT process is observed.
Furthermore, the different aggregation states with the variation
of water content in THF result in a tuneable blue and green AIEE
phenomenon. The size of the spacer between acridone and the
pending amine plays an important role in the determination of
AIEE or aggregation caused emission quenching. This work will
contribute to the design of novel AIEE materials and explore the
field of acridone functionalization.
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