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with remarkable third-order nonlinear optical signal change
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A propeller-like pyrene derivative of diphenyl-1-pyrenylphosphine
(DPPP) is designed and synthesized. DPPP exhibits unique photo-
triggered AIE/ACQ transition with remarkable third-order
nonlinear optical signal change, which is proved to be originated
from the photo-induced oxidation of phosphorus atom.

Pyrene is a useful polycyclic aromatic hydrocarbon molecule
which has four fused benzene rings with extensive m-electron
delocalization. The abundant excited states of pyrene endow its
derivatives with multiple photophysical properties such as
photoluminescence, hole-transporting ability and nonlinear
optical (NLO) properties, making it suitable for the applications
of organic light-emitting diodes (OLEDs), organic field-effect
transistors (OFETs), luminescence probes, NLO switches, etc.?
However, the plane structure of pyrene usually leads to strong
-1t interactions, which makes its fluorescence quench in
concentrated solution or in solid state, i.e., aggregation-induced
quenching (ACQ) effect.? In order to inhibit t-m interactions,
propeller-like structure was introduced to the design of pyrene
derivatives, which endowed the compounds with intense
emission in solid state due to the aggregation-induced emission
(AIE) effect.®> Pyrene-based AIE molecules exhibited high
quantum yield in solid state, which have been widely use in the
development of OLEDs, OFETs, chemosensors, and bioimaging
materials.* However, there are few reports about pyrene-based
AIE molecules with photo-responsive performance.

In this work, a propeller-like pyrene derivative of diphenyl-1-
pyrenylphosphine (DPPP) was designed and synthesized, which
exhibited expected AIE properties. Interestingly, DPPP showed
unique photo-triggered AIE/ACQ transition with remarkable
third-order NLO signal change, making it a promising material
for photo-triggered luminescence switch and third-order NLO
switch.
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DPPP was synthesized according to the reported method
(Scheme S1).> The Iuminescence properties of DPPP in
H,O/EtOH mixtures with different water fractions (f,) were
studied firstly. As shown in Figure 1A, DPPP exhibited no visible
emission when the water fraction (f,,) was lower than 50% but
intense green emission when f,, was higher than 60%.
Corresponding fluorescence spectra are shown in Figure 1B.
There are three emission peaks (Anax= 379 nm, 399 nm and 419
nm) within the range of about 370 nm - 440 nm, which belong
to /, v and Iy characteristic emission peaks of pyrenyl,
respectively.® The fluorescence intensities of these three peaks
enhanced gradually when f,, was lower than 80% and then
started to decrease with increasing f,. On the other hand, a
new, broad emission peak (Aynax = 507 nm) was observed when
fw was higher than 60% and the fluorescence intensity
strengthened apparently by heightening f,, (Figure 1C).

These emission changes might be attributed to different
existing forms of DPPP in different solvents. According to the
reports, pyrene derivatives usually exhibit different emission
properties in single molecule state, dimer state and aggregated
state because of different m-m interactions and C-H-&
interactions.” Thus, a mechanism for the emission change of
DPPP was proposed and shown in Figure 1D. When f,, was 0% -
50%, DPPP was in single molecule state. There was no m-1
interaction between the pyrenyl groups. As a result, free
dynamic intramolecular rotations of the conjugate groups in
DPPP happened, leading to an excited state non-radiative
transition and fluorescence quenching. Thus, only weak purple
emission belonging to pyrenyl moiety was detected, which was
invisible by naked eyes. When f,, was 60% - 80%, the solubility
of DPPP decreased and DPPP dimers formed. The =-m
interactions between two pyrenyl groups enhanced the purple
emission.8 Meanwhile, the intramolecular rotations of the
conjugate groups were restricted effectively, resulting in an
intense green emission of DPPP molecule. The origination of
this green emission will be discussed later in this article. When
fw was higher than 90%, DPPP aggregations formed. The ©-n
interactions were replaced by C-H-m interactions due to the
steric-hinerance effect in aggregated state. As a result, the
purple emission quenched, while the green emission was still
intense because the intramolecular rotation was restricted.®
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Figure 1. A) Photo and B) fluorescence spectra of DPPP in
H,O/EtOH mixtures with different f,,. C) Fluorescence intensity
of DPPP as functions of f,,. The concentration of DPPP was 10
pmol-L't. D) Proposed mechanism for the emission of DPPP in

H,O/EtOH mixtures with different f,,.
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Figure 2. Crystal structure of DPPP and O-DPPP.

The packing form of DPPP in aggregated state was
investigated by single-crystal X-ray diffraction (SCXRD) analysis.
Single crystal of DPPP was grown from EtOH by slow solvent
evaporation. As shown in Figure 2, DPPP exhibited a typical
propeller-like structure. There was no -7 interaction but were
a plenty of C-H-m interactions in the crystal of DPPP, which
fitted well with the proposed mechanism shown in Figure 1D.

The mechanism was further supported by absorption spectra
and dynamic light scattering (DLS) experiments. As shown in
Figure S1, no level-off tail can be observed in the absorption
spectra of DPPP in EtOH (f, = 0%). On the contrary, DPPP
exhibited an obvious level-off tail in the absorption spectrum
over 400 nm in water-dominated solvent (f, = 99%), which
could be attributed to the light scattering of aggregated
suspensions.1® Meanwhile, there were nano-particles with
diameter around 242 nm in the solvent of f, = 99% but no
particles were observed in EtOH (Figure S2). These results
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confirmed that DPPP was in dispersed state in Et@H but.ig.an
aggregated state in water-dominated B6lvENO3PEspeetivaly.
Thus, we can conclude that the intense green emission of DPPP
in water-dominated solvents was originated from its
aggregations, i.e., an AIE fluorescence. The aue value of the
green emission was 126.1, which was calculated using the ratio
of lgo/lo, Where Ig9 and Igare the emission intensities of DPPP at
507 nm in solution with f,, = 99% and 0%, respectively.'! In the
solvent of f, = 70%, DPPP exhibited no level-off tail in the
absorption spectrum and no particles in DLS test, which was in
accord with the characteristics of dimer.

Interestingly, after being irradiated by 365 nm UV light
(power density = 12.8 mW/cm?) for 3 min, DPPP exhibited
different photo-response performances in different solvents.
DPPP turned from invisible purple fluorescence to intense blue
fluorescence in EtOH (Figure 3A inset). On the contrary, the
green emission of DPPP in water quenched after UV light
irradiation (Figure 3B inset). Corresponding fluorescence
spectra were recorded. As shown in Figure 3A and Figure 3B,
the emission intensity of DPPP at 425 nm enhanced 11.4-fold
after UV light irradiation in EtOH. In water, the emission peak at
507 nm disappeared while the emission intensities in the range
of 370 nm - 425 nm increased. These phenomena suggested
that DPPP turned from an AIE molecule to an ACQ molecule
after UV light irradiation.
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Figure 3. Photos and fluorescence spectra of DPPP in A) EtOH
and B) H,O before and after UV light irradiation. The
concentration of DPPP was 10 umol-L'2. C) 31P-NMR spectra of
DPPP before and after UV light irradiation. Inset: Proposed
mechanism for the photo-response process of DPPP.

To understand the mechanism of photo-response process of
DPPP, 31P-NMR spectra of DPPP before and after UV light
irradiation were investigated. As shown in Figure 3C, the
chemical shift of phosphorus atom of DPPP turned from -15.18
to 30.58 after UV light irradiation, suggesting a formation of
P=0 group.!’? Thus, a mechanism for the photo-response
process of DPPP was proposed (Figure 3C inset). As shown,

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 4


https://doi.org/10.1039/d0cc01031f

Page 3 of 4

Published on 09 March 2020. Downloaded by Universiteit Utrecht on 3/9/2020 2:13:11 PM.

DPPP was oxidized upon UV light irradiation, producing an
oxidized product of O-DPPP. The formation of O-DPPP was
confirmed by high resolution mass spectrometry (HRMS) and
1H-NMR spectra. As shown in Figure S3, a molecular ion peak of
403.1247 was found in the HRMS of DPPP after UV light
irradiation, which agreed well with the theoretical value of O-
DPPP ([M+H]* for O-DPPP was calculated as 403.1246). *H-NMR
spectra showed that the chemical shifts of protons in UV light
irradiated DPPP moved to lower field significantly (Figure S4).
This result also certified the formation of O-DPPP because the
strong electronegativity of oxygen in O-DPPP endows its
protons with lower chemical shifts than that of DPPP. More
importantly, all the peaks could be well assigned,
demonstrating a high purity of O-DPPP.

To understand why DPPP turned from an AIE molecule to an
ACQ molecule (O-DPPP) after UV light irradiation, crystal
structures of DPPP and O-DPPP were compared. Surprisingly,
the molecular geometries and crystal structures of DPPP and O-
DPPP were highly similar (Figure 2 and Table S1), suggesting
that the space effect was not an origination for their different
emission properties in aggregated state. The fluorescence
properties and existing states of O-DPPP in H,O/EtOH mixtures
with different f,, were further studied. As shown in Figure 4A
and Figure 4B, the emission intensities of O-DPPP in the range
of 370 nm - 440 nm reached the maximum when f,, was 60%.
Once f,, was beyond 60%, the fluorescence emission decreased
rapidly. Meanwhile, DLS measurements suggested that there
was no particle in the solutions with f,, below 60% but were
nano-particles with diameter around 490 nm in the solvent of
fw = 99% (Figure S5). These results were analogous to that of
DPPP, suggesting that O-DPPP had a similar emission
mechanism to DPPP: When f,, was lower than 60%, the emission
intensity of O-DPPP at 370 nm - 440 nm increased gradually
because of the gradual formation of O-DPPP dimers with -t
interactions; When f,, was higher than 70%, nano-aggregations
formed and the purple emission was quenched.

Interestingly, unlike DPPP, no green emission was observed
for O-DPPP in all the mixed solvents. This result suggested that
the green emission of DPPP might be closely related to the lone
pair electrons in its phosphorus atom, which is the only
difference between the structures of DPPP and O-DPPP. Thus,
a possible mechanism for the green emission of DPPP was
proposed. In aggregated state, the lone pair electrons can
participate in the twisty conjugate system due to the
immobilized conformation. The lone pair electrons connect two
phenyl groups and one pyrenyl group, resulting in excimer
emission with green emission. In dissolved state, the aromatic
rings could rotate around the carbon-phosphorus single bonds,
breaking the conjugation and quenching the green emission.
This hypothesis was supported by density functional theory
(DFT) calculations. As shown in Figure 4C, the highest occupied
molecular orbital (HOMO) of DPPP is delocalized over the entire
molecule, demonstrating the conjugation of the aromatic rings.
On the contrary, the HOMO of O-DPPP is mostly covered on
pyrenyl groups, suggesting that the aromatic rings are not
conjugated. These differences are highlighted by red boxes in
Figure 4C.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. A) Fluorescence spectra of O-DPPP in H,O/EtOH
mixtures with different f,,. B) Fluorescence intensity of O-DPPP
at 379 nm as functions of f,,. The concentration of O-DPPP was
10 pumol-LL. C) The frontier molecular orbitals of DPPP and O-
DPPP obtained via DFT calculations. D) Normalized Z-scan curve
of DPPP before and after UV light irradiation.

Due to the existence of pyrene moiety, DPPP is expected to
exhibit third-order NLO properties.’®> Thus, Z-scan absorption
spectrum of DPPP before and after UV light irradiation were
recorded. As shown in Figure 4D, a normalized transmittance
valley was observed in DPPP before UV light irradiation,
suggesting a reverse saturation absorption (RSA) behaviour.
After UV light irradiation, the third-order NLO signal of DPPP
disappeared, which indicated that O-DPPP has no third-order
NLO property. These results suggested that DPPP could be used
as a photo-controlled switch not only with significant emission
change, but also with remarkable third-order NLO signal change.

In summary, a propeller-like molecule of DPPP was designed
and simply synthesized. Upon UV light irradiation, DPPP turned
to O-DPPP completely. The fluorescence properties of DPPP
and O-DPPP in different states were carefully studied, which
indicated that DPPP is an AIE molecule while O-DPPP is an ACQ
molecule. Moreover, a third-order NLO signal change of DPPP
upon UV light irradiation was also observed. This unique photo-
triggered AIE/ACQ transition of DPPP as well as remarkable
third-order NLO signal change makes it a promising material for
photo-triggered luminescence switch and third-order NLO
switch.
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