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A novel pyrene derivative based composite fluorescent material was developed by immobilizing the pyrene-
1-carboxylic acid (PyCOOH) into the pores of porous polyurea microspheres (denoted as PyCOOH-
decorated PPUM). Encouragingly, the fluorescence spectrum of this synthesized composite microsphere
only exhibited monomer emission of guest PyCOOH, indicating that the porous skeleton PPUM has
excellent isolation ability to separate the guest molecules from each other. This discovery will provide an
effective strategy to design and synthesize pyrene based host—guest systems without excimer emission.
Notably, the PyCOOH-decorated PPUM can keep good fluorescent stability when dispersed in many
organic solvents. More excitingly, it was found for the first time that the fluorescence of such a material
can be regulated by adding aromatic compounds containing different m-substituted groups. When m-
cresol was added, the intensity of the monomer emission enhanced significantly due to the unusual
dissolution of the host porous polyurea sphere. By adding the m-toluidine, the monomer emission
without the fluorescence of unassociated PyCOOH increased owing to the connection of m-toluidine
and PyCOOH which escaped from the pores. In the presence of m-methylacetophenone and m-toluic
acid, the monomer emission showing different degrees of decline was observed respectively because of
the different substitution process. This result will contribute to the exploration of more promising
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Introduction

Pyrene derivatives have drawn tremendous attention due to
their intriguing dual emissive nature: one for the monomer
emission (370-430 nm) and another for the excimer emission
around 480 nm. Various pyrene based materials exhibit diverse
promising applications in biolabelling, chemosensing, protein
detection and so on."™ Recently, great endeavours have been
devoted to encapsulating the pyrene moiety in a closed space to
block the formation of excimers,' because the excimer emis-
sion sometimes disturbs quantitative analysis when using
a pyrene based probe. Pyrene-bridged macrocage molecules
were synthesized to inhibit the formation of the excimer, in
which the pyrene moiety is sterically protected by outside alkyl
chains.'® This direct strategy will exhibit broad prospects, but
still faces challenges, because it is quite difficult to avoid the
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candidates for pyrene-based fluorescent sensors.

generation of large amounts of the non-caged isomer as by-
product. Therefore, another facile and effective method, such
as adsorbing the guest molecule in surfactant-intercalated
graphite oxide (GO), has been developed to obtain the mono-
mer emission.” Comparing with 2-D GO layers, there appears
a strong possibility that the 3-D uniform porous skeleton will
exhibit better isolation ability to separate the guest molecules
from each other, however, the encapsulation of the pyrene
derivative into such host is rarely reported. Therefore, it moti-
vate us to carry out the study on designing the novel pyrene-
decorated composite material showing no excimer emission
by using a porous structure as host for the isolation of pyrene
derivative.

As a promising 3-D porous host skeleton, the porous poly-
urea microsphere (PPUM) is of great importance because it can
be widely used in the host-guest system. Although several
approaches were devoted to achieve the high production effi-
ciency for the preparation of polyurea microspheres,'®*>* the
syntheses and applications of the PPUM with uniform pores
have been less investigated. Recently, a new crosslinked PPUM
with the potential application for water treatment were
successfully prepared by adding the triethylenetetramine
(TETA) as a crosslinking agent and monodisperse SiO, particles
as porogen via facile one-step precipitation polymerization.*
Since the PPUM showed excellent chemical stability, exhibited
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controllable pores, as well as contained urea group and amine
group which probably facilitated to attach the acid molecules by
hydrogen bonding or electrostatic interactions, it was chosen as
a host to load the fluorescent guest pyrene-1-carboxylic acid
(PyCOOH).** Interestingly, this prepared PyCOOH-decorated
PPUM exhibited no excimer emission of pyrene derivative.
This material can also keep good fluorescent stability when
dispersed in many common organic solvents, especially in ethyl
acetate. Encouragingly, it was found that the significantly
fluorescence changes were induced by adding various m-
substituted aromatic compounds (m-cresol, m-toluidine, m-
toluic acid and m-methylbenzoate). Comparing with the nor-
mally established liquid chromatography and mass spectrom-
etry, these aromatic compounds were rarely determined utilized
the fluorescent pyrene-based material.*” The possible mecha-
nisms of the different fluorescent responses by adding these
aromatic compounds were further investigated.

Experimental
Materials and methods

All the details of the source materials used in the synthesis
which were purchased from Energy Chemical were listed in
Table S1 of ESL.f Powder X-ray diffraction (XRD) data were
collected on a Rigaku D/Max 2550 X-ray diffractometer with Cu
Ko radiation (A = 0.15418 nm). Fourier transform-infrared (FT-
IR) spectra of the solids were recorded on a Nicolet Impact 410
FT-IR spectrometer using the KBr pellet technique. X-ray
photoelectron spectroscopy (XPS) measurements were per-
formed using a Thermo Escalab 250 spectrometer with mono-
chromatized Al Ka excitation. The morphology of the related
particles was investigated on a JEOL-2100 transmission electron
microscope (TEM) and a Nova NanoSEM 450 scanning electron
microscope (SEM). The studies of the UV-Vis spectra were per-
formed on a PerkinElmer UV-Vis instrument. The emission
spectra of the samples were detected on a Hitachi F-7000
spectrofluorometer.

Synthetic procedures

In the typical synthesis of SiO, nanoparticles, 5 mL of the
ammonium hydroxide was mixed in 50 mL ethanol, and 1.5 mL
of tetraethoxysilane was dropwise added into the mixture.?® The
above solution was stirred in a three necked flask at 40 °C using
the oil bath for 12 h. The resulted nanoparticles were separated
by centrifugation, washed with ethanol and deionized water,
and dried at 70 °C in an oven. The PyCOOH-decorated porous
polyurea microspheres were prepared according to a modified
synthesis method of the non-crosslinked PPUMs, 2.5 g of the
isophorone diisocyanate (IPDI) and 0.5 g of above prepared SiO,
nanoparticles were mixed in 50 g of H,O-acetone mixture with
3/7 mass ratio.”® The homogeneous mixture kept stirring at
30 °C for 4 h using the oil-bath system. The resulted polyurea/
SiO, composite microspheres were separated by centrifugation
and washed with H,O-acetone (mass ratio 3/7) for several times.
Then, the SiO, nanoparticles inside the polymer spheres were
removed by adding the concentrated sodium hydroxide

20186 | RSC Adv., 2019, 9, 20185-20191

View Article Online

Paper

aqueous solution. The solution with a mass composition of 10.0
NaOH : 1.0 polyurea/SiO, composite microspheres was stirred
at 30 °C for 4 h using the oil-bath system to corrode SiO,
nanoparticles. The final resulted microspheres were separated
by centrifugation, washed with H,O-acetone mixture, and dried
at 70 °C in an oven. Then, 0.06 g of PPUM and 1.22 x 10> mol
of the PyCOOH was mixed into 30 mL of ethyl acetate, and
stirred for 3 h at 40 °C.

They were centrifugal separated, washed with ethyl acetate
for several times. They are finally well dispersed in 10 mL ethyl
acetate, preparing for investigating the fluorescent properties
next step.

Fluorescent properties of the material

For the fluorescent study, the above PyCOOH-decorated PPUM
dispersed in ethyl acetate was ultrasonically before testing. In
a typical measurement for the fluorescent stability study, 1 mL
of the suspension was removed from the above 10 mL PyCOOH-
decorated PPUM, added into the quartz cuvette, and 0.1 mL of
the solvent was injected every time. The ratio of the solvent
(mol) and PPUM (g) increased to 4.7 : 1. The mixture were
shaken and then kept static for 3 min before measuring. In
a typical measurement for the controllable fluorescent proper-
ties study, 1 mL of the above suspension was diluted 12 500
times by ethyl acetate, added into the quartz cuvette, and 100 pL
or 200 pL of the aromatic compound (9.562 x 10> mol L") was
injected every time. The final ratio of the aromatic compounds
(mol) and PPUM (g) was achieved to 90.6 : 1. The mixture were
also shaken and then kept static for 3 min before measuring.

The pH tolerance of the material

The solution exhibiting various pH (1.6, 4.0, 6.8, 8.7 and 12.2)
was obtained by adding different amounts of sodium hydroxide
and hydrochloric acid in water respectively. Then, 0.06 g of the
PPUM and 2 mL of the above solution was mixed together in
a bottle, and ultrasonic-treated to make the PPUM well-
dispersed. Finally, the bottle was sealed off and then placed
in a water bath oscillator operating at 140 osc per min and 40 °C
for 6 h.

Results and discussion

Synthesis and fluorescent property of the PyCOOH-decorated
PPUM

The synthetic procedure of PyCOOH-decorated PPUM was
shown in Scheme 1 and S1.f The polyurea/SiO, microspheres
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Scheme 1 Synthetic procedure of PyCOOH-decorated PPUM.
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were prepared by adding the uniform mono-dispersed SiO,
nanoparticles in isophorone diisocyanate (IPDI) via precipita-
tion polymerization (Fig. 1a and b). Then, the SiO, porogen was
etched by NaOH solution and the PPUM host which exhibited 5
pum in diameter with the pore size of about 100 nm were ob-
tained (Fig. 1c). To active the fluorescence of this porous host,
the PyCOOH molecule was incorporated into the PPUM via
electrostatic interaction and hydrogen bonding interaction
between PyCOOH and pore wall (Fig. 1d). The loading capacity
was also determined, in which 1 g of solid PPUM can load
0.216 mmol of PyCOOH. As shown in Fig. S2,T the XRD patterns
of PyCOOH-decorated PPUM exhibited a serious of diffraction
peaks assigned to the PyCOOH and PPUM, suggesting the
successful immobilization of the guest molecule on the porous
host. The C1s, O1s and N1s peaks were found in the XPS survey
spectra of PPUM and PyCOOH-decorated PPUM, suggesting
that both of the samples are mainly composed of carbon,
oxygen, and nitrogen elements (Fig. S3atf).® The peak at
binding energy of 531.2 eV in the O1s spectrum of unmodified
PPUM was assigned to the oxygen making a double bond with
carbon (Fig. S3bt), demonstrating the composition of poly-
urea.*® For the PyCOOH modified PPUM (Fig. S3b¥), besides the
peak at binding energy of 531.2 eV, the other peak (532.6 eV)
was attributed to the oxygen making single bonds with
hydrogen or carbon, implying the immobilization of the guest
PyCOOH on PPUM.* The stability and pH tolerance of the
composite material were also studied. Under the acid condition
(pH: 1.6, 4.0 and 6.8), the surface of the composite sphere was
not very smooth any more, indicating the corrosion happened
(Fig. S41). In the range of acidity, the extent of the damage
became more serious with the decreasing pH value. However,
this material was relative stable under the alkaline environment
when the pH increased to 8.7 and 12.2 (Fig. S47).
Interestingly, as shown in Fig. 2, the emission spectrum of
the PyCOOH-decorated PPUM in solid state displayed strong
peaks appearing at 380 nm and 398 nm assigned to the
monomer emission of pyrene-based moiety, as well as a very

Fig. 1 TEM image of SiO, nanoparticles (a); SEM images of polyurea/
SiO, composite microspheres (b), PPUM (c) and PyCOOH-decorated
PPUM (d and inset).
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Fig.2 Fluorescent spectra of solid PyCOOH and PyCOOH-decorated
PPUM excited at 345 nm (inset: 1931 CIE chromaticity diagram and
digital photos under 365 nm UV light).

weak shoulder peak located at 422 nm which was indicative of
the partially overlapped packing and conformational restriction
of pyrenyl moiety,* suggesting that the monomer emission of
PyCOOH was mainly dominated. However, the pure PyCOOH
with the same amount as the loading capacity of this host
showed only broad band with the strong peak (about 480 nm)
which was resulted from the PyCOOH excimer, indicating that
the PyCOOH generated a stable packing conformation with the
enhancement of 7t-7 interaction. That is, the absence of the
excimer emission in this solid PyCOOH-decorated PPUM
demonstrated that the PyCOOH molecules were almost
completely separated from each other by the porous host. It
indicates that it is indeed an effective strategy to avoid the
formation of excimers by using this 3-D PPUM host.

Fluorescent stability of the PyCOOH-decorated PPUM
dispersed in various organic solvents

To further investigate the optical stability of this composite
material in various solvents, changes in the fluorescence
spectra by adding common organic solvents were examined
(Fig. 3, S5 and S67). The solvents exhibited different polarities
and hydrophilic/hydrophobic properties, which could influence
the dispersity and further induce the distinct fluorescence
response. By adding most of the common organic solvents, the
fluorescent intensity fluctuated slightly in the beginning, and
finally reduced under high concentration. Interestingly, this
material suffered from serious fluorescence quenching in the
presence of DMSO due to the corrosion of the porous spheres,
which was confirmed by the SEM image (inset of Fig. 3b). Most
importantly, the fluorescence nearly remained unchanged upon
the addition of ethyl acetate, indicated that this solvent was
desirable to stabilize this microsphere (Fig. 3¢c). Comparing with
the solid sample, the peaks of the monomer emission were red
shifted to 385 nm (0, 0) transition which was indicative of the
unassociated fluorescence of PyCOOH, 404 nm (0, 1) transition
which was suggestive of the hydrogen bonding and m- inter-
action between adjacent PyCOOH molecules, and 425 nm (0, 2)

RSC Adv., 2019, 9, 20185-20191 | 20187
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Fig. 3 Fluorescence spectra of PyCOOH-decorated PPUM upon the
addition of various organic solvents (2.0 mL) excited at 345 nm (a). The
fluorescent response by adding DMSO (b) and ethyl acetate (c). (Inset
of (a): digital photos under 365 nm UV light; inset of (b) and (c): SEM
images and fluorescent intensity of 385 nm, 404 nm and 425 nm under
different volume of the solvents respectively).

transition which was assigned to restricted and overlapped
pyrene moiety.*?

Controllable fluorescent properties of PyCOOH-decorated
PPUM in the presence of different aromatic compounds

To regulate the monomer emission of this prepared material,
the fluorescent responses to a series of aromatic compounds
were studied. The m-substituted aromatic compounds were
chosen instead of its p- and o-substituted isomers. Our aim is to
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utilize the different molecules to interact with this host-guest
system and to induce the distinctly different fluorescent prop-
erties further, so the interference from its own structure to the
fluorescent result should be minimized as far as possible. It was
relatively difficult for the p-substituted compound to move into
the pores due to the steric hindrance. Moreover, for the o-
substituted compound, the possible intermolecular hydrogen
bonds built between the o-substituted groups could affect the
activity to interact with the host skeleton or guest molecule.
Therefore, the study was mainly focused on inducing the
different emission by the addition of the toluene based
aromatic compounds containing different m-substituted groups
(Fig. 4a, S7 and S8%).

Strikingly, in the presence of the m-cresol, the emission
spectrum exhibited enhanced fluorescent intensity, as well as
a distinctly different emission appearance comparing with the
original blank sample, implying the microenvironment of
PyCOOH was sensitive to m-cresol (Fig. 4b). However, the
toluene without -OH group and phenol without -CH; group
behaved as fluorescent quencher and induce the decreased
fluorescence without any change of peak shape (Fig. S7a and
S7bt). It is worth noting that the white suspension of the blank
sample changed to a clearer solution gradually upon the addi-
tion of m-cresol, which was never observed in the presence of all
the related compounds. We considered that this dramatic
phenomenon implied that the sample was dissolved in m-
cresol.?>** To further understand this phenomenon, the IR
spectra of the PyCOOH-decorated PPUM in the absence and
presence of m-cresol were performed (Fig. S91). In the IR spec-
trum of PyCOOH-decorated PPUM, the strong adsorption peak
at 3361 cm™" and 1560 cm™" were assigned to NH stretching
vibration and NH plane-banding vibration respectively, and the
peak at about 1640 cm ™" was attributed to urea carbonyl.?* For
the sample in the presence of m-cresol, the above characteristic
groups were also observed in the IR spectra besides the
absorption peaks belonged to the residual m-cresol, indicating
that the composition of the product after treating with m-cresol
still mainly included the polyurea. However, these peaks shifted
to higher frequency (3372 em™', 1589 cm ' and about
1700 cm ™' assigned to NH stretching vibration, NH plane-
banding vibration and urea carbonyl, respectively) comparing
with the peaks in the IR spectrum of PyCOOH-decorated PPUM,
demonstrating the weakened hydrogen bonding between poly-
urea.*® In addition, the changes of the morphology during this
process was confirmed by the SEM images, in which the porous
skeleton can be damaged by adding very low amount of m-cresol
(4.30 x 107 mol L") and it disappeared finally (5.80 x
10~° mol L") (Fig. $10%). According to the above results, we can
deduce that the original strong hydrogen bonding interactions
which distributed in every directions around the polyurea core
could be weakened when the m-cresol molecules diffused
between the polymer chains and the spherical shape with the
regular pore was seriously damaged. We consider that the
spheres probably transformed to a kind of linear polymers with
the characteristic structure of polyurea when a full dissolution
of the microspheres occurred. As a results, the guest PyCOOH
molecules were no longer localized in the pore and they were

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Fluorescence spectra of PyCOOH-decorated PPUM upon the
addition of various aromatic compounds excited at 345 nm (5.80 x
1073 mol L™ (a). The fluorescent response by adding the m-cresol (b)
and m-toluidine (c). The concentration of the aromatic compounds
increased from 4.30 x 10~*mol L ™" t0 5.80 x 10~ mol L* (inset of (b)
and (c¢): fluorescent intensity of 385 nm, 404 nm and 425 nm under
different concentration of m-cresol and m-toluidine respectively; the
intensity ratio of the peaks appearing at 404 nm and 385 nm).

attached on the polyurea with linear structure (Fig. 5). That is,
the microenvironment of the PyCOOH had changed during the
addition of the m-cresol, in which it contacted with large
amount of the hydrophobic carbon chains. As seen in emission
spectrum, the enhanced monomer intensity suggested that
pyrene moiety encountered a more hydrophobic environment,**
which was consistent with the dissolution process mentioned

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Possible mechanism of the different fluorescent responses by
adding various aromatic compounds.

m-Methylacetophenone-substituted PyCOOH-decorated PPUM

above. Notably, the attachment of the PyCOOH on the flexible
linear polymer in the dissolution process resulted in the
enhanced interaction of the neighbouring PyCOOH, which was
confirmed by the fact that the value of I,04 nm/l385 nm increased
from 0.56 to a value higher than 1.0 (1.32) when the concen-
tration of the m-cresol achieved to 2.05 x 10> mol L * (inset of
Fig. 4b). However, the value achieved a level-off and then
decreased slightly, because the PPUM skeleton almost dis-
appeared when the amount of m-cresol increased to a certain
high level. More excitingly, there was a growing tendency for the
emission intensity at 475 nm, suggesting that the possibility of
generating the excimers increased.

Interestingly, the increased fluorescent intensity of PyCOOH-
decorated PPUM by adding m-cresol was different from the
previous results related to the decreased fluorescence in the
presence of DMSO, although both of the samples were
damaged. As mentioned in the experimental section, different
from the solvent-composite PPUM system, the diluted PyCOOH-
decorated PPUM was mixed with large amount of m-cresol in
aromatic compound-composite PPUM system. When the
amount of the DMSO and composite PPUM keep the same value
as that of m-cresol and composite PPUM, the fluorescent
intensity also decreased, however, the decreasing degree was
lower compared with the fluorescence detected in the original
solvent- composite PPUM system (Fig. S1lat). Similar as m-
cresol, DMSO also induced the guest PyCOOH departed from
the damaged skeleton and encountered more hydrophobic
However, the increase of the fluorescence
induced by the corrosion of this skeleton was too low to
compensate for the fluorescence quenching, so the fluorescent
intensity didn't increase and the observed fluorescence
quenching was not very obvious. Compared with the disap-
pearance of the spheres in m-cresol system, the irregular

environment.
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polymer core and damaged spheres can be still observed even
when the DMSO was excessive (90.6 : 1) shown in Fig. S11b.}
That is, these distinct different properties of the composited
materials were clearly observed by adding the DMSO and m-
cresol, including dissolution and fluorescence, implying that
the composite material is sensitive to m-cresol and it may have
potential application in the discrimination of m-cresol.

Besides, when the -OH group is changed to -NH,, group (m-
toluidine), a different enhanced monomer emission with the
dominant peak at 404 nm was obtained (Fig. 4c). When the
positive m-toluidine containing amine group was added, large
amounts of PyCOOH molecules might depart from the pores of
PPUM and attach on the m-toluidine due to the much stronger
electrostatic interactions between amino groups of m-toluidine
and carboxyl group of PyCOOH. Almost PyCOOH released from
the pores and encountered a more hydrophobic outer surface
area of the sphere, leading to the increasing intensity of
monomer emission. As shown in Fig. 5, comparing with the
arrangement of the PyCOOH which was supported by the long
linear polymer in the presence of m-cresol, the distance between
PyCOOH in the presence of m-toluidine might be shorter. As
a result, the intensity of 385 nm assigned to the unassociated
fluorescence of PyCOOH nearly disappeared, the intensity of
404 nm and 425 nm attributed to the interaction between
PyCOOH became obvious, as well as the intensity of peak at
about 475 nm related to the growing tendency for forming the
excimers of PyCOOH increased.

Moreover, similar as the fluorescence in the presence of
phenol and toluene, the reduced intensity by the addition of the
m-toluic acid and m-methylacetophenone was observed
(Fig. S7c¢, S7d,t and 5). However, Ijo4 nm/l3s5s nm increased
comparing with the blank sample, implying that the PyCOOH
rearranged towards the stronger interaction between them. The
m-toluic acid with carboxyl group could lead to the substitution
process, in which the PyCOOH was partially replaced by this
aromatic acid due to the electrostatic interaction between the m-
toluic acid and pore wall. However, as a weak aromatic acid, the
m-toluic acid didn't have much advantage in competing with
PyCOOH to attach on the pore wall of host and only small
amount of PyCOOH located on the outer pore were substituted
by the m-toluic acid. That is, the amount of PyCOOH released
from the host was not enough to increase the fluorescent
intensity, although some of them encountered a more hydro-
phobic surrounding. Similarly, the decreasing monomer emis-
sion and increasing I o4 nm/l3s5 nm Was also induced by m-
methylacetophenone. However, comparing with the substitu-
tion process in the presence of m-toluic acid, smaller amount of
PyCOOH could be substituted by m-methylacetophenone,
because the carbonyl group could interact with the pore wall via
weaker hydrogen bonding, which was agree with the seriously
reduced fluorescent intensity.

Conclusions

In summary, a novel pyrene derivative based composite mate-
rial has been synthesized, in which the PyCOOH are immobi-
lized in the pores of porous polyurea microspheres. Notably, its
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fluorescent spectrum only show strong monomer emission of
PyCOOH due to that the guest molecule is isolated by the
porous skeleton. Moreover, this material exhibited good fluo-
rescent stability in some organic solvents, especially in ethyl
acetate. Excitingly, the fluorescent properties can be regulated
by adding various m-substituted aromatic compounds. When
m-cresol was added, the strengthened intensity of monomer
emission was caused by the unusual dissolution of this mate-
rial. By adding the m-toluidine, the PyCOOH depart from the
pores and connect with m-toluidine, resulting in the increasing
monomer emission without the peak assigned to the unasso-
ciated PyCOOH (385 nm). The attenuated monomer emission is
resulted from the substitution of PyCOOH by m-toluic acid and
m-methylacetophenone respectively, but more obvious
decreased intensity was observed in the presence of latter
molecule. All the results indicate that the m-substituted group
of the aromatic compound has great influence on the fluores-
cent properties in this system. This reported discovery has
provided a new insight into the tuneable fluorescence of pyrene
derivative decorated composite material.
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