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Fluorescent Porous Carbazole-Decorated Copolymer
Monodisperse Microspheres: Facile synthesis, Selective and
Recyclable Detection of Iron (lll) in Aqueous Medium

Chunyan Zhang,® " Jianxin Luo,*™ Lijuan Ou,” Yinghui Lun,” Songtao Cai,” Bonian Hu,"

Guipeng Yu,* and Chunyue Pan*®

/Abstract: We demonstrate an environmentally friendly one-
step soap-free emulsion polymerization strategy to develop
fluorescent carbazole-based copolymer monodisperse micro-
spheres for highly sensitive and selective detection of Fe’*.
The copolymer microspheres feature a stable spherical mor-
phology with a narrow size distribution through regulating
N-vinylcarbazole (NVCz) content (1.25-10.0 wt.%). Notably,
the as-made microspheres exhibit a strong luminescence,
tunable emission intensity and specific surface areas. Inter-
estingly, the fluorescence of the copolymer microspheres
can be selectively quenched by trace amounts of Fe*" due

to the oxidation of carbazole, and the quenching fluores-
cence can be facilely recovered by reduction with NaBH,. Its
excellent sensing performance is shown in terms of high
sensitivity (low limit of detection, 1.3 um), excellent selectivi-
ty, and rapid response rate, due to the porous nature of the
copolymer microspheres. These results illustrate the copoly-
mer microspheres obtained by simple preparative procedure
without using expensive or toxic raw materials would serve
as a high performance sensor for highly selective and recy-
clable detection of Fe** in aqueous medium.

/

Introduction

Iron is the most abundant transition element in living organ-
isms, and regulates a large number of basic and essential bio-
logical processes, including oxygen metabolism, and transcrip-
tional regulation.”? Excessive iron (lll) ions can cause disorders
such as Alzheimer’'s and Parkinson’s diseases.** Therefore,
many efforts have been directed to develop novel efficient
chemosensors for the selective recognition of Fe*".*'¥ Howev-
er, most of the reported Fe*" sensors always have some disad-
vantages, such as poor selectivity, non-renewability, limited
water-solubility and biocompatibility, and sophisticated prepa-
rative procedures with using toxic or expensive raw materials.
Therefore, the development of highly selective, recyclable and
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environmentally friendly sensors with improved sensing ability
remains highly desirable.

Carbazole and its derivatives, which possess desirable photo-
conductivity, photosensitive, luminescence and hole- transport-
ing properties,”*"”" have been developed as electronic materi-
als and organic dyes for organic light-emitting diodes and pho-
tovoltaic cell."®'® Additionally, the polar nitrogen-rich feature
enable carbazole as a novel building block for the construction
of porous frameworks targeted for gas selective separation
and capture extensively.?*?® Particularly, carbazole can be oxi-
dized chemically, providing a possibility for sensing redox-
active materials. Carbazole-functionalized conjugated micropo-
rous polymer (CMP) films have be used as versatile platforms
for highly sensitive and label-free chemo- and biosensing of
electron-rich and electron-poor arenes, dopamine, and hypo-
chlorous acid.”’ Interestingly, such CMP films exhibit robust re-
usability for the detection of Fe**. However, the reported car-
bazole-based CMP films/frameworks are usually fabricated
using more complex preparation procedures like multistep
coupling or relatively expensive raw materials including noble
metal catalytic systems and halide monomers.

Depending on the synthetic procedures, morphology, and
contained functionalities, polymer microspheres can be widely
applied to optical displays,”” bioimaging,"**3* drug car-
riers,'*?%33% adsorption materials,*® and sensors."**~*Y Notably,
carbazole-based polymer microspheres have emerged as
promising matrices for photoelectric devices and sensors. Sev-
eral polymerization approaches, including emulsion, dispersion,
and suspension polymerization are available for the prepara-
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tion of polymer microspheres. In particular, soap-free emulsion
polymerization without surfactants can produce surface-clean
and water-dispersible monodisperse polymer microspheres,
which has been used to prepare dye-containing or Eu-com-
plexed fluorescent polymer microspheres.®**? However, to the
best of our knowledge, fluorescent porous carbazole-based
polymer microspheres prepared by soap-free emulsion poly-
merization of carbazole monomer (N-vinylcarbazole, NVCz) has
not been reported until now.

In this study, novel fluorescent porous carbazole-containing
copolymer monodisperse microspheres were prepared by a
one-step soap-free emulsion polymerization for the first time.
Styrene (St), N-vinylcarbazole (NVCz), methacrylic acid (MAA)
and divinylbenzene (DVB) were separately selected as the
matrix monomer, fluorescent monomer, water-soluble mono-
mer and cross-linked monomer. As discussed above, carbazole
may endow the copolymer microspheres with task-specific
sensing properties. To be able to tune the properties of the mi-
crospheres, the growth process and influencing factors of the
copolymer microspheres as well as the pores size were regulat-
ed. The relationships of composition, structure, properties, and
applications of the microspheres were studied systemically.
Our study provides a simple, environmentally friendly and con-
trollable strategy to prepare copolymer microsphere for Fe**
detection.

Results and Discussion
Preparation and characterization

The porous carbazole-containing copolymer microspheres
were prepared through a one-step soap-free emulsion poly-
merization (Scheme 1). Initially, a mixture of NVCz with St and
MAA was added to the aqueous phase to form oil-in-water
droplets in the case of agitation. The stabilization of the drop-
lets depends on the hydrophilic monomers (MAA).* A water-
soluble inorganic salt such as potassium persulfate (KPS) was
used as an initiator, which can be decomposed to generate
anion radicals to initiate MAA to generate poly(methacrylic
acid) (PMAA) oligomers. Then, hydrophobic monomers were
added to the oligomers to form amphiphilic or more hydro-
phobic copolymers. These growing oligomers underwent z-
mer or critical chain length for in situ micellization or precipita-
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Scheme 1. Schematics for preparation route of carbazole-containing copoly-
mer microspheres.
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tion, respectively, for the formation of precursor particles.”?

Meanwhile, the oligomers may act as emulsifiers for the stabili-
zation of the precursor particles. Inadequate MAA (n-PSCz-7) is
unfavourable for the stability of emulsion (Table 1). However,
at high content of MAA (n-PSCz-8), the polymerization was
very fast and high proportion of oligomers were generated in
a short time, which leads to a rapid coagglutination and irreg-
ular aggregates.™”

Table 1. Feed composition and stability of the soap-free emulsion poly-
merization.
Microspheres ~ NVCz [NVCZ] MAA KPS Stability
(wt. %) (wt. %) (wt. %) (wt. %)?
n-PSCz-0 0 0 12.5 1.25 stable
n-PSCz-1 1.25 1.20 125 1.25 stable
n-PSCz-2 2.50 245 125 1.25 stable
n-PSCz-3 5.00 4.98 125 1.25 stable
n-PSCz-4 7.50 7.43 125 1.25 stable
n-PSCz-5 10.0 9.88 125 1.25 stable
n-PSCz-6 12.5 NA 12.5 1.25 unstable
n-PSCz-7 7.50 NA 6.25 1.25 unstable
n-PSCz-8 7.50 NA 25.0 1.25 unstable
n-PSCz-9 7.50 NA 12.5 1.00 unstable
n-PSCz-10 7.50 NA 12.5 1.88 unstable
[a] Theoretical contents calculated according to feed composition based
on the amount of styrene. [b] Actual contents calculated according to el-
emental analyses.

In the polymerization process, the monomers transferred
from the monomer droplets to the precursor particles. Conse-
quently, the amount of droplets gradually decreased and the
particles became larger. At the later stages of polymerization,
excessive NVCz could be detected because of its lower reactivi-
ty than St, and then removed from monomer droplets due to
its limited solubility in St. Thus, the emulsion gradually became
unstable with increasing NVCz content (n-PSCz-0-n-PSCz-6), as
shown in Table 1. This phenomenon was also confirmed by the
morphology of the obtained copolymer microspheres
(Figure 1). The copolymer microspheres with low NVCz content
(<10 wt.%) had a spherical shape and a narrow size distribu-
tion. The average particle size of n-PSCz-0 was around 198 nm
and it increased to 238 nm when the NVCz content is up to
10 wt.% (n-PSCz-5), as shown in Table S1. The small particle
size distribution (PSD) also proves the successful generation of
monodisperse copolymer microspheres. However, in the case
of high NVCz content (n-PSCz-6), large particles (d>600 nm)
and small particles (d<200 nm) coexisted in the polymeri-
zation system (Figure 1(d)).

As discussed above, particle stability can be maintained with
the incorporation of hydrophilic units (MAA) in the copolymer
chain. The hydrophobic units were mainly located in the interi-
or of the microspheres; on the contrary, the hydrophilic units
(MAA) acted as surfactant were mainly located on the surface
of the microspheres.*” Beyond that, the carboxyl unit can also
act as soluble polymer dissolved in the serum or buried in the
microsphere interior. The carboxyl contents of each loci were
determined (Table S1) by acid titration experiments according
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Figure 1. SEM images of the copolymer microspheres n-PSCz-0 (a), n-PSCz-4
(b), n-PSCz-5 (c) and n-PSCz-6 (d).

to the reported procedure.*” With the increase of NVCz con-
tent, more carboxyl groups were exposed on the surface of
the microspheres due to the repulsive interaction of hydropho-
bic NVCz. However, MAA content was fixed at 12.5 wt.% and
the NVCz content increased from 0 wt.% to 12.5 wt.%. As the
NVCz content increases (n-PSCz-0-n-PSCz-6), although the car-
boxyl content of the surface was increased, the amount of car-
boxyl on the surface of each microspheres decreased, which
led to further aggregation of microspheres. Consequently, the
average particle size (d) increased and the PSD broadened.

It is well known that the charge density of the microsphere
surface and the ionic strength of the aqueous medium exert
significant effects on the emulsion stability in soap-free emul-
sion polymerization.”®*” Except for MAA, KPS can also provide
electrostatic stabilization to the microspheres. The sulfate end
group (SO,7), derived from the hydrolysis of KPS located on
the surface, can enhance the electrostatic repulsive force be-
tween the microspheres; however, the ions can also compress
the electric double layer of the microspheres. In other words,
KPS exerted both stabilizing and destabilizing effects on the
emulsion.”® At low content of KPS (n-PSCz-9), electrostatic re-
pulsive force originated from -SO,” cannot maintain the stabili-
ty of the emulsion. At high KPS content (n-PSCz-10), more free
radical species were produced, and consequently more precur-
sor particles were formed. However, the content of MAA was
fixed at 12.5 wt.%. Therefore, the content of carboxyl on the
surface of each microsphere was low, which result in the de-
creasing of the stability, as shown in Table 1. Moreover, high
KPS content (n-PSCz-10), similarly to high MAA content, also
decreased the stability of the emulsion. This simple synthetic
method can not only avoid the use of any toxic organic sol-
vents, but also can precisely control the morphology of the mi-
crospheres by varying the contents of the monomers; conse-
quently, stable monodisperse copolymer microspheres were
prepared successfully.

The C CP/MAS NMR spectra of typical copolymer micro-
spheres (PSCz-0 and PSCz-4) are shown in Figure 2 and confirm
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Figure 2. *C CP/MAS NMR spectra of the copolymer microspheres n-PSCz-0
and n-PSCz-4.

their chemical structure. The diagnostic chemical shifts of -CH,
(A, -CH, (b) and -COOH (g) were located at 18, 30 and
178 ppm, respectively. Due to the difference of the substitu-
ents (phenyl, carboxyl and carbazole), the chemical shifts of
-CH were located at (a) 38 ppm, (e) 42 ppm and (h) 63 ppm, re-
spectively. The signals around 110-150 ppm can be attributed
to phenyl and carbazole. Compared to n-PSCz-0, several char-
acteristic peaks of carbazole appeared at (j/) 112 ppm and (j)
137 ppm for n-PSCz-4. Figure 3 compares the FT-IR spectra of
the copolymer microsphere n-PSCz-0 and n-PSCz-4. The peaks
at 1696 cm™' and 3450 cm™' arose from C=0 and O—H stretch-
ing vibration of MAA units, respectively. These peaks around
1450-1600 cm™' and 700-755 cm™' were assigned to the char-
acteristic peaks of C=C and C—H in the aromatic ring. These
peaks around 3000 cm™' were due to asymmetrical and sym-
metrical stretching of -CH; and -CH,. In particular, there was a
new peak located at 1321 cm™' associated with the characteris-
tic absorption of C—N from carbazole.

According to the contents of various elements (C, H, and N)
(Table S1), the contents of NVCz in the copolymer micro-
spheres were calculated roughly, which were almost equal to
the theoretical values as presented in Table 1. Due to steric
effect of carbazole, the actual content of NVCz was slightly
lower than the theoretical content. Moreover, we can find that
high NVCz content leads to a large difference between the
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Figure 3. FT-IR spectra of the copolymer microspheres n-PSCz-0 and
n-PSCz-4.
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actual and the theoretical. The elements analysis together with
FT-IR and *C CP/MAS NMR data indicate that the titled copoly-
mer microspheres have been prepared successfully.

Pore properties

To characterize the porosity properties of the copolymer micro-
spheres, nitrogen adsorption/desorption isotherm was mea-
sured at 77 K. As shown in Figure S1, the nitrogen adsorption
isotherms exhibited a slight uptake in the low pressure region
(P/Py<0.03), implying a microporosity for the copolymer mi-
crospheres, whereas the isotherms also demonstrate the pres-
ence of mesopores for another relative steady rise phase
ranges from 0.1 to 0.9 (P/P,).?*>*® The rapid increase in the ni-
trogen sorption at a high relative pressure above 0.9 may arise
partially from interparticulate porosity associated with the
meso- and macrostructures of the samples and interparticular
void.?*?! The hysteresis between adsorption and desorption
was observed for all copolymer microspheres, which is consis-
tent with the fact that the microspheres contained both meso-
and microporosity. The BET specific surface areas calculated
from relative pressure range from 0.01 to 0.1 are listed in
Table S2. n-PSCz-0 showed the lowest BET area (SAgy) with a
total pore volume (V;,,) of 0.355 cm®g™~". With the increase of
NVCz content, SAgr and Vi, of the copolymer microspheres [n-
PSCz-1 (47.7m?g™", 0.365cm’g™"), n-PSCz-2 (57.0m?g~",
0428 cm®g™"), n-PSCz-3 (79.4 m*g~", 0.447 cm?*g™"), n-PSCz-4
(93.1m?g™", 0459cm®g™") and n-PSCz-5 (160.5m?g~"',
0.465 m*g™")] increased gradually.

Using nitrogen as a probe, the pore size distributions of the
copolymer microspheres were obtained from the adsorption
isotherms by Barret-Joyner-Halenda model. It was interesting
to observe that the copolymer microspheres with selected
NVCz content have tunable pore sizes. Figure S2 shows that a
small fraction of pores originating from microspores and meso-
pores with diameter less than 20 nm for copolymer micro-
spheres n-PSCz-0 and n-PSCz-2. A large proportion of macro-
pores was broadly distributed from 20 to 200 nm for the two
copolymer microspheres. Notably, n-PSCz-5 exhibited the high-
est total pore volume of 0.465 cm®*g~" and the highest micro-
porosity fraction (V,,/Vi,) (Table S2). The micropores may be
derived from the presence of carbazole and phenyl in the inte-
rior of the cross-linked microspheres due to the presence of
cross-linked monomer DVB,*? while the macropores may be
originated from the gap between the microspheres. For stable
monodisperse copolymer microspheres with the increase of
NVCz content, the micropore volume (V,,) increased gradually;
while the particle size became larger, which leads to large gap
(macropores) between the microspheres. The porous structure
endow the copolymer microspheres with large specific surface
area, which may be beneficial for a fluorescence sensor due to
the high-surface-area improving the contact between carba-
zole and analytes.””
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Thermal properties

Figure S3 shows the DSC curves of the copolymer micro-
spheres with various NVCz contents. All the samples showed a
single glass transition temperature (Ty), indicating that all
monomers were randomly copolymerized. Ty, increased from
113°C to 133°C with the increase of NVCz content from 0 to
12.5 wt.%, respectively, and the results are listed in Table S3.
An increase in the T, is due to the incorporation of rigid NVCz
segment (i.e., T, of NVCz homopolymer is about 210°C®"). Ac-
cording to the Fox equation (Equation 1).

1/Ty =W, /Tys + Wp /Ty (1)

in which W, is the total mass fraction of St, MAA and DVB in
the copolymer microspheres; W; is the mass fraction of NVCz
in the copolymer microspheres; T,, is the glass transition tem-
perature of the copolymer microsphere n-PSCz-0; Ty is the
glass transition temperature of the NVCz homopolymer), the
calculated glass transition temperature (T,) of the copolymer
microspheres were obtained and listed in Table S3. It is clear
that the calculated T, also increased with the incorporation of
rigid NVCz segments. However, the rate of increasing of the
calculated T, was not as fast as that of Ty, which can be ex-
plained by the fact that the combination of rigid structure and
crosslinking structure can promote the glass transition temper-
ature to increase faster. Furthermore, faster heating rate of
DSC measurement is also one of the reasons.

The thermal properties of the copolymer microspheres were
evaluated by thermogravimetric analysis (TGA). As shown in
Table S3, the temperature of 5% weight loss (T,) for all copoly-
mer microspheres were above 200°C. As shown in Fig-
ure S4(a), the initial weight loss from 150 to 300 °C was related
to the loss of bound water and the decarboxylation of the sur-
face of the copolymer microspheres. The weight loss rate (W),
as listed in Table S3, was proportional to the carboxyl content
on the surface of the microspheres as listed in Table S1. With
the increase of carboxyl content on the surface of microsphere,
the thermal decomposition rate was accelerated and the maxi-
mum thermal decomposition temperature increased, as shown
in the insert of Figure S4(b). In any case, all copolymer micro-
spheres decomposed rapidly between 400-450°C, and the
maximum thermal decomposition temperature (T,) were be-
tween 443-445°C (Table S3). These thermal analysis results fur-
ther confirm the chemical composition of the copolymer mi-
crospheres, and also demonstrate that the copolymer micro-
spheres have good thermal properties for the application in
the field of optoelectronics and sensors.

Photophysical properties

The absorption spectra of the water-dispersed copolymer mi-
crospheres are shown in Figure S5. All of the absorption spec-
tra had four absorption peaks around 225, 261, 295, and
335 nm attributed to the '"A—'C,, '"A—'L,, '"A—'B, and 'A—'L,
transition of carbazole, respectively.”" The excitation spectra
also exhibited the characteristic peaks of carbazole as shown

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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in Figure S6. Upon excitation with 300 nm UV light, the water-
dispersed copolymer microspheres displayed two intense and
overlapping emission peaks at 354 and 363 nm, which were
the characteristic emissions of carbazole in the isolated state
and partial overlap state, respectively."® As NVCz content in-
creases, the emission spectra became diffused, that is, spec-
trum broadened [e.g., FWHM of n-PSCz-1, n-PSCz-2, n-PSCz-3,
n-PSCz-4, and n-PSCz-5 were 40.0, 41.2, 42.1, 42.2, 44.5 nm, re-
spectively]. A slight redshift in the A" . was observed at the
maximum NVCz content in the copolymer microsphere (n-
PSCz-5). These observations indicate the formation of intramo-
lecular excimers in these copolymer microspheres with high
NVCz content.”™ As NVCz content increases, the emission from
the intramolecular excimers increased. This clearly suggests
that the excimers were formed by the interaction of carba-
zole-carbazole overlap, which are located on the polymer
chain and in contact with each other. In other words, the pres-
ence of comonomers in the copolymer microspheres will hin-
ders the formation of excimers due to the steric hindrance."”

Consequently, the fluorescence properties of the copolymer
microspheres are also dependent on NVCz contents, as shown
in the insert of Figure 4 and Table S2. At a higher NVCz content
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Figure 4. PL emission spectra of the water-dispersed copolymer micro-
spheres (3 mgmL™") with different NVCz contents at excitation wavelength
300 nm. Insert of the graph illustrates the plot of the maximum intensity
against vary NVCz contents.

(above 10 wt.%), the emission intensities of the copolymer mi-
crospheres decreased obviously with the increase of NVCz con-
tent. This is also due to the formation of intramolecular exci-
mers, resulting in a certain degree of fluorescence quenching.
However, at a lower NVCz content (under 10 wt.%), the PL
emission intensities of the copolymer microspheres increased
linearly with the increase of NVCz contents, which may be at-
tributed to the increase of both NVCz contents and specific
surface area.”” The fluorescence quantum efficiency and fluo-
rescence lifetime of the copolymer microspheres show a simi-
lar variation trend as the fluorescence intensity. The controlla-
ble and appropriate fluorescence properties lays the founda-
tion for fluorescent sensing application of the copolymer mi-
crospheres.
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Sensing properties

The fluorescence responses of the copolymer microspheres
with different metal ions in aqueous solutions were studied.
After addition of metal ions (1500 um), we found Fe** was the
strongest quencher for the copolymer microsphere n-PSCz-4
and the quenching efficiency was nearly 100% (Figure 5). How-
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Figure 5. Fluorescence response profiles of n-PSCz-4 in aqueous solutions
(2 mgmL™") upon addition of different metal ions (1500 um). Insert of the
graph illustrates fluorescence response profiles of the copolymer micro-
sphere n-PSCz-4 in aqueous solutions upon addition of the mixture of Fe>*
(1500 pm) and other metal ions (1500 pm).

ever, n-PSCz-4 exhibited low sensitivity and torpid response to
other metal ions. For example, the fluorescence was slightly
quenched when n-PSCz-4 dispersed in an aqueous solution of
other transition metals, such as Co®", Ni**, Cu**, Sn**, Hg*",
Pb’>*, Mn’* and Ag ™, the quenching efficiencies were less than
20%. Additionally, n-PSCz-4 was also not sensitive to alkali
metal ions, such as K¥, Ca’", and Mg?*. The potential interface
due to these coexisting metal ions (K*, Ca®™, Mg®", Co®", Ni*™,
Cu®*, Sn?", Hg?", Pb*", Mn?" and Ag™) was tested by adding
these ions to the dispersion containing n-PSCz-4 and Fe**, re-
spectively. The fluorescence intensity of the dispersion was
almost equal to that of the dispersion containing only n-PSCz-
4 and Fe*", as shown in the insert of Figure 5. The results
clearly indicate that the copolymer microspheres showed se-
lective detection toward Fe*', and other competitive metal
ions had a low interference on Fe** fluorescence assay. In ad-
dition, the common anions such as CI~, CH,COO~, SO,*, and
NO,~ showed a slight effect on Fe*" detection (Figure S7), ex-
cluding the disturbance from counter anions. Therefore, we
can confirm that the copolymer microspheres have promising
selectivity toward Fe** detection in aqueous solutions.

To explore the sensing behaviour toward Fe**, a quantita-
tive estimation of the quenching phenomenon of the copoly-
mer microspheres was estimated by using fluorescence spec-
troscopy. It can be seen that the fluorescence intensity of the
copolymer microsphere n-PSCz-4 decreased with gradual addi-
tion of Fe*" (Figure 6 (a)). The quenching phenomenon can be
observed from micromolar to milimolar concentration of Fe*".
To evaluate the sensitivity of this sensing system, we deter-
mined the Stern-Volmer quenching constant K, which was
given by the Stern-Volmer equation, Iy/I=1+Kq[C] (/, is the
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Figure 6. (a) Fluorescence response of n-PSCz-4 in aqueous solution (2 mgmL ") upon addition of Fe** (Insert: fluorescence intensity of n-PSCz-4 in aqueous
solution vs. Fe*" concentrations). Fluorescence response of n-PSCz-4 oxidized by 1500 um Fe’* in aqueous solution (2 mgmL ") upon addition of 2000 um

NaBH, for the first time (b) and for the second time (c) (Insert: fluorescence intensity of the mixtures of the oxidized n-PSCz-4 and NaBH, in aqueous solution
vs. mixing time). Cycling test of n-PSCz-4 with 1500 pum Fe** (d) and 1500 pum NaclO (e) upon 1 min dispersion, followed by adding with 2000 pm NaBH, solu-

tion.

fluorescence intensity in the absence of the quencher, I is the
fluorescence intensity after adding the quencher of concentra-
tion C, and the K, is the quenching constant of the sensors).
At low concentration of Fe** (<300 um), I/l increased linearly
with concentration of Fe** as shown in Figure S8. From the in-
tercept of the fitted lines, the quenching constant K, was cal-
culated to be 2.376x10*m™". The limit of detection (LOD) of
Fe** with the copolymer microsphere n-PSCz-4 in aqueous
medium was estimated to be 1.3 um, which is lower than the
reported Fe’* sensors”>? and the permitted valued (5.4 um) in
drinking water by the U.S. Environmental Protection Agency
(USEPA) and World Health Organization (WHO).”? Almost total
quenching of the fluorescence was achieved at 1500 um of
Fe**, and no change of emission spectra occurred with more
Fe**. Thus, the tolerance level of detection of Fe*" by the co-
polymer microsphere n-PSCz-4 in aqueous medium was
1500 pm.

At high concentrations of Fe’* (>300 um), a positive devia-
tion was observed, shown in the insert of Figure S8. It indicates
that both static and dynamic quenching existed in the
system.®? Dynamic quenching is a kind of collisional quench-
ing, and quenching efficiency increases with increasing tem-
perature.®® Figure S9 shows the temperature effect on Stern-
Volmer graph. At lower Fe** concentration, the temperature
has little influence on Iy/l, which indicate the quenching was
mainly static. At higher Fe*" concentration, Iy// increased obvi-
ously with the increase of temperature. Figure S10 also show
that the copolymer microsphere n-PSCz-4 exhibited higher
quenching efficiency (l,—//l,) at higher temperature. Therefore,
it can be further concluded that both static quenching and dy-
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namic quenching were effective in the fluorescence quenching
of the copolymer microspheres.

It is generally known that Fe** has a standard electrode po-
tential of 0.77 V (Ercquyreq), Which is higher than the redox po-
tential of carbazole (0.64 V).’ When dispersing the copolymer
microspheres in aqueous medium containing Fe*", the carba-
zole may be oxidized, leading to fluorescence quenching. In
order to verify the redox-induced fluorescence quenching
mechanism of the copolymer microspheres with Fe’", we
monitored the corresponding changes of its fluorescence spec-
tra when alternately mixing with FeCl; (1500 um) and NaBH,
(2000 um) in aqueous solutions. Unsurprisingly, the emission of
the copolymer microspheres quenched by Fe®* was almost
fully restored and the process could be repeated for at least
three times (Figure 6 (b-d)). After adding Fe®", the absorption
peaks of the copolymer microspheres exhibited a slightly blue-
shift and relatively low absorbance (Figure S11), and the infra-
red spectra of the copolymer microsphere presented a new
peak around 1640 cm™' (Figure S12). However, all the spectra
were restored to their original state after adding NaBH,. These
phenomenon are due to the fact that NaBH, can reduce the
oxidized copolymer microspheres and recover the fluores-
cence, which further confirms the proposed quenching mecha-
nism.

The time required to detect Fe** by the copolymer micro-
sphere n-PSCz-4 has been investigated at 1500 and 60 um, re-
spectively (Figure S10). No significant change of fluorescence
quenching efficiency was observed when tested from 0 min to
8 min at different temperature (293 K and 323 K). This suggests
that the oxidation reaction between the copolymer micro-

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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spheres and Fe’" was instantaneous, that is, the copolymer mi-
crospheres feature rapid response for Fe** by redox-induced
fluorescence quenching. However, the fluorescence recovery
process was time dependent. With the extension of time, the
fluorescence gradually recovered, and the maximum fluores-
cence intensity was recovered within 22 min, as shown in Fig-
ure 6 (b—c).

To further investigate the fluorescence quenching mecha-
nism of the copolymer microsphere n-PSCz-4 with Fe*", sens-
ing experiments of the copolymer microsphere n-PSCz-4 with
other oxidants were conducted. The copolymer microsphere n-
PSCz-4 exhibited a weak fluorescence quenching when mixed
with AgNO; or H,0, in aqueous solutions. The quenching effi-
ciency was less than 15%, which varied with mixing time as
shown in Figure S13. However, the fluorescence of the copoly-
mer microspheres n-PSCz-4 was quenched almost completely
when mixed with NaClO in aqueous solutions for only 1 min.
Similarly as Fe’", NaClO can oxidize carbazole of the copoly-
mer microspheres, leading to fluorescence quenching. Similar-
ly, the fluorescence of the copolymer microspheres quenched
by NaClO was almost fully restored by NaBH, and the process
could also be repeated for at least three times (Figure 6(e)).
The results show that strong oxidant can cause the fluores-
cence quenching of copolymer microspheres, and the reducing
agent can restore the fluorescence. This further suggests that
the fluorescence quenching of the copolymer microspheres
was based on the oxidation of carbazole.

In order to study the influence of fluorescence intensity and
porous structure on the fluorescence sensing properties of co-
polymer microspheres, the sensing experiments of other copo-
lymer microspheres with Fe** were also conducted. The fluo-
rescence intensity of n-PSCz-2 was also decreased gradually
with the addition of Fe**, as shown in Figure S14. The linear
correlation coefficient (R) of quenching efficiency (Iy/l) versus
Fe** concentration almost reached 1 (Figure S15), indicating
that fluorescence quenching effect of Fe** on n-PSCz-2 also
well fits the Stern-Volmer model. The quenching constant Ky,
and the limit of detection (LOD) were estimated as listed in
Table S2. With the increase of NVCz contents, the LOD of Fe®*
with the copolymer microspheres decreased first and then in-
creased. This phenomenon may be attributed to two factors.
Firstly, intense fluorescence endows the copolymer micro-
spheres with high fluorescence detection efficiency. Secondly,
large specific surface area is not only favourable for the rapid
transmission of iron ions in the copolymer microspheres, but
also advantageous to the interaction between iron ions and
carbazole; thereby improving the detection rate and detection
efficiency of Fe*" for the copolymer microspheres.”>*¥ Com-
pare to n-PSCz-4, the specific surface area of n-PSCz-5 in-
creased; but the fluorescence intensity of n-PSCz-5 clearly de-
creased; consequently, K, of n-PSCz-5 decreased and LOD of
n-PSCz-5 increased slightly. Thus, the intense fluorescence and
large specific surface area ensure that the copolymer micro-
spheres exhibit a fast detection rate and a lower detection
limit for Fe*" detection.
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Conclusion

Novel porous carbazole-containing copolymer monodisperse
microspheres were successfully prepared through a one-step
soap-free  emulsion polymerization. The copolymer micro-
spheres exhibited good thermal stability, attractable BET sur-
face areas, high luminescence intensity and excellent fluores-
cence sensing performance. Moreover, the PL emission intensi-
ty and specific surface area of the copolymer microspheres
were tunable by varying the contents of NVCz. Particularly, the
fluorescence of the copolymer microspheres could be
quenched efficiently and selectively by trace Fe*". Both static
quenching (redox-induced quenching) and dynamic quenching
(collisional quenching) were effective in the fluorescence
quench. Limit of detection (LOD) of the copolymer micro-
spheres for Fe*" in aqueous medium could as low as 1.3 um
due to intense fluorescence and large specific surface areas.
Moreover, the sensing process was reversible in an aqueous
medium. In summary, the titled copolymer microspheres can
be obtained by simple one-step copolymerization without
using expensive or toxic raw materials, which may serve as a
promising sensor for the detection of Fe’" in aqueous
medium, with excellent selectivity, rapid response, high sensi-
tivity and robust reusability. In addition, the relationship of
structure—properties—applications may provide useful referen-
ces for the future design of copolymer microspheres sensors
for environmental challenges.
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