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Abstract A novel and fluorescence retention inverse opal has been achieved from organosilane-polymerized carbon dots (SiCDs), which
is prepared via infiltrating SiCD solution into the interstice of photonic crystal (PC) template, low temperature treatment, heating
polymerization and removing the colloidal template. The as-prepared SiCD inverse opals demonstrate close-cell structure, which is
completely different from conventional open-cell structure. Then the fluorescence signal of as-prepared sample keeps almost unchanged in
CuCl suspension while the fluorescence of SiCD solution can be quenched by CuCl suspension through an effective electron transfer
process. This phenomenon can be attributed to the combined effect of high hydrostatic pressure in the pore structure, stable crosslinking
network and fluorescence enhancement by PC structure. The SiCD inverse opals have advantages of unique close-cell structure, easy
preparation and good repeatability that give an important insight into the design and manufacture of novel and advanced optical devices.

Keywords Carbon dots; Inverse opals; Close-cell structure; Fluorescence retention; Inorganic salt solution

Citation: Wu, P. P.; Liu, J. C.; Xie, Z.; Guo, J. S.; Wang, J. X. Fluorescence Retention of Organosilane-polymerized Carbon Dots Inverse Opals in CuCl

Suspension. Chinese J. Polym. Sci. 2018, 36(5), 555-562.

INTRODUCTION

Typical luminescent material of carbon dots (CDs) has been
widely used in the field of bioimaging!" 2, light-emitting
devices® and sensitive detector!” 31 owing to the low cost,
good biocompatibility, resistance to photobleaching and
broadband  optical  absorption® !4, Scientists  have
synthesized diverse components of CDs and endowed them
with multi-functional ability. Especially for sensors, Hg'1!3],
Cr**1181, Cu?'71 and Fe* '8 could be successfully detected by
CDs based on the selective fluorescence quenching of CDs
towards specific ions. Fluorescence quenching of CDs toward
specific ions is a basic function for its sensing applications,
but this intrinsic property also reflects the instability of CD
fluorescence. To our best knowledge, few papers focus on
how to eliminate the quenching effect of CD materials. In this
work, we put forward a unique approach to improve the
stability of CDs, i.e., eliminating its fluorescent quenching
phenomenon upon contacting of metal ions by combining
CDs and photonic crystal (PC) structure. It is known that PCs
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can be applied in sensing detecting!'*-??], photocatalysis?>~°]
and novel optical devices?’37! owing to the periodic structure
on optical scalel3% 31, At present, few papers have reported the
combination of CDs and PCs and it is expected that this
approach will endow material with unprecedented properties
and applicationst® 4. Typically, enhanced Raman
scattering!*?), high detection performance for Hg?'*! and
improved photoelectrochemical performance* could be
achieved by CDPCs. In this paper, organosilane-polymerized
CD inverse opals (SiCDIOs) were obtained by infiltrating a
well-designed organosilane!'> %1 modified CD material into
the interstice of PC template, low temperature treatment,
thermal polymerization and subsequent template removal.
As-fabricated SiCDIOs demonstrated close-cell structure,
water-impermeable property and fluorescence retention in
diverse inorganic salt (IS) solutions/suspension, such as CuCl
suspension, FeCls, KCl, Pb(NO3), and efc. This phenomenon
can be attributed to the combined effect of high hydrostatic
pressure in the pore structure, stable crosslinking network and
fluorescence enhancement by PC structure. This unique
fluorescence retention property makes it more extensive for
applications in multi-functional optical devices, especially for
the optical devices requiring stable and persistent
fluorescence. For example, SiCDIOs can be used in light
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emitting diode with good performance based on stable
fluorescence towards external environment stimulation.

RESULTS AND DISCUSSION

Figure 1 shows a fabrication process of close-cell SiCDIOs
from  “sacrificial template” method by thermal
polymerization. Here, SiCDs (Fig. 1A1) indicated graphene
quantum dots modified by organosilanes!!> 1. In details,
citric acid (0.5 g), N-(f-aminoethyl)-}aminopropyl
methyldimethoxy silane (AEAPMS) (10 mL) and water
(10 mL) were sealed into a Teflon equipped stainless steel
autoclave and placed in a drying oven with hydrothermal
treatment at 180 °C for 12 h. After the reaction, the autoclave
was cooled to room temperature. The resulting light brown
solution was purified by washing with hexane three times and
extracted to obtain yellow brown SiCD fluid. Then the
prepared SiCDs were dissolved in ethanol with the volume
ratio of 3:1. Finally, the SiCD solution was kept in the
refrigerating chamber (3 °C) prior to use. Firstly, the ethanol
solution of SiCDs (Vcps: Vemanot = 3:1) was carefully dropped
into a hydrophilic, poly(styrene-methyl methacrylate-acrylic
acid) (poly(St-MMA-AA)) PC template (treated by plasma
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for 60 s), and the infiltrated sample was kept at 3 °C for 3 h to
facilitate a full infiltration of viscous SiCD fluids into the
interstice. Subsequently, the sample was put at 80 °C for 24 h.
The polymer networks of crosslinked organosilane chain
formed via thermal polymerization (Fig. 1B) in this process.
As a result, a transparent, yellowish brown and hard material
formed in the interstice of PC template as shown in Fig. 1(B).
Finally, the close-cell SiCDIOs were obtained after
dissolving the PC template by tetrahydrofuran (THF).
Notably, the close-cell structure could be attributed to the
low-temperature process, which induced a shrinkage of soft
PAA shell of latex spheres (Figs. 1B1 and 1B2), accompanied
with a simultaneous infiltration of SiCD fluids into the
shrinkage part (Fig. 1B2). Meantime, the low-temperature
infiltration ensured low viscosity and longer evaporation time
of SiCD fluids, resulting in a full infiltration of SiCD fluids
into the interstice of the latex spheres, contributing to the
formation of a complete encapsulation of latex spheres by
SiCD fluids shell. The thickness of soft PAA shell of a latex
sphere was ca. 41 nm (calculated from TEM image in Fig. S1,
in the electronic supplementary information, ESI), indicating a
larger space for shrinking. Furthermore, the reflectance spectra
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Fig. 1 (A—C) Schematic illustration for the fabrication process of close-cell SiCDIOs: (A) organosilane-CD solution infiltrating into
hydrophilic PC template, (A1) chemical structure of organosilane-CDs, (B) thermopolymerization of organosilane-CDs in the interstice
of latex spheres to form a composite opal at 80 °C for 24 h, (B1) core-shell latex spheres assembly infiltrated by SiCD solution, (B2)
the shrink process of latex spheres in low temperature environment, which caused a further infiltration of SiCD fluids into the shell
layer of latex spheres (a, b, c¢ indicate the polystyrene, poly(methyl methacrylate-acrylic acid) and SiCDs respectively.), (C)
as-fabricated close-cell SiCDIOs after removing PC template; (D, E) SEM images of as-prepared sample: (D) top view, (E) side view
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(Fig. S2, in ESI) of PC template (assembled by latex spheres)
during heating or cooling process were recorded to confirm
the swelling/shrinking ability of soft PAA shell. Obviously,
the bandgap of sample varied from 536, 539 nm to 541 nm
when the sample was heated from room temperature to
100 °C, indicating the swelling of latex spheres in the heating
process. In contrast, a shrinking of latex spheres occurred
with the sample’s bandgap changed from 541, 539 nm to
533 nm when the sample was cooled from 100 °C to room
temperature. Clearly, the sample showed well-ordered
periodic arrangement with pore dimension of ca. 290 nm
(Fig. 1D), indicating a successful fabrication of inverse opal
structure. The width of the reflectance peaks (Fig. S3, in ESI)
was narrow and reflectance intensity of samples was up to
60%, indicating a good PC structure. In the top-view and
side-view SEM images (Figs. 1D and 1E) of close-cell
SiCDIOs, the internal structure could not be seen from the
outermost layer, indicating the formation of close-cell
structure with pores separated from each other, which had
great difference from the traditional inverse opal structure.
Figures 2(a) and 2(b) demonstrate TEM images of
as-prepared SiCDIOs. Clearly, the existence of graphene
quantum dots with a dimension of ca. 5 nm in the inverse opal
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framework could be proven from TEM images (Figs. 2a and
2b) and Figs. S4(c) and S4(d) (in ESI), indicating a polymer
network of SiCDs was formed. Pore structure observed in
TEM images was similar to that in SEM images (Fig. 1d).
XPS analysis (at different detecting angles, Fig. 2c) was
performed to clarify the chemical component distribution of
the close-cell SiCDIOs from the surface to the interior of the
film. Different detecting angles indicated the different
detecting depth of sample. Clearly, Si and N mainly existed in
the organosilane chain while C was primarily found in
graphene quantum dots. The Si and N contents reduced firstly
and then increased with the observing angle shifting from
30°to 90° during XPS test. That is, silane chain mainly
existed in the upper and lower layers. In comparison, the C
content increased firstly and then decreased when varying
observing angle from 30°to 90°. That meant C mainly
existed in the middle of the close-cell SiCDIOs structure.
Figure 2(dI) presents an optical image of SiCDIOs under
ordinary white light, indicating its red structure color, large
area and relatively smooth surface. Figures 2(dII, dIIl and
dIV) are the fluorescent images of SiCDIOs when being
excited at laser of 375, 480 and 560 nm respectively.
Obviously, SiCDIOs presented a high-intensity fluorescence

0 pm
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Fig. 2 (a, b) TEM images of close-cell SiCDIOs; (c) XPS results for the composition of Si, N, O, C on the
as-prepared close-cell SiCDIOs with varying observing angle from 30°to 90°; (d) Optical image (I) and
corresponding fluorescent images (IL, III and IV) of close-cell SiCDIOs, which were excited by laser at (II) 375,
(IIT) 480 and (IV) 560 nm respectively; (e, f) CAs of (e) water and (f) 1,2-dichloroethane on the surface of sample
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of blue, green and red respectively, indicating an excellent
inheritance of the “tricolor-fluorescence” property from
SiCDs. The contact angles (CAs) of water/1,2-dichloroethane
on the surface of sample were 112.4°/11.7° respectively,
showing a hydrophobic and lipophilic surface owing to
existence of organosilane on the sample’s surface. The
surface of the sample also demonstrated a high adhesion and
water droplet did not roll away from the surface when the
sample inclined to a certain angle or even vertical, as shown
in Fig. S5 (in ESI).

Figures 3(al/a2/a3)-3(el/e2/e3) and Fig. S6 (in ESI)
demonstrate fluorescent images of SiCDs (1, Veps: Vethanol =
3:1) and mixtures of SiCDs (1) with different IS
solutions/suspensions. Obviously, original SiCDs (1) showed
fluorescent colors of blue, green and red when being excited
by laser at 375, 480 and 560 nm, respectively. Meanwhile, all
the mixtures had fluorescence except the mixture of SiCDs (1)
with CuCl suspension. The phenomenon of mixing SiCDs (1)
with different IS solutions/suspensions could be seen in
Table S1 and Fig. S7 (in ESI). For example, when mixing
SiCDs (1) with different IS solutions/suspensions, no obvious
phenomenon was observed for KCl and Na,SOs, white
precipitation formed, subsequently precipitation disappeared
and the mixture was clarified for Pb(NOs), and ZnSO,, while
the color of the mixture became dark blue for CuCl. Notably,
the mixture of SiCD (I) and CuCl suspension had no
fluorescence when being excited at 375, 480 and 560 nm,
respectively, as shown in Figs. 3(bl)-3(b3). UV-Vis
spectroscopy (Fig. S8, in ESI) was conducted to find out the
reason of this phenomenon. The SiCD solution had a strong
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+Pb(NO;),
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absorption at wavelength of 358 nm while peaks at 236/291,
226, 293 and 300 nm for FeCls, Pb(NO3),, Na,SO4 solutions
and CuCl suspension. Then the mixtures of SiCD (I) and
diverse IS solutions/suspensions were investigated and it was
found that all the mixtures had a peak located at 358 nm,
which was attributed to the absorption of SiCDs, but a peak at
566 nm occurred for the mixture of SiCD (1) and CuCl
suspension. It may be this unique phenomenon that resulted in
the fluorescence quenching of SiCDs (1). It is known that
luminescence emission of SiCDs arises from the radiative
recombination of excitons, which is similar to other quantum
dots. Then it is deduced that Cu* can quench the fluorescence
of SiCDs (1) owing to facilitating non-radiative electron/hole
recombination annihilation through an effective electron
transfer process*® 471, Furthermore, photoluminescence and
photoinduced electron transfer properties of SiCDs (1) were
investigated to further understand the fluorescence quenching
mechanism. The fluorescence intensity (375 nm excitation)
was reduced by 96.2% when SiCDs (1) and CuCl suspension
were fully mixed, as shown in Fig. 4(c). Figure 4(d) shows the
luminescence decays (375 nm excitation) of the SiCDs (1)
before and after being mixed with CuCl suspension. It could
be obviously observed that the fluorescence lifetime of the
SiCDs (1) was 20.48 ns after fitting, reflecting a fast exciton
recombination process. After being mixed with CuCl
suspension, the lifetime decreased to 1.08 ns with a
percentage reduction of 94.7%. The significantly reduced
lifetime indicated that a dynamics quenching occurred, and
further confirmed that there was an ultrafast electron transfer
process in the SiCDs (1)-CuCl system!*],

375 nm 480 nm 560 nm

SiCDIOs (s)

SiCDIOs (s)
+ CuCl

SiCDIOs (s)
+KCl

SiCDIOs (s)
+Pb(NO5),

SiCDIOs (s)
+FeCl,

Fig. 3 The fluorescent images of (al—a3) SiCDs (1) and mixtures of SiCDs (1) with different IS solutions/suspensions, such as
(b1-b3) CuCl suspension, (c1-c3) KCl, (d1-d3) Pb(NOs)2, and (el—e3) FeCls; The fluorescent images of SiCDIOs (ad4—a6)
before and after being immersed in different IS solutions/suspensions for 15 min, such as (b4—b6) CuCl suspension, (c4—c6) KCl,
(d4—d6) Pb(NO:s)2, and (e4—e6) FeCls. Fluorescent images of (al—el and a4—e4), (a2—e2 and a5—e5) and (a3—e3 and a6—e6) were
excited by laser at 375, 480 and 560 nm respectively. The concentration of the solution was all 0.1 mol/L.
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Fig. 4 Schematic illustration of the fluorescence quenching mechanism of the SiCDs (1) in the (a) absence and (b)
presence of Cu™; (¢) Luminescence emission spectra (375 nm excitation) of the SiCDs (1) in the presence and absence
of CuCl suspension; Luminescence decays (375 nm excitation) of (d) SiCDs (1), (e) SiCD polymer and (f) SiCDIOs in

the presence and absence of CuCl suspension

In comparison, fluorescent signal of SiCD polymer after
being immersed in different IS solutions/suspensions for
15 min was investigated, as shown in Fig. S9 (in ESI).
Obviously, SiCD polymer still had faint fluorescence even
being soaked in CuCl suspension for 15 min. This
phenomenon was attributed to the stable structure formed by
crosslinking network!'¥, It could be confirmed by
luminescence decays spectra in Fig. 4(e). After being
immersed in CuCl suspension for 15 min, the lifetime
decreased to 0.87 ns from original 4.56 ns with the percentage
of the reduction as 79.6%, confirming a reduced electron
transfer process in SiCD polymer-CuCl system based on a
stable crosslinking structure®l. Figures 3(a4/a5/a6)—3(e4/e5/e6)

and Fig. S10 (in ESI) demonstrate fluorescent images of
close-cell SiCDIOs after being immersed in different IS
solutions/suspensions for 15 min. Obviously, original
close-cell SiCDIOs showed fluorescent color of blue, green
and red when being excited with laser at 375, 480 and 560 nm,
respectively. In comparison, the most fluorescence
phenomena of close-cell SiCDIOs after being soaked in
different IS solutions/suspensions for 15 min were similar to
corresponding mixtures of SiCDs (1) and diverse IS
solutions/suspensions. Notably, close-cell SiCDIOs still had
fluorescence even being soaked in CuCl suspension for
15 min. The lifetime (Fig. 4f) was 3.44 ns for close-cell
SiCDIOs after being immersed in CuCl suspension for 15 min,
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which was similar to original lifetime (3.95 ns). This
phenomenon indicated that almost no electron transfer
process occurred in close-cell SiCDIOs-CuCl system!¢l. In
comparison, the fluorescence signal of open-cell SiCDIOs
was investigated, as shown in Fig. S11 (in ESI). Open-cell
SiCDIOs presented weaker fluorescence intensity than
close-cell SiCDIOs while stronger than SiCD polymer
because the internal structure could be infiltrated by liquid.

The fluorescence retention of SiCDIOs after being
immersed in CuCl suspension for 15 min can be attributed to
three factors: high hydrostatic pressure in the closed pore
structure, stable structure formed by crosslinking network and
fluorescence enhancement by PC structure. When a liquid is
dropped on the surface of traditional open-cell inverse opal
structure, liquid infiltrates into the pore and takes place of the
air owing to the interconnected structure®® 41, In contrast, the
pore of close-cell inverse opal (Fig. 5a) cannot be infiltrated
by liquid owing to the high pressure in the pore and the
separated pore structure. The pressure (P) in the pore can be
calculated by Eq. (1)P% 31

P =—Iy/(cosbr)/A4 (1

In Eq. (1), v is the surface tension of the liquid-vapor
interface, [ is the circumference of a pore, 4 is the
cross-sectional area of a pore and 6, is the advancing angle of
water on the sample’s surface. In our experiments, it can be
calculated from the cross-section SEM image (Fig. 5¢) that /
is 910 nm, A4 is 6.6 x 10* nm? and Kyater-air is 72.2 x 107> N/m.
The advancing angle of water on the sample’s surface is
109.8°. Equation (1) predicts the hydrostatic pressure in the
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pore to be 3.5 x 103 Pa. As a result, internal structure still has
strong fluorescence because the internal structure of the
sample cannot be infiltrated by CuCl suspension based on the
high hydrostatic pressure in pores. Besides this factor, stable
structure formed by crosslinking network also plays a
significant role in the fluorescence retention phenomenon!!® 4,
The stable crosslinking network structure of SiCDIOs is
determined by the formation of Si—O—Si bonding. In details,
SiCDIOs can keep uniformly dispersed and stable owing to
the connection and support of Si—O—Si bonding!'* ], Here,
SiCDs (Fig. 1Al) indicates graphene quantum dots modified
by organosilanes. The organosilanes in the free states are
easily infected by CuCl suspension, thus resulting in
fluorescence quenching through an effective electron transfer
process. However, stable structure is achieved by crosslinking
network (Fig. 5b) between organosilanes. That is,
organosilanes cannot contact with CuCl suspension owing to
the existence of the polymer network, thus avoiding the
quenching of fluorescence. Finally, fluorescence intensity can
be effectively enhanced by PC structure owing to periodic
arrangement interacts with excitation laser, the resulted
high-intensity near field efficiently excites the fluorescence of
SiCDIOsP? 331, The fluorescence enhancement of SiCDIOs
with different overlapping between the reflection band and
fluorescent peak has been investigated in detail in our
previous study®. In summary, the as-prepared sample can
keep original fluorescence based on the high hydrostatic
pressure in the pore structure, stable structure formed by
crosslinking network and fluorescence enhancement by PC
structure.
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Fig. 5 (a) Scheme for the immersion process of a liquid into a close-cell inverse opal structure (The pores could not be infiltrated
by liquid owing to the existence of high pressure in the pore structure.); (b) The chemical structure of the polysiloxane after
self-polymerization of organosilane functionalized CDs; (c) Cross-section SEM image of close-cell SiCDIOs and (d)
corresponding advancing angle on the sample’s surface (The diameter of pore was ca. 290 nm and advancing angle was 109.8°.)
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CONCLUSIONS

In conclusion, a multi-functional PC material can be achieved
from SiCDs via “sacrificial template” method through
thermal  polymerization. The  as-prepared sample
demonstrates unique close-cell structure and original strong
fluorescence intensity even being soaked in the CuCl
suspension for 15 min owing to high hydrostatic pressure in
the pore structure, stable structure formed by crosslinking
network and fluorescence enhancement by PC structure,
which gives an important insight into the design of novel and
advanced optical devices.
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