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Whitish-blue light emitting fluorescent ZIF-8 structures were
synthesized by means of bis-carboxylate functional calix[4]pyrrole
(BCCP) modification. The calix[4]pyrrole concentration was also
manipulated to tune the sizes of the ZIF-8 structures. Moreover,
the BCCP-modified ZIF-8 samples exhibited enhanced organic
micropollutant removal capacity from aqueous solutions.

Due to their tunable porous structures and high surface areas,
zeolitic imidazolate framework-8 (ZIF-8) structures are well-
known versatile metal-organic frameworks that are considered
excellent candidates for various applications including organic
micropollutant removal and gas adsorption studies.'™ Despite
possessing unique properties, the absence of inherent fluores-
cence makes ZIF-8 structures impractical for technologies that
rely on light emission, such as optical sensing, imaging, and
optoelectronic devices.>” In recent years, numerous studies have
been conducted to impart fluorescence properties via modifica-
tion of ZIF-8 structures with fluorescent molecules or photonic
nanocrystals, organic dyes, and quantum dots.> ™
Calix[4]pyrroles are versatile macrocyclic compounds consist-
ing of four pyrrole units connected to each other via substituted
methylene bridges.'” The specific ability of calix[4]pyrroles to
bind anions through hydrogen bonding consolidated their place
in various applications including molecular recognition,'®
sensing,'* and supramolecular chemistry.’> Among their numer-
ous derivatives, carboxylic acid-functionalized calix[4]pyrroles
have primarily been preferred as starting materials for further
derivatization of these macrocycles.'®'” Calix{4]pyrroles were also
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demonstrated in designing crystalline, porous organic materials.'®
However, they are yet to be considered as modifiers for well-known
MOF structures, such as ZIF-8. This is mainly because their macro-
size and rigid structure could putatively deform the MOF structure,
which may lead to formation of defects in the crystal and the porous
structure of the desired MOFs."**°

In this study, non-modified and modified ZIF-8 structures
were synthesized by adapting a traditional method frequently
used in the literature.'™ For the modification, a fluorescent
calix[4]pyrrole compound tethered with two carboxylate units
(BCCP), in the form of its tetrabutylammonium (TBA) salt,*!
was used (Scheme 1). Briefly, BCCP was added directly to a DMF
solution containing 2-methylimidazole (mIM) during the synth-
esis of ZIF-8 samples at room temperature with a BCCP:mIM
ratio of 1:80 at the most. To understand the effect of BCCP on
the structure of ZIF-8, 0.1 and 0.01 mmol BCCP were used and

o
° o * N//LNH o
\—/
° miM
BCCP lDMF
(trans)

ZIF-8 BCCP (1)

ZIF-8 BCCP (1l

0.01 mmol
increasing BCCP amount

decreasing size of ZIF-8 Structures

Scheme 1 Schematic illustration showing the synthesis of BCCP-
modified ZIF-8 structures.
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the resulting ZIF-8 samples were labelled as ZIF-8 BCCP(I) and
ZIF-8 BCCP(II), respectively. After that, several characterizations
were performed for both BCCP-modified and non-modified
ZIF-8 samples (see ESIt for details of preparations, and for
"H- and "*C-NMR spectra of BCCP).

The XRD pattern of the non-modified ZIF-8 matches that of
cubic ZIF-8 (JCPDS 00-062-1030)** (Fig. 1, the XRD peaks and
their attributed planes are defined in the ESIt). As BCCP
integrated into the ZIF-8 structure, there were significant
changes in peak widths and intensity ratios in the XRD spec-
trum (Fig. 1). When non-modified ZIF-8 is considered, the most
intense peak was observed at 7.34°, corresponding to the (110)
plane. The traditional ZIF-8 structures exhibit a dominant
geometry of the (110) plane, which is a consequence of their
thermodynamically stable crystal structure and the repetition of
the unit cells along the (110) axis (Fig. 1).>*** However, the most
intense peaks in the XRD spectra of the BCCP-modified ZIF-8
samples were observed at 12.75° corresponding to the (211)
plane (Fig. 1). These results allowed us to suggest that the BCCP
integrated into the ZIF-8 structure and hindered the repetition
of the unit cells on the (110) plane. As a result, the ZIF-8 crystals
were unable to grow on the (110) plane, leading to a reduction in
the size and the presence of Zn-mIM linkages on the crystal
surface, which are naturally present in the (211) plane.** In
addition, it should be noted that BCCP exhibits a unique crystal-
like structure on its own above a certain concentration (0.1 M),
as reported in the literature.” On the other hand, the maximum
concentration of BCCP used in this study was 0.01 M, hindering
formation of crystalline BCCP. Furthermore, the XRD spectrum
of ZIF-8 exhibited broadening in all peaks after its modification
with BCCP. The full width at half maximum (FWHM) of the
peak at 7.34° increased from 0.10 degrees to 0.21 degrees in the
case of ZIF-8 BCCP(II) and to 0.42 degrees in the case of ZIF-8
BCCP(I). In the context of nanocrystals, broadening of the XRD
peaks often signifies a reduction in their size. Therefore, these
findings suggest that the crystal size becomes smaller when ZIF-
8 is subjected to BCCP modification, and it is evident that the
amount of BCCP has a significant impact on the size of
modified ZIF-8 structures.
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Fig. 1 XRD spectra of non-modified ZIF-8 and BCCP-modified ZIF-8.
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A scanning electron microscopy (SEM) image of the non-
modified ZIF-8 nanocrystals is given in Fig. 2a and exhibits an
average size of around 270 nm and maintains a cubic structure.
When the ZIF-8 structures were subjected to BCCP modification,
their morphology remained unchanged (Fig. 2b-d); however, a
substantial reduction in their sizes became apparent. While the
average size of ZIF-8 BCCP(II) was found to be 140 nm, it
decreased to 65 nm in the case of ZIF-8 BCCP(I), where the
molar ratio of BCCP was the highest (for TEM image of ZIF-8
BCCP(I), see Fig. S1, ESIt). These findings are in accordance with
the data obtained from XRD and emphasize the ability to control
the size of ZIF-8 by regulating the concentration of BCCP.
Furthermore, the BET analysis pointed out that the surface
characteristics of ZIF-8 entirely changed as BCCP was integrated
into ZIF-8. While the surface area of modified ZIF-8 slightly
decreased after BCCP modification, the pore size and pore
volume significantly decreased in BCCP-modified ZIF-8, pointing
out that the decrease in crystalline size caused a decrease in the
pore size corresponding to a significant increase in cumulative
surface area of pores and entirely different adsorption/
desorption characteristics (see ESIt and Fig. S2 for BET results).
The non-modified ZIF-8 exhibited typical type I isotherms, which
was characteristic of adsorption in microporous materials and
frequently observed in ZIF-8 materials."™* However, BCCP-
modified ZIF-8 structures pronounce a type IV adsorption iso-
therm, which is characteristic of mesoporous materials, as a
consequence of reduction in pore size.

FTIR spectra of BCCP-modified ZIF-8, and non-modified ZIF-8
are shown in Fig. S3 (ESIt) and reveal that the TBA counter-
cations of BCCP are not present in the BCCP-modified ZIF-8
structures when the above spectra are compared with that of
BCCP (Fig. S3, ESIt). A significant decrease in the intensity of
aliphatic C-H bands around 2900 cm ™' and the broad band
around 3400 cm ™" (Fig. S3, ESI) supports the above conclusion.
The Raman spectra of non-modified- and modified-ZIF-8 struc-
tures are depicted in Fig. S3 (ESIt). While the spectrum of
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Fig. 2 SEM images of (a) non-modified ZIF-8, (b) ZIF-8 BCCP(ll), (c) ZIF-8
BCCP(l) and (d) ZIF-8 BCCP(I) with higher resolution.
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Fig. 3 (a) Absorption spectra of non-modified ZIF-8 and BCCP-modified
ZIF-8. Fluorescence spectra of BCCP and BCCP-modified ZIF-8 samples
at different excitation wavelengths: (b) 300, (c) 350, and (d) 400 nm. Inset:
illumination of BCCP and BCCP-modified ZIF-8 under UV-light (366 nm).
All emission spectra were normalized to 1 at the most intense peak point.

non-modified ZIF-8 matched exactly with the data reported in the
literature,” the spectra of BCCP-modified ZIF-8 were almost
identical with the spectrum of non-modified ZIF-8. However,
the emergence of a new peak around 1560 ecm™" was attributed
to the pyrrole rings of BCCP (Fig. S3, ESIt) and considered as
further proof of the BCCP-ZIF-8 hybrid structure.*®

The absorption spectra of BCCP and BCCP-modified ZIF-8
structures are given in Fig. 3 and exhibit significant differences.
The absorption spectrum of BCCP showed two maxima with
almost equal intensity at 295 and 417 nm (Fig. 3a). Typically,
absorption peaks in the 295 nm range could be associated with
n-1* transitions in C—=C double bonds belonging to pyrrole rings
and the peak at 417 nm could be attributed to the organized
crystal-like structure of BCCP.>' The ratio of the absorbance at
417 nm to the absorbance at 295 nm was found to be reduced after
the modification of ZIF-8 with BCCP. This was considered as
further evidence of BCCP participation in the modified ZIF-8
structures and the disappearance of the organized BCCP assembly.
The evidence of the participation was also confirmed from the
absorption peaks at longer wavelengths exhibiting a slight red-shift
with an increase in the concentration of BCCP.

The non-modified ZIF-8 structures do not display any fluores-
cence properties and are insoluble in DMF, which are character-
istics of ZIF-8."”* In contrast, BCCP-modified ZIF-8 structures
were slightly soluble in DMF and had fairly bright whitish blue
emission upon excitation with a 366 nm laser (inset of Fig. 3d).
The origin of the fluorescence emission in modified ZIF-8 was the
BCCP molecule and it had an excitation-dependent emission
feature (Fig. 3b—d). It possessed dual emission properties with an
intense peak at 366 nm and a shoulder peak at around 400 nm
upon excitation with 300 nm. It also had a broad single
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fluorescence peak at 400 nm with an FWHM of 75 nm upon
excitation with 350 nm. Upon excitation with 400 nm, a broad
single fluorescence peak at 485 nm with an FWHM of 105 nm
was also observable. The quantum yield (QY) of BCCP was
calculated to be 1.2%. The non-modified ZIF-8 became fluores-
cent with different photophysical properties as BCCP integrated
into the ZIF-8 structure (¢f. Fig. 3b and c). The emission spectrum
of BCCP-modified ZIF-8 enounced an increased quantum yield
(around 7.3%) and significant differences at 300, 350 and 400 nm
excitations compared to those of BCCP. When the BCCP-
modified ZIF-8 was excited at 300 nm, the emission peak of
BCCP-modified ZIF-8 becomes broader and the intensity of the
shoulder peak at 400 nm increases. Almost similar behaviour was
also observed when BCCP-modified ZIF-8 was excited at 350 nm.
In the case of excitation at 400 nm, BCCP-modified ZIF-8
pronounced more noticeable differences, such as emergence of
a new peak at 420 nm and a decrease in the relative intensity of
the peak at 485 nm depending on the decreasing concentration
of BCCP in ZIF-8. Consequently, the emission colour became
closer to white light due to the broadening of the existing and the
appearance of new emission peaks (Fig. 3). In addition, the
characteristics of the photoluminescence excitation (PLE) spec-
trum show significant differences upon integration of BCCP into
the ZIF-8 structure which are discussed in the ESIt (Fig. S4).

BCCP possesses two carboxylate groups and is soluble in
water (Fig. S5, ESIf). In contrast, BCCP-modified ZIF-8 struc-
tures were found to be insoluble in water, while they were
slightly soluble in DMF (Fig. S5, ESIt). Given the solubility of
BCCP-modified ZIF-8 in DMF, these materials hold promise for
investigations focusing on the emission properties of ZIF-8.
Conversely, the insolubility of BCCP-modified ZIF-8 in water
could make it potentially valuable for organic micropollutant
removal studies because previous research demonstrated that
ZIF-8 could remove a cationic organic micropollutant, rhoda-
mine B, with a high removal efficiency from the aqueous environ-
ment because of the affinity of imidazole groups to rhodamine
B.>”? In our study, the organic micropollutant removal properties
of both modified and non-modified ZIF-8 were evaluated with
three distinct cationic organic micropollutants (Fig. 4): rhodamine
B (RB), methylene blue (MB), and methyl violet 2B (MV).

As anticipated, non-modified ZIF-8 removed a certain per-
centage of RB (70%). However, after BCCP modification, the
removal efficiency of ZIF-8 for RB noticeably decreased. While
the removal efficiency of ZIF-8 BCCP(I) was 25%, it was found to
be 11% in the case of ZIF-8 BCCP(II). These results indicate that
the presence of BCCP in the ZIF-8 structure significantly altered
the interaction between ZIF-8 and RB. Conversely, a completely
different scenario was observed with MB and MV. While the
non-modified ZIF-8 did not remove any MV and removed 33%
of MB, modified ZIF-8 exhibited a substantially higher removal
efficiency for both organic micropollutants. As the BCCP con-
tent in ZIF-8 increased, so did the removal capacity. For BCCP
ZIF-8(I1), the removal efficiencies were 80% for MB and 37% for
MV. In the case of BCCP ZIF-8(I), where the BCCP concentration
was higher, the removal efficiencies were 96% for MB and
60% for MV (see ESIT for calculation of removal efficiencies).

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Absorption spectra of organic micropollutants: (a) methylene blue, (b) methyl violet 2B, and (c) rhodamine B before and after treatment with ZIF-8
structures. The insets show the aqueous solutions of dyes before (top layers) and after shaking (bottom layers) with ZIF-8 structures for 2 hours: (left)

methylene blue, (middle) methyl violet 2B, and (right) rnodamine B.

These results highlighted that BCCP modification entirely
transformed the characteristics of ZIF-8 with respect to the
high affinity of calix[4]pyrrole to MB and MV,> allowing the
adjustment and customization of ZIF-8’s organic micropollu-
tant removal properties to suit various pollution scenarios in
different environments.

In conclusion, fluorescent BCCP-modified ZIF-8 structures
were successfully synthesized by modifying the traditional ZIF-
8 synthesis process. These novel ZIF-8 structures emit a vibrant
whitish-blue colour when exposed to UV light. Their sizes
ranged from 65 to 270 nm and could be controlled by adjusting
the BCCP concentration in the synthesis medium. The ZIF-8
and modified ZIF-8 had the capacity to remove organic micro-
pollutants from aqueous environments, which could be
manipulated by BCCP modification.
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