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ABSTRACT

In this research, a conjugated Pc-MIL-88B (Fe) nanoplatform was constructed via a condensation

process between modified zinc phthalocyanine and MIL-88B (Fe) for the removal of organic pollutants. The

as-prepared material was fully characterized by TEM, XPS, ICP, FTIR, UV-Vis, N, adsorption-desorption isotherm,
etc. The results indicate that Pc-MIL-88B (Fe) preserved the topological structure of MIL-88B (Fe), and the
micropores of framework could effectively prevent the aggregation of Pc in water. Meanwhile, the conjugated

Pc-MIL-88B (Fe) basically maintains the singlet oxygen quantum yield of Pc, and behaves a much higher

photocurrent intensity compared to NH,-MIL-88B (Fe). Additionally, the photosensitive activity and reusability of

Pc-MIL-88B (Fe) were evaluated by the degradation of methylene blue in aqueous solution under visible light

irradiation, and the degradation mechanism was also investigated in detail.
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1 INTRODUCTION

With the continuous development of industry, more and
more attention has been paid to the environmental problems
caused by industrial wastewater, seriously endangering

human health!® 2

. The photosensitive oxidation technology
that oxidizes the structure of pollutants into environmentally
friendly substances via photoinduced degradation should be
an effective treatment®™ %, As an important part of photosen-
sitive materials, photosensitive inorganic semiconductors
have been widely used in degrading pollutants due to their
safety and non-toxic advantages®™. However, inorganic
semiconductor material usually has wide band gap, and can
only absorb ultraviolet light but little visible light, which
limits its practical application®® 71,

As a typical organic semiconductor, metalphthalocyanine
with a planar conjugated structure of 18z electrons has wide
and outstanding visible light response, and the radical and

radical anions produced by visible light irradiation make it

exhibit photodynamic activity. However, the inevitable z-z
stacking causes metalphthalocyanine molecules to aggregate
in the solvents, which would lead to an unexpected decrease
of photosensitive activity!®%,

Fortunately, phthalocyanine molecules have the advantage
of being easy to modify, and can be functionalized by
introducing different substituents to their benzene ring!**™**,
which provides an effective method for reducing the
aggregation. Hence, the construction of suitable nanocarriers
that can conjugate with functionalized phthalocyanine to
improve its aggregation is highly desired.

Metal-organic frameworks (MOFs) as promising porous
materials are constructed by metal ions or metal ion clusters
and organic ligands. MOFs have large specific surface area,
high porosity and plentiful active sites, and can be
conveniently adjusted and functionalized according to the
desired properties, which play an important role in functional
areas, such as in catalysis, gas sensing, drug delivery, etc™ 1,
Thereinto, as an iron-containing MOF, MIL-88B (Fe) has
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attracted broad attention owing to its incorporation with
semiconductor character and Fenton process[m]. Meanwhile,
the good water stability and visible light absorption
characteristic caused by Fes-us-0x0 clusters endow it with
outstanding advantages distinguished from most other
MOFs!* 81 As a result, it will be worthwhile to develop
MIL-88B (Fe) as an effective photosensitizing material as
well as a nanoscale scaffold.

Establishing a stable connection between the photosen-
sitizer and the metal-organic framework will help ensure the
yield of singlet oxygen during the photosensitization process
and prevent the photosensitizer from leaking in advancel*® 2.
In this work, we present a facile approach for the synthesis of
Pc-MIL-88B (Fe) via covalent conjugation. The topological
structure of MIL-88B (Fe) could maximize its relatively
dispersed active sites, and its functionalization and further
conjugation will be beneficial to inhibit the aggregation and
thus keep the monomeric state of Pc in water. In addition, the
constructed nano-platform combines the advantages of
visible light response of Pc and MIL-88B(Fe), and the final
synergistic effect makes it exhibit high photosensitive activity
as expected.

2 EXPERIMENTAL

2.1 Chemicals

Methylparaben, 4-nitrophthalonitrile, anhydrous potassium
carbonate (K,COs), anhydrous zinc acetate (Zn(OAc),),
1,8-diazabicyclo (5.4.0) undec-7-ene (DBU), sodium hydro-
xide (NaOH), N,N-dimethylformamide (DMF), n-pentanlol,
methanol, tetrahydrofuran (THF), ethanol, pluronic F127
(EOg7POggEOy;, with an average Mn = 12600, Aldrich),
FeCl; 6H,0 (Aldrich, 97%), acetic acid (CH3COOH, 99.7%),
2-aminoterephthalic acid (NH,-BDC N-(3-dimethylamino-
propyl)-N’-ethylcarbodiimide hydrochloride (EDCI) and
1-hydroxy-benzotriazole monohydrate (HOBT H,0).
2.2 Synthesis of 4-[4-(methoxycarbonyl)

phenoxy]phthalonitrile

4-Nitrophthalonitrile (0.97 g) and methylparaben (0.87 g)
were added in 20 mL of anhydrous DMF. After stirring until
the mixture dissolved, anhydrous K,CO; (1.38 g) was added.
The above solution was stirred at room temperature for 12 h
under N, atmosphere. After reaction, the ice-water was
poured into the system and stirred thoroughly. The
suspension was first filtered through a Buchner funnel, and
the obtained residue was recrystallized by ethanol, then the

final white powder product 4-[4-(methoxycarbonyl)
phenoxy]phthalonitrile was gained via further filtration using
a Buchner funnel(®- %2,
2.3 Synthesis of zinc(11) 2,9(10),16(17),23(24)-tetra-
kis[4-(methoxycarbonyl)phenoxy]phthalocyanine
4-[4-(Methoxycarbonyl)phenoxy]phthalonitrile  (1.28 @)
was dissolved in 30 mL anhydrous n-pentanlol, and stirred in
an oil bath at 100 ‘C under N, atmosphere. After the
reaction solution was clarified, anhydrous zinc acetate (0.4 g)
and DBU (0.7 mL) were added, and then the temperature was
raised to 135 C for overnight reaction. The solvent was
removed in vacuum, and the collected residue was
ultrasonically washed via adding a certain amount of
methanol. The obtained suspension was filtered through a
Buchner funnel, and the final blue-green product was further
purified by silica gel column using CH,CI,/CH;OH (20:1) as
the eluent to obtain zinc(ll) 2,9(10),16(17),23(24)-tetrakis-
[4-(methoxycarbonyl)phenoxy]phthalocyanine!?® 24,
2.4 Synthesis of zinc(11) 2,9(10),16(17),23(24)-tetra-
kis(4-carboxylphenoxy)phthalocyanine

Zinc(I1) 2,9(10),16(17),23(24)-tetrakis[4-(methoxycar-
bonyl)phenoxy]phthalocyanine (0.50 g) was dissolved in
THF (15 mL), and 100 mL methanol was added. Then 20 mL
of pre-configured saturated NaOH solution was added, and
the temperature of the oil bath was raised to 50 ‘C for
overnight reaction. After the reaction was completed, the
solvent was removed in vacuum, and 200 mL of deionized
water was added, and the solution was filtered by dialysis
membrane. Then the obtained filtrate was put into a beaker
and 1 M hydrochloric acid was added, until no solid was
precipitated. The suspension was filtered by dialysis
membrane, and the final solid product was zinc(ll)
2,9(10),16(17),23(24)-tetrakis(4-carboxylphenoxy)phthalo-
cyanine (Pc)!?> %!, The HINMR and Mass spectra are shown
in Fig. S2 and S3.

2.5 Synthesis of NH,-MIL-88B (Fe)

NH,-MIL-88B (Fe) product was synthesized via a
hydrothermal method™®” 28, Typically, 0.160 g F127 was first
dissolved in 13 mL deionized water, and then 0.178 g
FeCl; 6H,0 in 2 mL deionized water was added and stirred
for 1 h. After 0.3 mL CH;COOH was injected to the above
mixture and stirred for another 1 h, 60 mg NH,-BDC was
added. The reaction mixture was stirred for 2 h, and then
transferred into a Teflon-lined stainless-steel autoclave and
heated at 110 C for 24 h. The product was obtained via
centrifugation and washed with anhydrous ethanol and DMF
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for several times.
2.6 Synthesis of Pc-MIL-88B (Fe)

Pc (30 mg) was dissolved in 10 mL DMF. EDCI (8.5 mg)
and HOBT (6.0 mg) were dissolved in another 1.0 mL DMF,
and the mixture was added to the previous solution. The final
mixture was stirred at 0 ‘C for 30 min. 0.5 mL of
triethylamine was added after the ice bath was removed, and
20 mg of NH,-MIL-88B (Fe) was added after the reaction
system was restored to room temperature. The reaction
mixture was stirred for overnight. After reaction, the product
was washed with DMF and ethanol for three times, and then
collected by centrifuge.

2.7 Characterization

The crystal phases of the products were detected by X-ray
diffractometer (Rigaku D/Max 2200 PC). The morphology
and microstructure were observed using high-resolution TEM
(Tecnai G2 F20, FEI). The FTIR measurements were
conducted on the VERTEX 70/70v FT-IR spectrometer.
Fluorescence spectra were obtained on the FLS920 fluore-
scence spectrometer. UV-Vis absorption spectra experiments
were performed by TU-1901 UV spectrometer. 'H NMR
spectra were recorded on BRUKER AVANCE Il 400 (*H,
400 MHz) in CDCl.

2.8 Detection of singlet oxygen by DPBF assay

DPBF (1,3-diphenylisobenzofuran) assay method was used
to measure the singlet oxygen production via the ultraviolet
absorption intensity at 415 nm peak®® ®!. The respective
DMSO solution of unsubstituted ZnPc, H,Pc, or Pc-MIL-88B
(Fe) was thoroughly mixed with DPBF and transferred into a
cuvette. Then the DMSO mixture solution was irradiated with
a 670 nm light laser, and the absorption of DPBF at 415 nm
was recorded every 1 min, ending up to 15 min.

2.9 Evaluation of the photosensitive activity

The photosensitive activity was tested via the degradation
of methylene blue (MB) under visible light irradiation
(4 > 420 nm). Briefly, MB solution (50 mL, 2 x 10° M) and
10 mg of respective Pc, Pc-MIL-88B (Fe) or NH,-MIL-88B
(Fe) were first ultra-sounded for 2 min, and then stirred in the
dark for 30 min to reach the adsorption-desorption dynamic
equilibrium. The suspension was irradiated under visible light,
and 3 mL of the reaction solution was collected at a certain
interval (every interval of 10 min within the initial 30 min,

while 30 min from 30 to 120 min) to obtain absorption value

of the solution measured by UV-vis spectrophotometer.
3 RESULTS AND DISCUSSION

Fig. 1e shows the XRD patterns of the as-prepared NH,-
MIL-88B (Fe), Pc-MIL-88B (Fe) and the simulated data of
NH,-MIL-88B (Fe)®Y. The diffraction peaks of NH,-MIL-
88B (Fe) match well with the simulated NH,-MIL-88B (Fe)
single crystal, exhibiting pure product was synthesized. The
characteristic diffraction peaks of Pc-MIL-88B (Fe) are also
in good agreement with NH,-MIL-88B (Fe), and no obvious
peaks from pure Pc crystal can be observed. The results may
indicate that the Pc molecules are relatively lower in content
and dispersed in the micropores of NH,-MIL-88B (Fe) rather
than aggregation®®. Moreover, the covalently bonded Pc
molecules have no significant effect on the crystal structure
of the as-synthesized Pc-MIL-88B (Fe). The colors of the
synthetic product dispersed in DMF were brown, blue and
green for NH,-MIL-88B (Fe), Pc and Pc-MIL-88B (Fe),
respectively (Fig. 1f). As all the products were re-dispersed
after three times by centrifugation, the supernatant of
Pc-MIL-88B (Fe) was basically colorless, which proves Pc
has been successfully bonded to NH,-MIL-88B (Fe).

The morphologies and micropores of NH,-MIL-88B (Fe)
and Pc-MIL-88B (Fe) were also investigated by SEM and
TEM. As illustrated in Fig. 1a and 1b, NH,-MIL-88B (Fe)
exhibits uniform spindle-shape with sizes of ca. 200 nm in
length and 40 nm in width. The spindle-shape morphology
and particle size of NH,-MIL-88B (Fe) have basically
retained after the covalent modification of Pc, and no obvious
aggregation of Pc can be observed in Fig. 1c and 1d. This
indicates that the morphology of NH,-MIL-88B (Fe) is
almost unaffected by introducing Pc molecules into the
structure, and the chemical bond between NH,-MIL-88B (Fe)
and Pc may be formed. The average hydrodynamic diameters
of NH,-MIL-88B (Fe) and Pc-MIL-88B (Fe) were 235.8 and
241.6 nm, according to the dynamic light scattering
measurement (DLS) results in Fig. S1 and Table S1. The
small size difference between NH,-MIL-88B (Fe) and
Pc-MIL-88B (Fe) further indicates that the bonded Pc does
not have a significant impact on the size of NH,-MIL-88B
(Fe).
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Fig. 1. SEM and TEM images of NH,-MIL-88B (Fe) (a, b) and Pc-MIL-88B (Fe) (c, d). The corresponding XRD patterns (e),
and the optical photographs of NH,-MIL-88B (Fe), Pc and Pc-MIL-88B (Fe) in DMF (f)
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Fig. 2. FTIR spectra of the as-prepared Pc, NH,-MIL-88B (Fe) and Pc-MIL-88B (Fe)

FT-IR and XPS spectra were further carried out to analyze symmetric and asymmetric stretching vibrations of N-H bond,
the chemical structures of as-prepared NH,-MIL-88B (Fe) indicating the successful synthesis of amine groupst® %% 34,
and Pc-MIL-88B (Fe). As shown in Fig. 2, the bands at 3325 After the modification of Pc, the two characteristic absorption
and 3472 cm™ in NH,-MIL-88B (Fe) can be attributed to the peaks ascribed to the carboxyl group of Pc and the amino
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group of NH,-MIL-88B (Fe) basically disappeared, and a
new small peak at 1658 cm™ resulting from the carbonyl
group appeared, revealing the existence of amination reaction
between Pc and NH,-MIL-88B (Fe)L5 381,

As seen in Fig. 3, the as-prepared NH,-MIL-88B (Fe) has
no absorption peak in the range of 500~750 nm, and Pc

behaved the characteristic absorption of phthalocyanine
monomer at 611 and 680 nm in DMF], For Pc-MIL-88B
(Fe), the two
phthalocyanine still exist, which demonstrated the successful
conjugation of Pc to NH,-MIL-88B (Fe).

characteristic  absorption peaks of
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Fig. 3. UV-Vis absorption spectra of Pc, NH,-MIL-88B (Fe) and Pc-MIL-88B (Fe) in DMF

Inductively coupled plasma mass spectrometer (ICP-MS)
was used to quantify the loaded Pc in Pc-MIL-88B (Fe). The
final specific amount of Pc was calculated via analyzing the
zinc content in Pc-MIL-88B (Fe)®”. According to the
analysis result in Table S2, the mass fraction of Pc in
Pc-MIL-88B (Fe) is approximately 3.2%.

Fig. S4 displays the nitrogen adsorption-desorption
isotherms and the corresponding pore size distribution curve
of the product. In Table S3, the specific surface areas of
NH,-MIL-88B (Fe) and Pc-MIL-88B (Fe) analyzed by the
BET method were 62.71 and 50.10 m%g, respectively. The
pore-size distribution of Pc-MIL-88B (Fe) calculated from
the desorption branch by BJH method indicates a narrow
distribution centered at ca. 1.70 nm. This demonstrates that
after the amidation of Pc with NH,-MIL-88B (Fe), the
Pc-MIL-88B (Fe) still maintains a relative high specific
surface area, and the covalent conjugation of Pc has little
effect on the pore characteristics of the original MOF
material. It will be beneficial to maintain the monomer state
of Pc by using the microporous structure of NH,-MIL-88B
(Fe) in aqueous solution, and the photosensitive activity
should be further improved as a result of the depolymerized
Pc.

XPS analyses were used to determine the chemical
environment and the specific elements in NH,-MIL-88B (Fe)
and Pc-MIL-88B (Fe). The survey scanning spectra in Fig. 4a

reveal the presence of C, N, O, Fe and Zn in Pc-MIL-88B
(Fe)B8. In Fig. 4f, the Zn 2p peaks at 1021.7 and 1044.8 eV
of Pc-MIL-88B (Fe) indicated that Pc has been successfully
bonded to NH,-MIL-88B (Fe)*®. The two major peaks at
711.9 and 725.7 eV with the satellite peak at 717.8 eV of
NH,-MIL-88B (Fe) can be ascribed to binding energies of Fe
2pa Fe 2py, and the characteristic peak of Fe®* (Fig. 4e),
respectively. For Pc-MIL-88B (Fe),
produced a slight negative displacement and shifted to 717.6

the partial peaks
and 725.5 eV, which should be caused by the enhancement of
electron density on Fe** and can further confirm the close
contact between Pc and NH,-MIL-88B (Fe).

The ability to generate reactive oxygen species can reflect
the photosensitive activity of the material. The singlet oxygen
quantum vyield of the product is mainly affected by the
following factors, the aggregation state of the photosensitizer,
the quantum yield, energy level and lifetime of T1 (excited
triplet state of photosensitizer), etc*®*. To evaluate the pho-
tosensitizing efficiency of the as-prepared Pc-MIL-88B (Fe),
the photoinduced production of 'O, was tested via the
bleaching of 1,3-diphenylisobenzofuran (DPBF), which was
used as an *0, quencher® . As shown in Fig. 5, the
singlet oxygen quantum vyield &, of standard unsubstituted
ZnPc is 0.56%% while that of the as-prepared Pc and
Pc-MIL-88B (Fe) is 0.558 and 0.574, respectively. The result

indicates that the singlet oxygen quantum yield of Pc can be
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maintained after being covalently connected with NH,-MIL-

88B (Fe), showing the good ability of producing 'O, of
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Fig. 4. XPS spectra of Pc-MIL-88B (Fe) (a) Wide spectra, (b) C 1s, (c) N 1s, (d) O 1s, (e) Fe 2p, (f) Zn 2p
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Fig. 5. Singlet oxygen generation test for the synthesized Pc and Pc-MIL-88B (Fe)
with using unsubstituted ZnPc as the reference in DMF
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Fig. 6a shows the transient photocurrent response curves
generated by NH,-MIL-88B (Fe) and Pc-MIL-88B (Fe) under
intermittent exposure to visible light. As can be seen, when
the material is exposed to intermittent illumination of light,
the corresponding photocurrent response value rose rapidly
for both NH,-MIL-88B (Fe) and Pc-MIL-88B (Fe). But in
comparison, it is obvious that the photocurrent intensity of
Pc-MIL-88B (Fe) is much higher than that of NH,-MIL-88B
(Fe) (ca. 10 times). The result means Pc-MIL-88B (Fe) has
higher sensitivity and utilization of visible light, which
should be attributed the synergistic effect between Pc that
produces reactive oxygen species and the Fenton activity of
NH,-MIL-88B (Fe). Hence, more photo carriers and efficient
charge transfer would be generated, and ultimately improves

— NHZ-MIL-88B (Fe)
— Pc-MIL-88B (Fe)

Photocurrent (sAlcm™2)

T T T T T
0 50 100 150 200 250 300
Time (sec)

@

the photosensitive properties of Pc-MIL-88B (Fe)*® 441,

The cyclic voltammetry curves of NH,-MIL-88B (Fe) and
Pc-MIL-88B (Fe) are shown in Fig. 6b. It is found that
Pc-MIL-88B (Fe) exhibits higher peak currents than
NH,-MIL-88B (Fe), which proved the higher REDOX
capacity of Pc-MIL-88B (Fe). Compared with NH,-MIL-88B
(Fe), a new pair of REDOX peaks was observed in
Pc-MIL-88B (Fe), which was the reduction peak at —-0.1 V
and the widened oxidation peak atca. 0.4 V. The broa-
dening peak may be related to the superposition of the
oxidation peak after modification of Pc. The higher REDOX
capacity and new electro-catalysis reaction in Pc-MIL-88B
(Fe) would be beneficial to improve its photosensitive
activity*!,

0.15
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Fig. 6. Transient photocurrent response (a) and cyclic voltammetry curves (b) of NH,-MIL-88B (Fe) and Pc-MIL-88B (Fe)

The photosensitive efficiency of Pc-MIL-88B (Fe) was
evaluated by the degradation of MB solution under visible
light, while using NH,-MIL-88B (Fe) or Pc for comparison!“© 47,
When only Pc was added, MB basically maintained the initial
concentration without degradation. This result shows that the
addition of Pc does not have obvious photosensitive
degradation activity for MB, which could be attributed to the
aggregation of Pc in water. When only NH,-MIL-88B (Fe)
was added, the removal effect of MB can only be achieved to

—=—Blank
——Fc
——NH-MIL-88B (Fe)
—+—Pc-MIL-88B (Fe)

T T T T T T
0 20 40 60 80 100 120
Irradiation Time (min)

@

40.2% after 120 min. Compared with single NH,-MIL-88B
(Fe) or Pc, the degradation efficiency of Pc-MIL-88B (Fe)
reached 91% (Fig. 7a). The significantly higher removal ratio
of Pc-MIL-88B (Fe) should be attributed to the
disaggregation of Pc conjugated with NH,-MIL-88B (Fe) in
micropores, which improves its exposure to oxygen and
meanwhile enhances the synergistic effect of the two
components.

254 = Blank

* Pc

4 Pc-MIL-88B (Fe)
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Fig. 7. Photosensitive curves (a) and the corresponding pseudo-first-order kinetics curves
(b) of MB degradation under visible light irradiation
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As shown in Fig. 7b, the chart of the natural logarithm of
CJ/Cy of MB versus irradiation time with adding different
materials performs their respective linear fit. The calculated
slope was described as the reaction rate constant (k) in the
quasi-first-order mode. The slope of Pc-MIL-88B (Fe) with a
k value of 0.0203 min* was obviously higher than that of the

indicating its prominent photosensitive
[25]

other materials,
degradation effect on MB solution
The reusability is an important parameter for the photo-

sensitized materials™®®. As a result, a cyclic degradation
experiment of MB was performed to investigate the reusa-
bility of the as-prepared Pc-MIL-88B (Fe). As shown in
Fig.8, the photosensitive efficiency of Pc-MIL-88B (Fe) can
still be maintained above 85% after 3rd cycle for degradation
of MB, which indicates that the prepared material has good
stability and can be reused to avoid secondary damage to the
environment.

1.0+

0.8 +

0.6

C{/Co

0.4 5

0.2 1
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T T T
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Fig. 8. Recycle experiments of MB degradation by Pc-MIL-88B (Fe) during three cycles

In order to explore the degradation mechanism of
Pc-MIL-88B (Fe) under visible light, the experiment was
conducted by adding different scavengers®“®°%. According to
the active species that may be generated during degradation,
EDTA-2Na, BQ and IPA were used to capture electron-hole
(h™), superoxide anion (O,), and hydroxyl free Radical
(-OH)B 52 respectively. In Fig. 9, the degradation efficiency
was decreased to varying degrees after adding scavengers.

Thereinto, when EDTA-2Na was added, the degradation
efficiency of MB was reduced from 91% to 42%, which
indicates that the photo-generated holes should be the main
active species involved in the photosensitive process. The
previous experiments have confirmed the high singlet oxygen
quantum vyield of the as-prepared Pc-MIL-88B (Fe), so the
prominent degradation activity should be ascribed to both

photosensitive mechanisms I and 1%,

0.0 T T T

—=&— Pc-MIL-38B (Fe)
—e—EDTA-2Na
—¥—IPA

60

80 100 120

Irradiation Time (min)

Fig. 9. Photosensitive efficiency of MB on Pc-MIL-88B (Fe) with different scavengers
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4 CONCLUSION

In summary, Pc-MIL-88B (Fe) was synthesized by the
covalent connection of the hydrophobic photosensitizer Pc
and the metal organic framework NH,-MIL-88B (Fe). The
well-defined porous structure of MIL-88B (Fe) substantially
improves the aggregation of Pc in water, which has a decisive
influence on the final photosensitivity of the product. The

as-prepared Pc-MIL-88B (Fe) nanoplatform presents good
stability, high transient photocurrent response, and satisfied
singlet oxygen quantum vyield. The excellent visible-light
photosensitive efficiency of Pc-MIL-88B (Fe) for MB
indicated the synergistic effect of Pc and MIL-88B (Fe),
which makes it great prospects for application in environ-
mental treatment field.
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