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A  series  of well-defined  star-shaped  poly(N-isopropylacrylamide)  (ZnTHPP-PAM)  with  zinc-porphyrin
as  the  core  was  synthesized  by atom  transfer  radical  polymerization  (ATRP).  Zinc(II)meso-tetra(p-
bromopropionylphenyl)porphyrin  (ZnTHPP-Br)  was  employed  as  the  initiator,  and  CuBr/tris(2-
dimeoeth-yl)amine(Me6TREN)  was  selected  as  the catalyst  system.  The  structures  of  the  target  polymers
were  characterized  by  FT-IR  and 1H  NMR.  The  polydispersity  index  (PDI)  was  obtained  by  gel perme-
ation  chromatography  (GPC),  indicating  that the  molecular  weight  distribution  was  narrow  and  the
polymerization  was  well  controlled.  The  lower  critical  solution  temperatures  (LCST)  for  the  aqueous
solutions  of ZnTHPP-PAM  were  generated  by using  turbidimetry  method.  The  result  exhibited  lower
tom transfer radical polymerization
hotocatalyst

value  as  compared  to that  of  NIPAM  homopolymer,  which  was  arose  from  the  incorporation  of  the
hydrophobic  porphyrin  core. The  photocatalytic  activity  of  ZnTHPP-PAM  was  verified  by the  degrada-
tion  of  Methylene  Blue  in the  presence  of  hydrogen  peroxide  under  visible  light.  It was  worth  noting
that  the  catalytic  efficiency  was higher  at the LCST  of  the  polymer,  which  benefited  to  the  reuse of  the
photocatalyst.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Porphyrins are planar aromatic macrocycles consisting of four
yrrolic subunits linked by four methine bridges, which presents

 delocalized 18�-electron aromatic cloud. And until now, por-
hyrins have been investigated extensively and used in a series
f fields, including photosynthesis, photosensitization, oxidation,
nd electron transfer [1,2].

In the field of photocatalytic degradation, porphyrins and their
erivatives are particularly promising due to their high electron
ransfer abilities and redox properties as well as the thermal and
hemical stability [3]. And furthermore, porphyrins and metallo-
orphyrins can efficiently harvest sunlight and have high molar

bsorption coefficients in the visible region, high quantum yields
f photo-excited triplet states. So, several free base porphyrins or
etalloporphyrins have been reported to be powerful sensitizers

∗ Corresponding author. Tel.: +86 431 85583105; fax: +86 431 85583105.
E-mail address: duanqian88@hotmail.com (Q. Duan).

ttp://dx.doi.org/10.1016/j.jphotochem.2014.03.012
010-6030/© 2014 Elsevier B.V. All rights reserved.
for the photooxidation of phenols and naphthols in organic sol-
vent system [4–11]. Unfortunately, these porphyrins are insoluble
in aqueous solution and difficult to use as sensitizers to remove
pollutants from wastewater.

In recent years, it is a topic of growing interest to photodegrade
phenolic compounds using water-soluble porphyrin derivatives.
The water-soluble porphyrin could show favorable catalytic effi-
ciency because of all the catalytic activity can be effectively used.
Some water soluble sulfophenyl porphyrin derivatives, such as
iron complex of porphyrin have successfully used in the pho-
todegradation of pollutants from wastewater [12,13]. However, its
applications are restricted by the complexity and difficulty in sepa-
ration recycling process from the reaction system after the catalytic
degradation. It is easy to cause secondary pollution, if do not be
handled properly. Thus, it is of great significance to develop a photo-
catalyst with efficient performance in the wastewater degradation

system using water as medium, and could be recycled effectively
in order to prevent secondary pollution.

Poly(N-isopropylacrylamide) (PNIPAM) has been the most fre-
quently studied thermo sensitive polymer due to its lower critical

dx.doi.org/10.1016/j.jphotochem.2014.03.012
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jphotochem.2014.03.012&domain=pdf
mailto:duanqian88@hotmail.com
dx.doi.org/10.1016/j.jphotochem.2014.03.012


d Pho

s
p
t
p
c
s
s
n
r
p
s
f
C
s
s
t
t
N
i
p
t
f
fi

p
A
d
a
t
r
r
d
d

2

2

f
b
w
T
a
c
r

2

s
a
o
(
s
o
(
(
s
t
r
t
l
m
(
s

N. Qiu et al. / Journal of Photochemistry an

olution temperature (LCST) of 32 ◦C, which is close to the tem-
erature of the human body [14–19]. Investigations on the phase
ransition of PNIPAM have revealed that its macromolecules
rocessed dehydration and collapse from a hydrated, extended
oil to a hydrophobic globule [20]. Functional PNIPAMs have been
ynthesized and employed in many fields, such as drug delivery
ystems, separation and purification, nanotechnology and bioengi-
eering [21–26]. On the other hand, recently controlled/“living”
adical polymerization (CRP) has been widely developed, which
rovides an efficient way of synthesizing polymers with designed
tructure and narrow molecular weight distribution. Atom trans-
er radical polymerization (ATRP), one of the most investigated
RP, could provide polymers with well-defined structure by using
uitable initiators [27–32]. In the past few years, our group has
ynthesized several end-functionalized PNIPAMs via ATRP and the
hermo-responsive properties were also studied [33–35]. However,
o the best of our knowledge, there were few reports on the ATRP of
-isopropylacrylamide (NIPAM) with porphyrin derivatives as the

nitiator. In the present study, we attempt to immobilize the por-
hyrin onto the PNIPAM via ATRP, anticipate the improvements of
he water-solubility and thermo responsive property of porphyrin
or further applications in catalyst recycling by simple heating and
ltration.

Herein, the “core-first” star polymer ZnTHPP-PAM with por-
hyrin as the core and PNIPAM as the arms was synthesized via
TRP. The photocatalytic activity was investigated on the oxidative
egradation of Methylene Blue under the visible light irradiation
nd the recycling experiments were conducted. The results showed
hat the polymer with low polydispersity possessed both thermo-
esponsive property and photocatalytic activity which could be
ecycled conveniently after the catalytic process. The polymer was
emonstrated to be a robust functional catalyst for the photodegra-
ation of dyes.

. Experimental

.1. Materials

N-isopropylacrylamide (99%, Aldrich) was recrystallized twice
rom benzene/hexane (10:1, v/v) prior to use. 2-bromopropionyl
romide (99%, Acros), Copper(I) bromide (CuBr, 99%, Aldrich)
ere available commercially and used without further purification.

ris(2-(dimethylamino)ethyl)amine (Me6TREN) was  synthesized
ccording to the literature [36]. All other chemicals were pur-
hased from Sinopharm Chemical Reagent Co. and were used as
eceived.

.2. Characterization

1H NMR  spectra were carried out on a Bruker Avance 400 MHz
pectrometer at ambient temperature, using CDCl3 or DMSO-d6
s solvent, TMS  for 1H calibration. Element analysis was  obtained
n a Carlo Erba-MOD1106 instrument. Fourier transform infrared
FT-IR) spectra were recorded on a FTIR 8400S (Shimadzu)
pectrometer. The spectra were collected at 40 scans with a res-
lution of 4 cm−1. Molecular weights (Mn,GPC) and polydispersity
Mw/Mn) were measured on a gel permeation chromatograph
GPC) using a Waters e2695 separations module, two waters
tyragel columns (HR4 and HT3, 300 mm × 7.8 mm,  5 �m par-
icles; exclusion limits: 5000–30,000 and 500–30,000 g mol−1,
espectively) and a Waters 2414 refractive index dector main-

ained at 35 ◦C, the polymer molar masses were determined using
inear polystyrene as calibration standards, THF was used as a

obile phase at a flow rate of 1.0 mL/min. Ultraviolet–visible
UV–vis) spectra were measured on a UV mini 1240 (Shimadzu)
pectrophotometer.
tobiology A: Chemistry 283 (2014) 38–44 39

2.3. Synthesis of
5,10,15,20-tetra(4-(2-bromopropoxy)phenyl)-21H,23H-zinc
porphyrin (ZnTHPP-Br)

The synthesis of 5,10,15,20-tetra(4-hydroxyphenyl)-21H,23H-
porphine(THPP) and 5,10,15,20-tetra(p-hydroxyphenyl)-21H,
23H-zincporphyrin(Zn-THPP) was depicted in Scheme S1 and
Scheme S2.

ZnTHPP-Br was synthesized as follows (Scheme 1): ZnTHPP
(300 mg,  4.05 × 10−4 mol), triethylamine (2 × 10−3 mol, 1.13 mL)
and a mixed solution of ethyl ether and dichloromethane
(100 mL,  1:1 v/v) were mixed under nitrogen in an ice
bath. 2-Bromopropionyl bromide (2 × 10−3 mol, 0.83 mL) in
dichloromethane (10 mL)  was added dropwise over 15 min.
The mixture was  allowed to warm to room temperature and
then stirred for 24 h. The reaction mixture was then washed
with deionized water three times, and the organic layer was
reduced to a minimum under vacuum. The resulting solution
was purified by silica flash chromatography [SiO2, petroleum
dichloromethane/methanol (200:1 v/v) as the eluent]. After the
removal of solvent, the porphyrin was  isolated as a purple powder.

FT-IR (KBr, cm−1): 2851–2964 cm−1 (� CH2, CH3 ), 1762 cm−1

(�C O), 729 cm−1, 810 cm−1, 990 cm−1 are the skeletal vibration
of pyrrole [Fig. S3(A)]. 1H NMR  (�, DMSO-d6, ppm): 8.82 (s,
8H, pyrrole H), 8.25 (d, 8H, Ar OH), 7.62 (d, 8H, Ar H), 5.2
(q, 4H, CH ), 1.87 (d, 12H, CH3) [Fig. S4(A)]. Anal. Calcd for
C58H46Br4N4O8Zn: C, 53.10; H, 3.53; N, 4.27. Found: C, 53.05; H,
3.59; N, 4.28.

2.4. Synthesis of star-shaped poly(N-isopropylacrylamide) with
ZnTHPP-Br as the core (ZnTHPP-PAM)

A general procedure employed for the preparation of ZnTHPP-
PAM was  as follows (Scheme 1): after deoxygenated by bubbling
with nitrogen, NIPAM (224 mg,  2.00 mmol), CuBr (15.84 mg,
0.08 mmol), and Me6TREN (19.2 �L, 0.08 mmol) were dissolved
in 2 mL  of DMF/water (2:1, v/v), followed by degassing via three
freeze-pump-thaw cycles. Deoxygenated solution of ZnTHPP-Br
(12.8 mg,  0.01 mmol) in DMF  (0.5 mL)  was  then added into the
reaction flask for further polymerization. The reaction was carried
out for 12 h at 60 ◦C under a nitrogen atmosphere. Polymeriza-
tion was  terminated by exposing to air. Then the reaction mixture
was diluted with THF and passed through an alumina column. The
resulting polymer was purified by dialysis using a cellophane tube
(MWCO, 2000) in DMF. After removing the solvents, the residue
was dried in vacuo for 24 h to give the pure ZnTHPP-PAM.

FT-IR (KBr, cm−1): 3315 cm−1 (�N H), 2876–2972 cm−1

(� CH2, CH3 ), 1650 cm−1 (�C O), 1540 cm−1(ıN H) [Fig. 3S(B)].
1H NMR  (�, DMSO-d6, ppm): 8.92(s, 8H, pyrrole H), 8.34(d, 8H,
Ar OH), 7.82(d, 8H, Ar H), 6.40 (51H, p NH), 4.00 (51H, P CH ),
2.24 (51H, P CH′ ),1.56(102H, P CH2 ), 1.23(300H, P CH3) [Fig.
S4(B)].

2.5. Cloud points measurement

Cloud points (CP) of the aqueous solution of ZnTHPP-PAM
were measured by UV–vis spectroscopy. The sample dissolved
in water (2 mg/mL) was poured into a thermally controlled cell
(1 cm × 1 cm). Transmittance of the aqueous solution at 500 nm was
monitored with heating rate of 0.5 ◦C/min.

2.6. Photocatalytic degradation test
Catalytic oxidation of Methylene Blue was  carried out in the
aqueous solution at room temperature using hydrogen peroxide
(H2O2) as the oxidant under the visible light irradiation [a 500 W
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is route of ZnTHPP-PAM.
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Table 1
�max of the B-band and Q-Bands above for THPP, Zn-THPP, ZnTHPP-Br and ZnTHPP-
PAM (CH2Cl2, 0.4 mol/L).

�max

B-band Q-band

THPP 415 518 556 596 652
Zn-THPP 415 549 589
ZnTHPP-Br 415 549 589

F
c

Scheme 1. Synthes

alogen lamp through a glass filter (� > 400 nm) was  used as an
lluminant]. The light source (halogen lamp) is the full spectrum,

e used glass filter to cut off the light of � > 400 nm and guaran-
ee irradiation with visible light. The pH value of the solution was
djusted by adding standard buffer solutions. The initial concen-
ration of Methylene Blue solution was 4 × 10−5 mol/L. After the
olymeric catalyst ZnTHPP-PAM (Mn,GPC = 8300, Mw/Mn = 1.18) was
dded into Methylene Blue solution under stirring, the samples
3 mL)  were monitored immediately at given time intervals on a
V–vis spectrometer.

. Results and discussion

.1. Synthesis and characterization

Well-defined star-shaped poly(N-isopropylacrylamide) with
inc-porphyrin core (ZnTHPP-PAM) was successfully prepared via
TRP, by using ZnTHPP-Br as the initiator, CuBr/Me6TREN as the
atalyst system for 12 h at 60 ◦C. After purification, the structure
f target polymer was characterized by 1H NMR, GPC, and Fourier
ransform infrared (FT-IR) techniques. The occurrence of the ATRP
eaction between the ZnTHPP-Br and N-isopropylacrylamide could
e confirmed. Fig. S3(B) showed the IR spectra of ZnTHPP-PAM. The
haracteristic absorptions of PNIPAM could be clearly observed, as
videnced by the presence of a carbonyl stretching vibration (�C O)
t 1650 cm−1 and the N H bending vibration (ıN H) at 1550 cm−1.
he strong absorbance at 3304 cm−1 was assigned to the stretching
ibration (�N H) of acylamino group.

Although the characteristic peaks of the porphyrin skeleton

ould not be resolved clearly in FT-IR spectra, the structure was fur-
her confirmed by 1H NMR  and UV–vis spectra. Fig. S4(B) showed
he 1H NMR  spectra of ZnTHPP-PAM. The signals at 6.51, 4.22, 2.28,
.64 and 1.35 ppm assigned to the protons on the repeated units

ig. 1. (A) UV–vis spectra of THPP, ZnTHPP, ZnTHPP-Br and ZnTHPP-PAM in CH2Cl2 (0.4 m
oncentrations.
ZnTHPP-PAMa 422 560 604

a Mn = 8300, Mw/Mn = 1.22.

of NIPAM could be clearly observed. Moreover, the signals at 8.85,
8.22, 7.64 ppm were attributed to the protons on the porphyrin
core. The results suggested that the star-shaped ZnTHPP-PAM with
porphyrin as the core was  successfully prepared via ATRP. The
molecular weight could be also obtained by comparing the reso-
nance signals for the aromatic part of the porphyrin group with
those of the methine protons on PNIPAM. The molecular weight of
ZnTHPP-PAM (Mn,GPC = 8300) determined by the 1H NMR  analysis
was 8600, which was  relatively higher than that determined by the
GPC analysis. The probable reason was  that the hydrodynamic vol-
ume  of star-shaped polymer was  somewhat smaller relative to that
of the linear analog with the same molecular mass.

The UV–vis spectra of THPP exhibited a strong Soret band and
four Q-bands as shown in Fig. 1(A). The Q-band peaks of ZnTHPP
reduced to two, which were accorded with those observed for
similar porphyrin metal complexes [37]. Meanwhile, the UV–vis
absorptions of ZnTHPP-PAM showed the bathochromic shifts as
compared to those of ZnTHPP-Br, it is because that a change

of polarity around Zn-porphyrin by polymer chains which is
attributed to a shift of absorption band. The maximum absorp-
tion wavelengths (�max) were showed in Table 1. In addition, it
was well known that most of the porphyrins exhibited poor water

mol/L) and (B) UV–vis spectra of ZnTHPP-PAM in aqueous solution with different
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Table  2
Data of the polymerization reactions and LCST of ZnTHPP-PAM samples.

Run [M]0/[I]0 Con.a (%) Mn
b Mw

b Mw/Mn LCSTc (◦C) Q.S.d (mg/100 mg)

1 300 73 13,100 16,100 1.23 31.2 23
2  250 50 10,300 12,400 1.20 29.7 18
3  200 42 8300 9800 1.18 29.3 13.2
4  150 37 6200 7100 1.14 29.0 8.5
5  100 15 4100 4400 1.07 28.9 4.7

a Determined by gravimetric measurement.
b Determined by GPC using THF as eluent relative to polystyrene standards.
c Measured by turbidimetry using UV–vis spectrophotometer.
d Measured by balancing method at room temperature.
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The mechanism for catalytic degradation of metalloporphyrin
imitating catalase was  shown in Fig. 4. Hydrogen peroxide acted as
the oxidant in the process of photo catalytic degradation. Firstly,
hydrogen peroxide generated OOH− by the heterolysis. Secondly,
Fig. 2. GPC traces of ZnTHPP-PAM.

olubility which restricted their applications for photocatalytic
egradation. In the present study, the water solubility of ZnTHPP-
AM was improved. The target polymer could dissolve in water
nd common organic solvents. It could be seen from the UV–vis
pectra of ZnTHPP-PAM in aqueous solution with different con-
entrations Fig. 1(B). The UV–vis absorptions of the samples with
he concentrations of ZnTHPP-PAM grown from 0.05 to 0.4 mmol/L
howed invariant patterns except the enhanced absorbance of the
oret band and Q-bands. Meanwhile the quantitative solubility of
nTHPP-PAMs for water is measured. The results are showed in
able 2, it is clearly seen that the quantitative solubility of ZnTHPP-
AM continue to improve with the increase of molecular weight.
rom the above, it could be concluded that the ZnTHPP-PAM exhib-
ted good solubility and stability in water no less articulate than of
ther water-soluble porphyrin compounds [38].

The Mn values of the ZnTHPP-PAM were determined by GPC
sing polystyrene as the standard. The results were presented in
able 2. GPC traces of ZnTHPP-PAM (Fig. 2) were relatively symmet-
ic and showed no tailing at either side. It suggested the absence
f any small molecule residues, such as the initiator, monomer
r other byproducts, in the final product. Moreover, the polymers
howed narrow molecular weight distributions in the range of
.07–1.23, which demonstrated that the polymerizations were per-
ormed in a controlled process.

.2. Thermoresponsive property of ZnTHPP-PAM

In order to study the thermoresponsive property of ZnTHPP-
AM, we measured the CP of ZnTHPP-PAM by UV–vis spectroscopy,
he result showed in Fig. 3: when the temperature was lower than
CST, ZnTHPP-PAM exhibited good solubility in water. Whereas,
he macromolecules processed dehydration and collapse from a
ydrated, extended coil to a hydrophobic globule, so the solu-
ion emerged turbid phenomenon gradually when the temperature

ecame higher than LCST.

A sharp transition was obviously observed in the CP curve as
hown in Fig. 3, indicating the thermo-responsive properties of
nTHPP-PAM. In the present study, the LCST was arbitrarily defined
Fig. 3. Temperature dependence of optical transmittance at wavelength of 500 nm
obtained for aqueous solutions of ZnTHPP-PAM (2 mg/mL).

as the temperature corresponding to a 10% decrease of the trans-
mittance at 500 nm [39,40]. The LCSTs of the aqueous solutions
of ZnTHPP-PAM were listed in Table 2. The values were lower
than that of NIPAM homopolymer owing to the incorporation of
hydrophobic porphyrin groups. This phenomenon was consistent
with the result that the hydrophobic groups decreased the thermal
phase transition temperature of PNIPAM as previously reported
[41,42]. In addition, the LCST values of the ZnTHPP-PAM sam-
ples gradually approached to ca. 32 ◦C with the molecular weight
increasing. It was  attributed to the weaker effect of the porphyrin
core on the performance of polymer, arising from the lowered pro-
portion of porphyrin core in the polymer chain upon the increasing
of molecular weight.

3.3. Photocatalytic activity of ZnTHPP-PAM on Methylene Blue
Fig. 4. The mechanism of catalytic degradation of metallophthalocyanine imitating
catalase.
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Fig. 5. Kinetic curves of the photocatalytic degradation of Methylene Blue
under various different conditions at 29 ◦C: A ZnTHPP-PAM + H2O2 + visible
light; B H2O2 + visible light; C: ZnTHPP-PAM + H2O2; D: ZnTHPP-PAM + visible
l
B
4

a
o
m
o

b
t
P
B
a
(
t
M
e

D

w
a
t

H
w
s
f
m
s
o
p
H
p
o
Z
a
c
Z
p
s
d
P
t
e
i

ight; E: ZnTHPP + H2O2 + visible light. Experimental condition: [Methylene
lue] = 4 × 10−5 mol/L, [ZnTHPP-PAM (Mn = 8300)] = 2 × 10−5 mol/L, [H2O2] =
0  mL/L, pH 2, � > 450 nm.

n axial coordination of OOH− to the metal ion of metalloporphyrin
ccurred. Finally the generated complexes transformed into high
etal oxygen complexes by further heterolysis, and the high metal

xygen complexes oxidative degraded organic dyes [43–46].
Herein, Methylene Blue, a kind of commercial non-

iodegradable toxic dye with aromatic structure, was  selected as
he substrate to investigate the catalytic performance of ZnTHPP-
AM under visible light irradiation. The degradation of Methylene
lue in aqueous solution was estimated by the changes of the
bsorption intensity at the maximum absorption wavelength
around 650 nm). The degradation rate (D) could be defined as
he ratio of the absorbance decrement to the initial intensity of

ethylene Blue aqueous solution (as described in the following
quation):

 = A0 − A

A0
× 100%

here A0 was the initial absorption intensity at the maximum
bsorption wavelength, and A was the absorption intensity at any
ime during the measurement.

Although the catalytic degradation of organic pollutants using
2O2 as the oxidant and metalloporphyrin as the photocatalyst
as investigated detailedly in previous works [47], it was neces-

ary to carry out further controlled experiments of the degradation
or Methylene Blue to confirm the catalytic activity of the poly-

er  (ZnTHPP-PAM). The results were shown in Fig. 5. It was  clearly
een that Methylene Blue was hardly degraded in the presence
f ZnTHPP-PAM under visible light (curve D), and the semblable
henomenon was observed in the presence of ZnTHPP-PAM and
2O2 without the light irradiation (curve C). Meanwhile, in the
resence of only H2O2 under the visible light the degradation
f Methylene Blue was mere 10% (curve B) and in the case of
nTHPP + H2O2 + visible light (curve E) the degradation rate showed

 little more increased value (20%) relative to that as indicated by
urve B. From the above phenomenon, it could be concluded that
nTHPP showed a weak photocatalytic property, due to the sus-
ending of ZnTHPP in the catalytic systems resulted from the bad
olubility. On the other hand, more than 75% of Methylene Blue was
egraded by H2O2 under visible light in the presence of ZnTHPP-

AM after 150 min  irradiation (curve A). The results clarified that
he strong coactive ZnTHPP-PAM + H2O2 + visible light system was
ssential for the degradation of Methylene Blue. The immobiliz-
ng of the porphyrin onto PNIPAM increased the water solubility
tobiology A: Chemistry 283 (2014) 38–44

of the photocatalyst, resulting in the whole photocatalytic degra-
dation process in the homogeneous system with greatly improved
catalytic efficiency.

In order to get an insight into the relationship between the
degradation rate and pH-values, the experiments of photocatalytic
degradation under various different pH values with consistent
other conditions were preformed (as shown in Fig. 6(A)). Indeed,
the increase of pH value is benefit for the generation OOH , so
the degradation rate gradually increased with pH increasing in the
beginning stage. When pH was 2 the degradative rate could reach
87% due to the increased concentration of OOH− arising from the
enhancement of ionization. Whereas, the degradation rate showed
a gradually declined tendency along with the further increase of
pH value. As a result, the degradation rate was  only 15% while the
pH was  8. The probable reasons include two  point: firstly, in addi-
tion to generating the complexes [M(OOH)-porphyrin], there is a
part of the superfluous OOH− as the growing of the concentration
of OOH− with pH increasing, and the superfluous OOH− may  lead
to an further axial coordination to M(OOH)-porphyrin competing
with dye molecules which reduce the chances of the dye molecules
combining with [M(OOH)-porphyrin]. Secondly, the different rela-
tive equilibrium concentrations of the monomer of the porphyrin
and its dimer at different pHs, with the monomer being favored at
acidic pH and the dimer predominates at basic pH. The dimer of
the porphyrin has lower catalytic activity to be occupied, result-
ing in the decline of the degradation rate [48]. From Fig. 6(A), we
also observed a modest rebound in the degradation rate among
the pH value of 9–12 because of the reaction between the dye
molecules and hydroxyl ions (OH ) which leads to the generation
of the intermediates, and these intermediates are easy to degrade.

Considering the polymeric catalyst exhibited the thermo-
responsive property, the effect of temperature on the oxidative
degradation of Methylene Blue was investigated. Fig. 6(B) showed
the experimental results. The degradation rate of Methylene Blue
processed few variations below 29 ◦C while the reaction system
of photocatalytic degradation remained homogeneous phase. The
degradation rate evidently went up with the further increase of
temperature and reached the peak value of 47% at 29 ◦C. The
temperature of turning point was  slightly lower than the LCST
of ZnTHPP-PAM. The interesting phenomenon was  similar to the
study on the photocatalytic degradation of 2-mercaptoethanol by
Co-TACAPc/NIPAM copolymer reported by Chen [49,50]. When the
system temperature approached the LCST of ZnTHPP-PAM, the
polymer chain turned to tightly packed globules from random coils
to form a micelle-like structure. In the micelle-like area, the concen-
tration of the active center was  relatively higher, so the degradation
rate increased significantly. The other probable reason is that
Methylene Blue and hydrogen peroxide may be encapsulated into
the quasi-micelles during this transition, so the distance between
Methylene Blue and hydrogen peroxide was  diminished which is
beneficial to promote the axial coordination of the oxidant H2O2
and the center metal atom Zn. In order to test this phenomenon,
we did a series of contrast experiments, the result showed in Fig. S5:
we can see that the strength of the ultraviolet absorption declines
significantly when the temperature rises from 20 ◦C to 29 ◦C. For
purpose of avoiding the interfering from the interaction between
Methylene blue and hydrogen peroxide, we  did not add hydrogen
peroxide in whole experiment process. The experimental results
could show evidence about the encapsulation of ZnTHPP-PAM for
small molecules. Furthermore, Poly(N-isopropylacrylamide) (PNI-
PAM) has been used in drug delivery systems frequently, which
may  prove the encapsulation of ZnTHPP-PAM in some ways. How-

ever, the degradation rate gradually declined along with the further
temperature rising. It was  because that ZnTHPP-PAM precipitated
from the aqueous solution when the temperature exceeded the
LCST. The system became heterogeneous and the center zinc of
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Fig. 6. Degradation of Methylene Blue under different pH-values conditions after 210 min at 29 ◦C (A) and effect of temperature on the degradation of Methylene Blue within
60  min at pH 2 (B). Other experimental condition: [Methylene Blue] = 4 × 10−5 mol/L, [ZnTHPP-PAM (Mn = 8300)] = 2 × 10−5 mol/L, [H2O2] = 40 mL/L, � > 450 nm.
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In order to avoid secondary pollution to the environment, excel-
lent catalyst should have the advantages of recycling. So a series
of recycling experiments were performed for the degradation of
Methylene Blue by the polymeric catalyst. In each run, a fresh
ig. 7. Degradation of Methylene Blue under different molecular weight after 3 h at
CST of polymers. Other experimental condition: [Methylene Blue] = 4 × 10−5 mol/L,
ZnTHPP-PAM] = 2 × 10−5 mol/L, [H2O2] = 40 mL/L, � > 450 nm.

orphyrin was embedded by the PNIPAM chains which hindered
he axial coordination.

The polymers (ZnTHPP-PAM) with different molecular weights
ere prepared and the weight effect on the degradation rate was

lso studied. From the above discussions, it was  demonstrated
hat the polymeric catalyst showed the highest catalytic efficiency
nder the temperature slightly lower than the corresponding LCST.
o the temperature of the following photocatalytic experiments
as maintained at LCST, and the results were shown in Fig. 7.

he degradation rate exhibited a sharply rising trend with the
radual increase of the molecular weight, and reached about 90%
hen the molecular weight was 8300. The phenomenon could be

xplained from two aspects. Firstly, the molecular weight increas-
ng resulted in the rising temperature of photocatalytic system,

hich intensified the molecular motion and facilitated the oxida-
ive degradation of Methylene Blue. Secondly, the longer antennas
f the polymer and larger molecular weight benefited the encapsu-
ation of Methylene Blue and hydrogen peroxide in quasi-micelles,
nd caused the improved efficiency of degradation. However, when
he molecular weight reached 10,300 and 13,100, the degradation
ate relatively decreased. It is because that the excessively longer
ntennas embedded the active center zinc porphyrin or Methy-
ene Blue and hydrogen peroxide are encapsulated by the PNIPAM
hains which hindered the axial coordination between H2O2 and
he metal atom Zn.

Based on the above discussions, we summarized the best
xperimental conditions. Fig. 8 showed the UV–vis spectral vari-
tions of Methylene Blue as a function of irradiation time. It

ould be seen that the concentration of Methylene Blue gradually
eclined along with increasing reaction time in the Methy-

ene Blue/ZnTHPP-PAM/H2O2 photocatalytic system. Methylene
lue absorption peaks at around 650 nm and the characteristic
Fig. 8. UV–vis spectral changes of Methylene Blue in aqueous solution (initial
concentration: 4 × 10−5 mol/L) as a function of irradiation time. [ZnTHPP-PAM
(Mn = 8300)] = 2 × 10−5 mol/L, [H2O2] = 40 mL/L, pH 2, � > 450 nm.

absorption bands decreased rapidly and disappeared after the
degradation of 210 min. Concomitantly, the color of the reaction
solution changed from the initially blue to light transparent as
shown in Fig. 8. In addition, the characteristic absorption peaks of
ZnTHPP-PAM at 430 nm were almost invariable with the increas-
ing reaction time, suggesting the polymeric catalyst was relatively
stable during the photodegradation of Methylene Blue.
Fig. 9. Recycling experiments for degradation of Methylene Blue aqueous solution
under visible light (� > 450 nm). [Methylene Blue] = 4 × 10−5mol/L, [ZnTHPP-PAM
(Mn = 8300)] = 2 × 10−5 mol/L, [H2O2] = 40 mL/L, pH 2.
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olution of Methylene Blue was supplied for maintenance of its ini-
ial concentration. At the end of each run, the thermo-responsive
atalyst was separated by elevating the temperature of the reac-
ion system and dried under vacuum without further treatment.
he catalytic activity was nearly unchanged in the reaction runs
s shown in Fig. 9. It suggested that the polymeric catalyst had

 good stability during the recycling experiments and the thermo-
ensitive catalyst could be reused from the reaction system through

 simple operation.

. Conclusions

A novel star-shaped polymer with zinc porphyrin as the core
nd PNIPAM as the antennas was prepared via ATRP. Then, the
DI indicated that the molecular weight distribution was nar-
ow and the polymerization was well controlled. However, the
CSTs of ZnTHPP-PAM decreased owing to the incorporation of
he zinc porphyrin core. The catalytic properties of ZnTHPP-PAM
ere investigated for the oxidative degradation of Methylene
lue in aqueous medium, and the results showed that the poly-
eric catalyst was highly effective for the oxidative degradation

f Methylene Blue around its LCST and the catalytic activity was
early unchanged in the recycling experiments without any signif-

cant loss after the uncomplicated recovery processing. Therefore,
he polymeric catalyst was demonstrated to be a robust functional
atalyst for the photodegradation of dyes.
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