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& Catalysis

Copper-Based Hybrid Polyion Complexes for Fenton-Like
Reactions

Mathieu Mestivier, Jun Rong Li, Aur�le Camy, Camille Frangville, Christophe Mingotaud,
Florence Beno�t-Marqui�,* and Jean-Daniel Marty*[a]

Abstract: An innovative strategy allowing the development
of a new generation of easy-to-prepare and easy-to-use
nano-sized catalysts with high tenability is presented. This
strategy is based on the formation of hybrid polyion com-
plexes (HPICs) from the complexation of copper with a block
copolymer consisting of an ionizable complexing block and
a neutral stabilizer block. These complexes have a well-de-
fined structure and size with a hydrodynamic diameter

around 29 nm. They are stable in aqueous solution over a
pH range from 4 to 8 and are not sensitive to NaCl salt addi-
tion or dilution effects. As a proof-of-concept the degrada-
tion of naphthol blue black in water through the use of the
Fenton or photo-Fenton reaction is studied. Their perfor-
mances are comparable to a classical homogeneous reac-
tion, whereas HPICs are easily recyclable by simple dialysis.

Introduction

Nanostructures have been recognized as promising catalysts
owing to their high surface-to-volume ratio and high catalytic
selectivity.[1] The use of shape- and size-controlled nanocata-
lysts facilitates quasi-homogeneous catalysis, thus merging the
benefits of homogeneous (higher activity) and heterogeneous
catalysis (better separation).[2] Different families of nanocatalyst
have been developed. Metal or metal oxide nanoparticles (Pt,
Pd, Au, TiO2,…),[3, 4] zeolites,[5] metal–organic frameworks
(MOFs)[6] are by far the most studied. Nevertheless, their syn-
thesis often requires tedious conditions with specific stabilizing
agents that hamper the development of multicatalytic sys-
tems.[1] The development of metal-supported systems that are
easy to prepare, highly tunable, and with high colloidal stabili-
ty is still a requirement. In this context, supramolecular metal-
containing polymeric structures, like hybrid polyion complexes
(HPICs), also called coacervates, can be of great interest. Their
formation has been achieved through the simple mixing of
charged polyvalent metal ions (e.g. , CuII, ZnII,…) to a solution
of double hydrophilic block copolymers (DHBCs).[7–9] The ob-
tained nanoobjects have a hydrodynamic diameter around
20 nm and present a high colloidal stability in aqueous solu-
tion. Such objects have been used as highly powerful contrast
agents by using Gd ions[10] or as templates to promote the

preparation of metal hydroxide, oxide, or sulfide nanoparticles
of different shapes (plate-like, elongated, spherical) and con-
trolled sizes.[11, 12] Hence, the size- and properties-controlled for-
mation of inorganic–organic HPIC micelles based on DHBCs is
now well understood but no uses as catalysts have been re-
ported.

In this article, an innovative strategy based on the use of
HPICs allowing the development of a new generation of easy-
to-prepare and easy-to-use nano-sized catalysts with high ten-
ability will be presented. As a proof-of-concept, the degrada-
tion of a pollutant in water through the use of the Fenton re-
action will be studied.[13, 14] The Fenton reaction makes it possi-
ble to produce hydroxyl radicals (HOC) from hydrogen peroxide
by oxidation of iron(II) salts. The cascade reaction of regenera-
tion of Fe2+ ions in the Fenton reaction system is given below
[Eqs. (1), (2)]:

Fe2þ
ðaqÞ þ H2O2 ! Fe3þ

ðaqÞ þ OH�ðaqÞ þ HOC

k ¼ 40� 80 m
�1 s�1

ð1Þ

Fe3þ
ðaqÞ þ H2O2 ! HO2 C þ Fe2þ

ðaqÞ þ Hþ

kapp ¼ 0:01� 0:02 m
�1 s�1

ð2Þ

Although this reaction effectively produces hydroxyl radicals,
it has drawbacks that limit its application in water depollution.
The first disadvantage is the relatively small pH range (0–4) for
the dissolution of iron ions . At a higher pH, precipitation of
iron(III) oxide is favored, which prevents the regeneration of
iron(II) (2).[15, 16] The second is the value of the rate of regenera-
tion of ferrous ions [kapp in Eq. (2)] , which is low compared to k
[Eq. (1)] . These ions are therefore consumed much faster than
they are regenerated and therefore the production of hydroxyl
radicals slows down over time.[15] The third is the need to be
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able to extract and sometimes reuse the catalyst (iron salts)
from the water after treatment.

Therefore, to expand the reaction range towards neutral pH
values, iron is replaced here by copper. Copper enables a
Fenton-like reaction to occur,[17] favoring oxidation in the pres-
ence of photons to accelerate the regeneration of the reduced
species and to limit the formation of organometallic complexes
with the radical byproducts produced during oxidation. Then,
the formation of HPICs based on the interaction of copper
with block copolymers comprising an ionizable complexing
block and a neutral stabilizer block, that is, poly(ethylene
oxide)-block-poly(acrylic acid)—PEO6k-b-PAA3k—as the coordi-
nating polymer will be studied. Interestingly, the metal ions
themselves will drive the formation of the HPICs in addition to
their functions as catalysts. The obtained HPICs will be used as
homogeneous catalysts for the degradation of naphthol blue
black (noted later as AB1), which will be chosen as a model re-
action in water and at room temperature. Their performance
will be compared with a classical homogeneous reaction ob-
tained with free copper ions.

Results and Discussion

Formation of HPICs and study of their colloidal stability

To obtain HPICs, copper ions are added to a 0.1 wt % aqueous
solution of the diblock PEO6k-b-PAA3k copolymer. In the follow-
ing, the ratio, R = 2 [Cu2 +]/[AA�] , between the positive charge
arising from the divalent Cu2+ ions and the potentially avail-
able negative charges from the ionized or ionizable carboxylic
acid monomer units (AA) of the polymers will be used. The in-
teraction of copper ions with PEO6k-b-PAA3k polymers was fol-
lowed by measuring the absorbance at 700 nm related to the
d–d transition of Cu2 + ions complexed by carboxylate func-
tions (Figure 1 A).This band is also compared with the band rel-
ative to free Cu2+ ions observed at 800 nm (Figure S1 in the
Supporting Information). As can be shown, a linear increase of
the absorbance at 700 nm is observed for molar ratio values R
from 0 to 1. For higher values of R, a plateau is reached. This
increase thereby highlights the expected interactions of Cu2 +

ions with carboxylate groups from the PAA block. When all car-
boxylate groups were complexed by Cu2 + ions, the absorb-
ance as expected does not evolved anymore. The interaction
speed of Cu2+ ions with PEO6k-b-PAA3k was evaluated through
the monitoring of the absorbance at Abs(700 nm) as a function
of time for a chosen fixed ratio R = 1 (see Figure 1 B). Cu2+ ions
were added under stirring for 7 s after the start of the acquisi-
tion time. An exponential fit equation was arbitrary applied to
assess a characteristic time constant, t, which represents the
time after which 63 % of the plateau value is reached. This led
to an evaluation of t equal to 1.5 s, characteristic of a fast in-
teractions between Cu2 + ions and the PAA block.

DLS measurements were then recorded to assess the col-
loidal structure resulting from these polymer/metal ions inter-
actions. As shown in Figure 2, the light scattering intensity re-
mains low when R<0.5, increases linearly for 0.5<R<1, and
then remains constant. These results suggest the formation of

Figure 1. (A) Absorbance at 700 nm as a function of R = 2 [Cu2+]/[AA] . (B) Ab-
sorbance at 700 nm as a function of time after addition at t = 7 s of copper
to a 0.1 wt % solution of polymer (with R = 1).

Figure 2. Scattered light intensity (full squares) and Z-average size (full cir-
cles, in terms of diameter given in nm) measured for mixed Cu2 +/polymer
solutions as the ratio, R, is varied (see the Supporting Information, Figure S2
for the corresponding correlograms). The Z-average size data for low values
of R is poorly defined (presumably because of self-association of the copoly-
mers in pure water) and are differentiated with open circles. The polymer
concentration was 0.1 wt % with the pH adjusted to 7 at room temperature.
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colloids, triggered by the addition of copper ions and complet-
ed upon achieving electro-neutrality. Analysis of these correlo-
grams in term of Z-average size (Figure 2 and Figure S2 in the
Supporting Information) also shows two regimes: for R<0.5
the correlograms were poorly defined; accordingly, the calcu-
lated Z-average values are poorly reproducible. No colloids are
formed yet. For R larger than 0.5, the constant value of the Z-
average size, 33�6 nm, strongly suggests the presence of
large polymeric nanoparticles with a constant diameter. The
size distribution of the colloidal structures is monomodal for R
equal to or higher than 1. The determination of hydrodynamic
diameter by a non-negative least squares (NNLS) method led
to 32�9 nm (intensity averaged) or 23�5 nm (number aver-
aged). Multi-angle light scattering analysis (Figure S3 in the
Supporting Information) enabled us to determine a value of
29�2 nm for the hydrodynamic diameter. The obtained values
are comparable to the one obtained for HPICs formed from
Gd3 + and PEO6k-b-PAA3k.

[10]

Transmission electronic microscopy (TEM) of dried solutions
shows small domains of high contrast with an average diame-
ter of 8�2 nm (Figure S4 in the Supporting Information).
These domains presumably arise from the copper ions at the
polymer complex core, which will be surrounded by a polymer
corona. The zeta potential was measured as a function of R to
evaluate the surrounding electric potential of the colloidal ob-
jects (Figure S5 in the Supporting Information). Pristine PEO6k-
b-PAA3k polymer solutions were found to have an overall nega-
tive zeta potential value of about z=�25 mV at pH 7, a
charge which is due to the ionized carboxylate block of poly-
mers in solution. Addition of Cu2 + ions then induces the de-
crease of the zeta potential until R = 1 where a plateau value
of about z�0 mV is reached. Data from DLS and zeta potential
support the formation of HPICs as follows: for R<0.5, added
Cu2+ ions interact quickly with the PAA block without the for-
mation of colloidal objects. When the R ratio is greater than
0.5, these interactions led to the formation of HPIC nano-ob-
jects with a PAA core crosslinked by copper ions surrounded
by a PEG shell as depicted in Scheme 1. The formation of
hybrid inorganic/polymeric nanoparticles is complete when
the ratio R is close to unity. For higher R ratios, HPICs nano-
structures coexist with free Cu2 + ions.

When increasing the R ratio from 0 to 3, the amount of free
Cu2+ ions was assessed by using induced coupled plasma–
mass spectroscopy (ICP-MS) analysis and the Zincon back titra-
tion method (see the Experimental Section and Figures S6 and
S7 in the Supporting Information). For this, HPICs obtained at
different R molar ratios were filtered with 3 kDa cut-off centri-

fugal filter devices to collect free Cu2 + ions. The filtrates were
then analyzed by the addition of the colorimetric probe
Zincon. The absorbance corresponding to the Zincon-Cu band
at l= 625 nm enabled us to evaluate the amount of free Cu2 +

ions thanks to a calibration curve (see the Experimental Sec-
tion). The measured concentrations of free Cu2 + ions are dis-
played in Figure 3. For molar ratios R from 0 to approximately
1, no detection of free Cu2 + ions was observed, which is con-
sistent with the former observations of bounded Cu2 + ions
with carboxylate groups of PEO6k-b-PAA3k polymers. Further ad-
dition of Cu2 + for R>1 resulted in an increase of free Cu2 +

ions in solution, which is consistent with the saturation of car-
boxylate groups from PAA block.

The colloidal behavior of HPICs was further assessed over a
period of 2 months in high ionic strength conditions by addi-
tion of NaCl solution (1 mol L�1). No aggregation was observed
through DLS measurements over a two-month period. This
result joined with the quasi-null zeta potential values indicates
that the colloidal stability of these HPIC objects does not rely
on electrostatic stability but rather on steric stabilization sup-
ported by hydrated PEGylated chains on the outer corona of
the HPIC architecture. The integrity of the HPICs is also main-
tained with high dilution (up hundred times). Stability over this
range of dilution suggests that the NPs are not in equilibrium
with free copolymer and Cu2+ ions. UV/Vis spectroscopy and
DLS measurements were then performed to probe the HPICs
colloidal stability for pH values from 8 to 2 (see Figure S8 in
the Supporting Information). The amount of released copper
as a function of pH was measured thanks to the Zincon
method and are reported in Figure 4. HPICs solutions displayed
a decrease in the absorbance at 700 nm as well as the derived
count rate from scattered light intensity when the pH values
decreased from 8 to 5. No release of free Cu2 + ions was evi-
dent through colorimetric Zincon titration. Below pH 4.5, a
sharp decrease of absorbance at 700 nm and derived countScheme 1. Synthesis of hybrid polyion complexes (HPICs).

Figure 3. Evaluation of free copper remaining in solution as a function of
2 [Cu2+

tot]/[AA] ratio. The 2 [Cu2 +
free]/[AA] ratio is presented as a function of

2 [Cu2+
tot]/[AA] . (The dashed line represents the theoretical increase of free

Cu2 + ions).
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rate were found. Additionally, free Cu2+ ions were found to in-
crease and about 100 % Cu2+ release was found for pH 2–3. At
those pH values, the UV/visible spectra show only a weak
band centered around 800 nm, associated with the free hydrat-
ed copper ions. These results confirm that the interactions be-
tween Cu2 + ions and carboxylate groups are the driving forces
for their assembly. However, although a pKa(PAA) value was re-
ported at 4.5, the half equivalence points of Cu2+/ PEO6k-b-
PAA3k systems from the three different analyses techniques
were collected at about pH 3.5. The interactions of Cu2 + ions
with PEO6k-b-PAA3k block copolymers seem consequently to
stabilize the carboxylates groups and harden their neutraliza-
tion through protonation. However, Figure S9 in the Support-
ing Information provides evidence for a fast disruption (t=

3.0 s) of Cu2 + ions interactions with the carboxylate groups of
the PAA block below pH 4.5, associated with a full Cu2+ ion re-
lease along with a disassembly of HPICs colloids. It is notewor-
thy that preliminary studies on iron-based HPICs have also
demonstrated that a decomplexation phenomenon also oc-
curred at pH values below 4.5, thus preventing the use of such
iron-based HPICs as Fenton catalysts under low pH conditions.

Fenton reaction

As seen in the previous section, copper-based polyionic com-
plexes have the properties required for use as a catalyst in the
Fenton reaction: their formation is simple and follows a quick
process. Moreover, they have a well-defined structure and size.
They are stable in aqueous solution over a pH range from 4 to
8 and are poorly sensitive to salt and dilution effects. Subse-
quently, and to avoid the presence of free copper ions during
catalytic processes, HPICs characterized by a ratio R = 1 will be
used. Naphthol blue black, noted as Acid Black 1 or AB1, will
be used as a model pollutant in this study.[18] The reaction is
performed at pH 7. Based on previous work, hydrogen perox-
ide, copper ions, and AB1 were added with the molar ratio
40:1:1.[19] Photo-Fenton reaction was initiated through irradia-

tion with a halogen reflector lamp as described in Experimen-
tal Section. This photo-Fenton type degradation reaction is
studied either in its homogeneous version, that is, with an
equivalent concentration of copper but in the absence of poly-
mer or in the presence of HPICs. These two conditions, are
noted, respectively, photo-Fenton-Cu and photo-Fenton-HPICs.
The degradation of AB1 was also studied in the absence of
photochemical irradiation in the presence or absence of HPICs
(noted, respectively, Fenton-HPICs and Fenton-Cu). The evolu-
tions of pollutant concentration for the different processes
were followed by measuring the optical density at 618 nm and
are presented in Figure 5.

To perform photo-Fenton or Fenton-like reaction, the pollu-
tant is first added to a solution of copper (complexed or not
with a polymer). The reaction was then initiated by the addi-
tion of hydrogen peroxide and followed by UV/Vis spectrosco-
py as illustrated in Figure 6 A (Figures S10 and S11 in the Sup-
porting Information). Figure 6 B shows the evolution of AB1
concentration C normalized by its initial concentration C0

through time. This evolution can be roughly modeled by a
pseudo-first-order kinetic evolution.[18] At 5 h, the conversion
observed is equal to 38 mol %. It has to be noted that all pre-

Figure 4. Amount of copper released from HPICs as a function of pH. The
evaluation of free copper was performed by using the Zincon method with
[Zincon] = 4.2 � 10�5

m and MTEN buffer (MES 100 mm, Tris 50 mm, ethanol-
amine 50 mm) with Zincon-Cu calibration at pH 9. The amount of free
copper was calculated from the measurement of absorbance at 625 nm (see
Figure S7 in the Supporting Information).

Figure 5. (A) Evolution of the absorption spectrum and (B) evolution of C/C0

as a function of time at 618 nm of AB1 (structure shown) solution undergo-
ing photo-Fenton degradation in the presence of HPICs.
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liminary experiments of the degradation of AB1 in the pres-
ence of H2O2 alone, H2O2-photons, or photons alone were car-
ried out and proved to be ineffective. As expected, photo-
Fenton reactions are more effective at degrading the model
pollutant than their counterparts without photons. Hence, in
the case of free copper ions in the model system, whereas a
conversion of 50 % was observed after 5 h through a photo-
Fenton process, these values fall to 25 % without photons.

The redox reaction of copper towards hydrogen peroxide is
similar to the Fe2 +/Fe3+ Fenton-like systems [Eqs. (3)–(6)] .
Without irradiation, the mechanism of the Fenton-like reaction
with copper to produce reactive oxidants HOC can be sum-
arized as follows, in which regeneration of Cu2+ thanks to reac-
tion (6) is slower than its consumption as discussed in the In-
troduction for iron:[20, 21]

Cu2þ
ðaqÞ þ H2O2 ! CuþðaqÞ þ HO2C þ Hþ ð3Þ

HO2C ! O2C
� þ Hþ ð4Þ

Cu2þ
ðaqÞ þ O2C

� ðor HO2CÞ ! CuþðaqÞ þ O2 ðor O2 þ HþÞ ð5Þ

CuþðaqÞ þ H2O2 ! Cu2þ
ðaqÞ þ OH�ðaqÞ þ HOC ð6Þ

Under UV irradiation, the Cu2 + complex can also be reduced
to Cu+ with the formation of HOC.[22] HOC is further capable of
oxidizing AB1 and further reacts with H2O2 (which is in excess)
to produce HO2C. The produced HO2C reduces Cu2+ to Cu+ ,
which accelerates the generation of reactive oxidants HOC

through a Fenton-like reaction (3–6) and accelerates the rate
of regeneration of the CuII ions.

The complexation of copper ions in the HPICs system led as
expected to lower conversion levels with 38 % and 19 % for
the photo-Fenton and Fenton process, respectively. This loss of
efficiency is expected because of the higher steric hindrance
induced by the presence of the polymer around the copper
ions in HPIC systems. Nevertheless, it is noteworthy that the
observed rate of degradation for HPIC systems is quite satisfac-
tory in regards to results obtained with heterogeneous sys-
tems.[6] As mentioned above, the mechanism of degradation of
AB1 seems to occur through a pseudo-first-order kinetic pro-

cess and leads to the formation of aniline, 4-nitroaniline, and
naphthylamine as previously reported.[18] In addition, the HPIC
catalyst system presents one crucial additional advantage com-
pared with free copper ions: this system ultimately behaves
like a homogeneous system, in comparison with conventional
supported catalysts, which are used in a heterogeneous
medium.[13] Moreover, it has the further advantage of being re-
coverable through dialysis at the end of the reaction as previ-
ously demonstrated with gadolinium-based HPICs.[10] Hence,
no significant loss of catalytic activity is observed after repeat-
ed dialysis of the HPIC catalytic system for the studied reac-
tion. The impact of pH on the efficiency of the different cata-
lyst systems was finally evaluated by carrying out the reaction
at pH 7 and 3 (Figure S12 in the Supporting Information). Re-
gardless of the studied system, a significant decrease in cata-
lytic efficiency was observed for low pH values. This decrease
is essentially linked to the modification of the kinetic processes
of the photo-Fenton reaction under these low pH conditions.
Thus, for this reason, whereas in the case of the HPIC system
the decrease in pH induced disruption of the HPIC system and
a release of copper ions, this release does not lead to an in-
crease in the degradation level of AB1.

HPICs act therefore as efficient catalytic systems for the deg-
radation of AB1. Considering this efficiency, a partial degrada-
tion of the polymeric part of the HPIC system could not be
therefore completely discarded as literature results have
shown that such a degradation can occur but on a longer
timescale and at higher temperatures than the one used
here.[23] To further assess the effect of the Fenton reaction on
the integrity of HPICs, DLS experiments were thus performed
at the end of the catalytic process : no significant evolution of
correlation function was observed (Figure S13 in the Support-
ing Information). In addition, no degradation of the pristine
polymer can be observed either by size exclusion chromatog-
raphy or 1H NMR spectroscopy after one day of irradiation.
Thus, the Fenton reaction does not lead to the degradation of
the polymer on the timescale of the reaction in the chosen
conditions but could not be discarded on longer timescales.

Conclusion

The formation of HPICs based on the complexation of copper
with a block copolymer consisting of an ionizable complexing
block and a neutral stabilizer block, that is, poly(ethylene
oxide)-block-poly(acrylic acid)—PEO6k-b-PAA3k—as the coordi-
nating polymer has been demonstrated. These complexes are
obtained by a simple and rapid forming process and have a
well-defined structure and size with a hydrodynamic diameter
around 29 nm. HPICs are stable in aqueous solution over a pH
range from 4 to 8 and are poorly sensitive to NaCl salt addition
or dilution effects. No free copper ions are evidenced by the ti-
tration method when the charge ratio, R, between the copper
ions and acrylic acid monomer around 1 or below. HPICs
loaded with copper have been used successfully as the homo-
geneous catalyst for the degradation of naphthol blue black
through a Fenton or photo-Fenton-like process. Their perform-
ances are comparable to a classical homogeneous reaction, al-

Figure 6. Conversion level of AB1 with a copper/pollutant/H2O2 ratio equal
to 1:1:40 under different reaction conditions in the presence of HPICs irradi-
ated or not (noted, respectively, photo-Fenton-HPICs and Fenton-HPICs) or
in the absence of HPICs irradiated or not (noted, respectively, photo-Fenton-
HPICs-Cu and Fenton-Cu).
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though HPICs are easily recyclable by simple dialysis. This
study demonstrates that HPIC nano-objects previously used as
templates for the formation of nanomaterials[11] or as contrast
agents,[10, 24] have also promising applications as catalytic sys-
tems. The ability of HPICs to be formed from different ions or
mixture of ions opens promising perspectives to get access to
multicatalytic “homogeneous” systems for different reactions
(Lewis catalyst, Fenton catalysis.).

Experimental Section

Materials

PEO6k-b-PAA3k was purchased from Polymer SourceTM and used as
received. CuSO4·5 H2O was purchased from Acros Organics Co. Ltd.
Zincon monosodium salt (2-carboxy-2’-hydroxy-5’-sulfoformazyl-
benzene monosodium salt) was purchased from Sigma–Aldrich Co.
Ltd. at the highest purity available (�99 %) and used as received.
All other reagents and solvents were purchased from Acros, Fluka,
or Aldrich and used as received. Water was purified through a filter
and ion exchange resin by using a Purite device (resistivity
18.2 MW cm).

Characterization

UV/Vis spectra were recorded with a HP 8452A diode array spec-
trometer or an Analytik Jena SPECORD S600. The spectra were re-
corded at room temperature, with 10 mm pathlength quartz cu-
vettes. Dynamic light scattering (DLS) measurements were con-
ducted by using a Zetasizer Nano-ZS (Malvern Instruments, Ltd. ,
UK) with integrated 4 mW He-Ne laser, l= 633 nm. Light scattering
intensity (at 1738) was measured with instrumental parameters set
to constant values for all the samples. The correlation function was
analyzed by the cumulant method to get the Z-average size of the
colloids and by the general-purpose method (NNLS) to obtain the
distribution of diffusion coefficients of the solutes. The apparent
equivalent hydrodynamic diameter was then determined by using
the Stokes–Einstein equation. Mean diameter values were obtained
from three different runs of the number plot. Standard deviations
were evaluated from diameter distribution. Multiangle dynamic
light scattering measurement was performed on a LS spectrometer
from LS instrument. For the zeta potential measurements, the Dop-
pler anemometry technique was used whereby an electric field
was applied across the sample solution. All measurements were
carried out at 25 8C by using folded capillary cells (DTS 1060) and
the Zetasizer Nano-ZS (Malvern Instruments, Ltd. , UK) apparatus.
ICP-AES was performed with an ULTIMA 2 inductively coupled
plasma atomic emission spectrometer from Horiba Jobin Yvon
Technology. To enable analyses, a specific nebulizer (PTFE Mira Mist
Nebulizer, supplied by Horiba Jobin Yvon Technology) was used to
introduce the solution into the ICP-AES. The nebulizer was inserted
into a glass cyclonic chamber and operated at a maximum sample
flow rate of 1 mL min�1 and with a maximum total dissolved solute
of 300 g L�1. The optical wavelength for each element was deter-
mined to optimize the limits of quantification through calibration
curves with 0–10 ppm concentrations (5 points). The sample was
introduced into the ICP-AES instrument with a peristaltic pump.
Carbon-coated copper TEM grids (Ted Pella Inc.) were analyzed
with a MET Hitachi HT7700 transmission electron microscope oper-
ating at 80 kV accelerating voltage.

Methods

HPICs formation was investigated with a constant concentration of
PEO6k-b-PAA3k (0.1 wt %) and increasing amount of CuSO4 such that
R = [Cu2 +]/[2 AA] from 0 to 3. The polymer (2 mL) was prepared in
10 mm pathlength quartz cuvettes and m-addition of a concentrat-
ed stock solution of Cu was added such that DR = 0.125.

Cu-loading kinetics were monitored by UV/Vis spectroscopy by
adding stock solutions of CuSO4 (10 mL) such that DR = 1 into a so-
lution of PEO6k-b-PAA3k (2 mL, 0.1 wt %). Measurements were per-
formed at room temperature. The variation of DO with time was
adjusted to an exponential function leading to the time constant t.

Concerning pH-triggered Cu release, a stock solution of HPICs was
prepared with R = [Cu2 +]/[2 AA]= 1 by adding an appropriate
amount of a CuSO4 stock solution to a solution of PEO6k-b-PAA3k

(0.1 wt %) dissolved in water. This stock solution was then divided
into eight aliquots of 2 mL and the pH was adjusted in each ali-
quot in the pH range from 2 to 8 with dropwise addition of NaCl
(1 mol L�1) and HCl (1 mol L�1). The solutions were incubated for
2 h at 37 8C and UV/Vis spectroscopy measurements were also per-
formed at 37 8C.

The dosage of free copper was determined by using the Zincon
process as follows: two MTEN buffers were first prepared with MES
(2-(N-morpholino)ethanesulfonic acid, 2.172 g, 100 mmol L�1), Tris
(tris(hydroxymethyl)aminomethane, 0.606 g, 50 mmol L�1), and
ethanolamine (2-aminoethanol, 305 mL, 50 mmol L�1) in Milli-Q
water (100 mL), buffered at pH 9 and pH 5 with NaOH (1 mol L�1)
and HCl (1 mol L�1). Then, 2 mL solutions of Cu2 +/PEO6k-b-PAA3k

were prepared in the appropriate conditions (increasing concentra-
tion of Cu2 + for loading monitoring, pH adjusted (with HCl
(1 mol L�1) and NaOH (1 mol L�1) for aliquots from a 20 mL stock
solution Cu2 +/PEO6k-b-PAA3k (R = 1; [PEO6k-b-PAA3k] = 0.1 wt %) for
the pH-triggered release study) in Milli-Q water. These samples
were then filtered with centrifugal filters (molecular weight cut-off
3 kDa; Ultracel�-3K, Millipore Ireland Ltd.) at 6500 rpm over 40 min.
Then, 13 mL (for Cu2 + loading) or 40 mL (for Cu2 + pH-triggered re-
lease) of filtrates were mixed with Zincon (30 mL, 3 mmol L�1) and
completed to 2 mL with MTEN buffer, pH 9. The samples were
transferred on a microplate and analyzed by UV/Vis spectroscopy.
Abs(620 nm) and Abs(532 nm) were collected to assess the free
metal ion concentrations by using calibration curves previously es-
tablished.

The chemical degradation of AB1 was studied as follows. Four
stock solutions in water were first prepared: a solution of
CuSO4·5 H2O (2.02 � 10�3 mol L�1), a solution of block copolymer
PEO6k-b-PAA3k (1.08 � 10�5 mol L�1), a H2O2 solution (9.79 �
10�2 mol L�1) prepared from a commercial solution at 30 wt %, and
a solution of AB1 (4.38 � 10�5 mol L�1). The samples analyzed by UV
were prepared by adding polymer solution (390 mL), Cu solution
(41.3 mL), and dye solution (2000 mL). The cell was then inserted
into the spectrophotometer, and the pH was adjusted. After
adding 35 mL of the H2O2 solution, the acquisition was started. For
a photo-Fenton reaction, an optical fiber was placed on top of the
cell. To ensure the consistency of the optical path, a plastic wedge
was applied to the end of the fiber so that it can be placed against
the cell and stabilized from one experiment to the next. The
source of irradiation for the photo-Fenton reaction was a SCHOTT
KLC 1500 LCD lamp equipped with a halogen reflector lamp type
EFR (power 6, aperture E, 600 lumen). Temperature changes during
experiments were conducted by a temperature control accessory
connected to the UV/Vis spectrometer. For our experiment, the
spectrum range followed was 190–800 nm with a spectrum every
5 min for 5 h. The schematic diagram is shown in Figure S10 in the
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Supporting Information. Recycling experiments were performed by
dialyzing HPICs against pure water (molecular weight cut-off 3 kDa
of dialysis bag). After dialysis, HPIC solutions were used for further
reactions.
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Copper-Based Hybrid Polyion
Complexes for Fenton-Like Reactions

Photo opportunity : An innovative strat-
egy allowing the development of a new
generation of easy-to-prepare nanosized
catalysts with high tenability is present-
ed. This strategy is based on the forma-
tion of hybrid polyion complexes
(HPICs) from the complexation of
copper ions with a block copolymer
consisting of an ionizable complexing
block and a neutral stabilizer block. The
obtained HPICs are particularly effective
for photo-Fenton catalysis.

Chem. Eur. J. 2020, 26, 1 – 8 www.chemeurj.org � 2020 Wiley-VCH GmbH8&&

�� These are not the final page numbers!

Chemistry—A European Journal 
Full Paper
doi.org/10.1002/chem.202002362

http://www.chemeurj.org

