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ARTICLE INFO ABSTRACT

Keywords: The AB multi-stimuli-responsive block copolymer pTEGMA-b-pHIABMA (TEGMA: tetra(ethyleneglycol) methyl
Polymeric micelles ether methacrylate; HIABMA: 4-[(hydroxyimino)aldehyde]butyl methacrylate) comprises a hydrophilic and
Polyion thermoresponsive PTEGMA block linked to the hydrophobic PHIABMA chain. The latter is endowed with slightly
Polyelectrolyte

acidic oxime groups that potentially form complexes with metal ions. Here we investigate the formation of
hybrid Cu(I)-polymer nanoaggregates both in water and in acetonitrile. Cu(II) ions are quantitatively and
rapidly incorporated, in the presence of a base, into pre-formed polymeric core-shell micelles (30 nm diameter by
DLS) in water up to 1:2 metal-to-ligand stoichiometry. The pKa of the polymer is decreased from ~11.2 to 4.65
due to interaction with Cu(II) and the complex is shown to involve oximate ions. The thermoresponsivity of the
polymeric micelles remains unchanged with Cu(II) complexation and allows an easy separation by flocculation of
the hybrid complex. Moreover, nanoaggregates (D = 20 nm) form in acetonitrile from the fully solubilized
copolymer interacting with Cu(OAc),. The 1:2 Cu(II)/ligand stoichiometry is confirmed with the Job graphical
method. Characterization of the hybrid micelles was carried out by UV-Vis spectrometry, DLS, TEM, STEM and
SAXS. Quantitative release of Cu(Il) in acidic conditions is demonstrated both in water and in acetonitrile. Full
recovery of the free metal ions and of intact polymeric micelles is achieved through centrifugal filtration of the
aqueous preparation, as a proof-of-concept for a recyclable system for metal uptake and release. Furthermore, Cu’
nanoparticles of 5-10 nm are obtained through reduction of Cu(Il) within the micelles with ascorbic acid in
aqueous solution.

Block copolymers

Hybrid complex

Cu(II) ions
2-(Hydroxyimino)aldehyde

1. Introduction eliminate heavy metals from wastewater [12-14], and for the genera-

tion of metal nanoparticles [15-19]. Furthermore, transition metal ion

Self-assembly of stimuli-responsive block copolymers into well-
defined nanostructures with different morphologies and properties is
extensively studied and regarded as a versatile tool in a wide range of
technologies [1-6]. In the last decades, the self-assembling properties of
metal-interacting polymers have been widely studied in order to use
such materials in the biomedical field as nanocarriers or in catalysis as
nanoreactors [7-11]. They are also used in the environmental sector, to
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coordination can be viewed as a tool for directing the assembly of syn-
thetic nanomaterials [20]. In this context, Cu(Il) is particularly relevant
due to its environmental impact and in view of its effects on human
health [8,21-23].

Metal-ligand coordination can occur with preformed nanoaggregates
[21,24], or it can constitute in itself the chemical stimulus that triggers
self-assembly of the polymeric chains [6,8,14]. As an example,
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metal-mediated self-assembly of chelating double-hydrophilic block
copolymers (DHBCs) has attracted increasing attention [10]. DHCBs are
made of a neutral hydrophilic block like poly(ethylene oxide) (PEO),
Poly(N-isopropylacrylamide) (PNIPAAM), poly[oligo (ethylene glycol)
methyl ether methacrylate] (POEGMA), poly(2-iso-propyl-2-oxazoline)
(PiPOX) and a block able to interact with metal ions. Regarding this
latter, the most used polymers are based on carboxylic or other func-
tional groups that can be negatively ionized, such as poly(acrylic acid)
(PAA) or poly(2-acrylamidoglycolic acid) (PAGA), and based on amine
functional groups that easily interact with the metal ions through their
free electron doublet on the nitrogen atom, like poly(2-vinylpyridine)
(P2VP), poly(ethylene imine) (PEI), or poly(2-(dimethylamino)ethyl
methacrylate) (PDMAEMA) [10]. Moreover, since the polyelectrolytic
ligands are pH-responsive, they may have different affinities towards
different metals depending on the pH of the environment. Usually, when
the pH of the solution decreases, metal retention decreases. This is due to
the competition of H" with the metal.

Loading the nanoaggregates with metal ions yields hybrid homoge-
neous organic-inorganic materials in a simple way. Furthermore, tailor-
made nanostructures with different sizes and morphologies can be ob-
tained by varying the metal/ligand ratio, the length of the ligand block,
the type of metal cation and the block copolymer concentration [11].

Oximes have been shown to be good metal ligands and the chemistry
of oxime/oximate metal complexes has been widely studied, including
vic-dioximes, substituted oximes, 2-pyridyl oximes, and cyanoximes
[25-30].

Furthermore, polymeric materials bearing oxime-based ligand

(a)
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moieties are widely used to interact with metal ions serving diverse
purposes. Amidoxime-modified polymers [13,31,32] are employed for
heavy metal removal from industrial wastewater, whereas poly
(salicylaldehyde-acrylate-divinylbenzen)oxime [33] and a-hydroxy
oxime-containing cellulose [34] are employed in extraction chroma-
tography of metal ions from aqueous solutions. However, to the best to
our knowledge, there is no report of oxime-containing block copolymers
nanoaggregates loaded with Cu(II) (or with other metal ions).

In our recent work several amphiphilic block copolymers encom-
passing the 4-[(hydroxyimino)aldehyde]butyl methacrylate (HIABMA)
repeat unit were easily and successfully synthesized via RAFT poly-
merization, with systematic variations in their compositions [35].
(Fig. 1, first polymer on the left as an example).

The HIABMA monomer is sensitive to pH [36], it exhibits a
wavelength-dependent photochemical behavior (i.e., E/Z oxime isom-
erism and chemoselective Norrish—Yang cyclization) [36-38] and has
potential for metal chelation [38]. These features make PHIABMA an
interesting building block to obtain useful multi-stimuli responsive
copolymers.

By exploiting the pH sensitivity of the HIA units we obtained
monodisperse, stable and reversible core-shell micelles (Fig. 1). They
consist of a PHIABMA hydrophobic core and a POEGMA hydrophilic
shell that makes them also thermoresponsive [35].

In the present work we report our first investigation on metal ligation
by polymers obtained from the HIABMA monomer (Fig. 1). We focus on
Cu(Il) not only in view of its relevance in diverse applications, but also
because of the distinctive UV-Vis bands of its complexes, which make it
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Fig. 1. (a) Molecular structure of the polymers in this study. G4 = TEGMA (OEGMA3); H = HIABMA (4-[(hydroxyimino)aldehyde]butyl methacrylate); MH = 4-
[(methoxyimino)aldehyde]butyl methacrylate; The suffix next to the repeat unit abbreviation indicates the DP for each block (See SI for characterization). (b)
Schematic cartoon of pH-induced micellization (PIM) method shown in our previous work [35].
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a convenient choice for a first study with a new ligand. A specific block
copolymer composition (Hzg-b-G47s: Fig. 1) is chosen, out of the several
copolymers that we recently described [35], because it provides well
defined core-shell micelles of 30 nm with the most favourable pH- and
temperature responsivity. A second block copolymer (MHys5-b-G47s;
Fig. 1) is included in this study, in which an oxime ether moiety replaces
free oximes, in order to investigate the relevance of the latter in the
formation of metal complexes. Finally, HIABMA homopolymer Hyq
(Fig. 1) is investigated as polymeric ligand in acetonitrile.

2. Materials and methods

Gel Permeation Chromatography. GPC analyses were performed
on a Hewlett Packard Series 1050 HPLC system equipped with a 1047A
RI detector and a TSK gel alpha-4000 GPC column (Tosoh, Japan), using
DMF with 0.1 % (w/w) LiBr as the mobile phase at a flow rate of 0.8 mL
min~!. The system was coupled to Clarity software version 6.2 (Data-
Apex, Prague, The Czech Republic) for signal processing. Molecular
weights are relative to monodisperse polyethylene oxide (PEO) stan-
dards (Agilent). The concentration of the polymeric solutions was ~1—2
mg mL 1. Samples were filtered through poly(vinylidene difluoride)
(PVDF) syringe filters 0.45 pm, 13 mm (Lab Service, Italy) prior to
analysis.

NMR Spectrometry. All 'H NMR and '3C NMR spectra were recor-
ded in CDCl3 and/or DMSO-dg on a Bruker Avance 300 spectrometer
(300 MHz) or Bruker Avance NEO 400 Nanobay (400 MHz). Chemical
shifts are referred to the solvent signal and expressed in parts per million
(& scale).

Dynamic Light Scattering. DLS data were obtained with a Broo-
khaven Instruments Corp. BI-200SM goniometer equipped with a BI-
9000AT digital correlator using a solid-state laser (125 mW, 1 = 532
nm). Measurements of scattered light were made at a scattering angle 6
of 90°. The nanoaggregates formation was monitored at 25 + 0.1 °C.
The experimental duration was in the range of 5-20 min, and each
experiment was repeated two or more times. Cumulant analysis or
CONTIN was used to fit the data.

UV-Vis Spectrophotometry. Spectra were recorded on a JASCO V-
530 UV-vis spectrophotometer equipped with a Peltier Jasco EHC-
477T.

TEM measurements. All transmission electron microscopy analyses
were carried out with a Tecnai 12 G2 Twin (ThermoFisher Scientific
Inc), equipped with a lanthanum hexaboride thermionic electron source,
operating at a primary beam maximum energy of 120 keV. Electron
images and diffraction patterns were acquired with a 12 megapixels
digital CMOS sensor Phurona camera (Emsis GmbH), installed in the
projection chamber at the end of the magnetic lens column, which could
be inserted on demand along the microscope optical axis above the
viewing screen. Diffraction patterns were obtained by means of Nano-
area Electron Diffraction (NED), and the sample volume was directly
selected using a highly collimated and coherent primary electron beam,
controlled by condenser apertures and lenses. In this way, a very high
spatial resolution could be achieved, with an electron beam diameter of
a few tens of nanometers (about 30 nm). X-ray Energy Dispersive
Spectrometry (XEDS) measurements were performed on a Thermo-
Ultradry (ThermoFisher Scientific Inc), selecting the sample volume of
interest by the same nanoarea electron beam method used in NED. All
samples were prepared placing a suspension drop (10 pL) on a TEM 400
mesh Cu grid covered with a thin amorphous carbon film. Sometimes, to
better visualize the polymeric particles, the negative staining was
applied using phosphotungstic acid (PTA) aqueous solution 2 % w/v
buffered at pH 7.3 with NaOH.

STEM measurements. STEM images were obtained using a ZEISS
Auriga scanning electron microscope equipped with the STEM module
for operation in transmission mode. The samples were deposited by drop
casting on 400 mesh copper grid covered with a 20 nm amorphous
carbon film (Agar Scientific) and loaded inside the electron microscope
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by the specific sample-holder. To get a good compromise between
transmitted image resolution and a low radiation damage, the electron
beam was accelerated at 20 kV, while the working distance is set around
2 mm.

SAXS measurements. SAXS measurements were performed at
SAXSLab Sapienza with a Xeuss 2.0 Q-Xoom system (Xenocs SA, Gre-
noble, France), equipped with a micro-focus Genix 3D X-ray source (A =
0.1542 nm) and a two-dimensional Pilatus3 R 300K detector (Dectris
Ltd., Baden, Switzerland). The beam size was collimated to 0.5 mm x
0.5 mm and the range of scattering vector module (q), where q= (4n
sinB)/A, 20 being the scattering angle, was performed using silver
behenate. Measurements at there sample-detector distances were per-
formed so that the overall explored q region was 0.04 nm~! < q < 12
nm~!. Samples were loaded into vacuum-tight quartz capillary cells
with thickness 1.5 mm and measured in the instrument sample chamber
at reduced pressure (~0.2 mbar) in a thermalized holder, set at 25 °C
unless otherwise specified. The two-dimensional scattering patterns
were subtracted for the “dark” counts, and then masked, azimuthally
averaged, and normalized for transmitted beam intensity, exposure time
and subtended solid angle per pixel, by using the FoxTrot software
developed at SOLEIL. The one-dimensional intensity vs. q profiles were
then subtracted for the solvent and cell contributions and put in absolute
scale units (cm’l) by dividing for the known thickness. The different
angular ranges were merged using the SAXS utilities tool [39]. Guinier
fit analysis and the indirect Fourier transform to calculate the pair dis-
tance distribution functions were performed with the SAS Data Analysis
tools of the ATSAS package [40]. Attempts to describe the sample
scattering according to analytical models were performed with the
software packages SasView (SasView version 5.0.2) and Sasfit [41].

2.1. Synthesis of monomers

4- [(hydroxyimino)aldehyde] butyl methacrylate (HIABMA) was
synthesized as previously described and purified by silica gel column
chromatography. A second chromatographic purification shortly prior
to polymerization is necessary to obtain high monomer conversions in
RAFT polymer synthesis [35]. HTABMA was isolated as a clear viscous,
colorless liquid with a 49 % yield.

'H NMR (300 MHz, DMSO-dg, 8): 12.92 (s, 1H, OH); 9.40 (s, 1H,
CHO); 5.99 (m, 1H, C=CH3), 5.65-5.66 (m, 1H, C—=CHy); 4.05-4.09 (t,
2H, CH,0(C=0); 2.35-2.40 (t, 2H, CH>-C(NOH)); 1.86 (m, 3H,
CH35C—=CHy); 1.41-1.65 (m, 4H, 2 x CHy).

13C NMR (75 mHz, DMSO-dg, 8): 192.25 (CHO), 167.16 (C(O)OR),
159.71 (C(NOH)), 136.31 (C—=CHy), 125.81 (C—=CHy), 64.13 (CH0
(C=0), 28.45, 21.91, 20.99, 18.34 (CH3C=CHy).

4-[(methoxyimino)aldehyde] butyl methacrylate (MIABMA)
was obtained from HIABMA (0.20 g, 0.94 mmol). The substrate was
dissolved in acetone (3.8 mL), then 0.52 g (3.8 mmol) of potassium
carbonate (K2CO3) was added. The solution was left under stirring for 5
min, then 0.18 mL (1.9 mmol) of dimethyl sulfate (Me2SO4) was added
dropwise. After 3 h stirring at room temperature, the reaction was
stopped by adding 16 mL of water. The completeness of the reaction was
confirmed by both gas chromatography (GC) and thin layer chroma-
tography (TLC) analysis. After 30 min, further 35 mL of water was
added, and the aqueous phase was extracted with 4x30 mL of diethyl
ether (Et20). The combined organic phases were washed with 2x60 mL
of sodium bicarbonate (NaHCOs3) and then with 1x60 mL of brine.
Finally, the organic phase was dried over NaSOy, filtered, and solvents
removed under reduced pressure. The residue was then purified by
chromatographic column on silica gel, eluted with a mixture of petro-
leum ether/ethyl ether (from 20:1 to 15:1 vol/vol). MIABMA (MH) was
a viscous, colorless liquid (126 mg, 0.56 mmol, Yield = 60 %). Both E
and Z configurations of oxime ether are present (*H and '3C NMR).

'H NMR (400 MHz, CDCls, §): 10.12, 9.43 (s, 1H, CHO); 6.12 (m, 1H,
C=CHpy); 5.57 (m, 1H, C=CH,); 4.21-4.14 (2H, CH,0(C=0)); 4.12,
3.83 (3H, OCHj3); 2.49 (t, 2H, CH,C(NOH)); 1.95 (m, 3H, CH3C—=CH));
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1.71-1.65 (m, 4H, CH>).

13C NMR (100 mHz, CDCls, 5): 190.74, 182.11 (CHO); 167.56 (C(O)
OR); 159.73 (C(NOCH3)); 136.55 (C—CH,); 125.43 (C=CH,);
66.95-61.75 (NOCH; and CH,O(C=0); 28.63-21.95, 18.43
(CH3C=CHy).

2.2. Synthesis of polymers

All polymers were obtained, as previously described, by RAFT
polymerization with the Chain Transfer Agent cyanopropan-2-yl
dithiobenzoate (CPDB; STREM Chemicals, Inc., BISCHHEIM, France)
and with AIBN as the initiator [35]. The polymerization reactions were
conducted in DMSO (previously dried on molecular sieves) under argon
atmosphere in flame-sealed glass ampules at 75 °C for 7-9 h. Final
volume was adjusted to 0.55-0.80 M monomer concentration. DMSO
was removed by dialysis against ethyl acetate (RC tubing Spectrapor 7;
MWCO = 1 kDa) and the solvent was removed in several days under
high vacuum, yielding a pink oil.

p(HIABMA) (H40). HIABMA (75 mg, 0.35 mmol), CPDB (1.9 mg,
8.8 pmol), AIBN (0.36 mg, 2.2 pmol) and DMSO (0,640 mL).

p(HIABMA)-b-pTEGMA (H3g-b-G475) and p(MIABMA)-b-pTEGMA
(MH35-b-G475). The polyTEGMA (poly[tetra(ethyleneglycol)] methyl
ether methacrylate: G4y5) block was synthesized first. [G4]/[CPDB]/
[AIBN] = 75:1:0.25. After 9h at 75 °C monomer conversion was quan-
titative ("H NMR). The resulting macro-CTA was submitted to one-pot
chain elongation by simply adding HIABMA or MIABMA [HIABMA]/
[G4]1/[AIBN] = 40:1:0.25 and [MIABMA]/[G4]/[AIBN] = 25:1:0.25,
respectively, and conducting the polymerization in the same reaction
conditions. Monomer conversions were quantitative as determined by
'H NMR, so the composition of the copolymers was 75 TEGMA and 38
HIABMA units (Hgzg-b-G475) or 25 MIABMA units (MH35-b-G475). D
(Mw/M,) = 1.19 and 1.33, respectively (GPC).

pH-induced micellization. Core-shell micelles were obtained from
Hsg-b-G475 as previously described [35]. Briefly, 1.7 mg of polymer
(Mn = 30.6 kDa; HIABMA = 6 x 10~° mol) was dissolved in 1 mI. NaOH
0.1 M. After stirring for 30 min, the solution became clear and pH was
11. The pH was then gradually lowered by the addition of 0.1 M HCI,
and the formation of nanoaggregates was monitored by DLS. The final
volume was adjusted to obtain [HIABMA] = 1.8 x 1073 M.

Cu(II) loading of pre-formed micelles. Appropriate aliquots of Cu
(NO3)2 or Cu(OAc)3 0.05 M in milliQ water were added under stirring to
the core-shell micelles obtained by pH-induced micellization.

Nanoaggregation with Cu(Il) in acetonitrile. The polymers Hzg-b-
G4 (2.0 mg, HIABMA = 2.5 x 10~ mol), Hyg (0.67 mg, HIABMA =
3.1 x 10~® mol) and MHa5-b-G45 (2.8 mg, MIABMA = 2.5 x 10~® mol)
were solubilized, respectively, in 2.5 mL, 3.1 mL and 2.5 mL of aceto-
nitrile in a quarz cuvette (optical path 1 cm) equipped with a magnetic
bar, to obtain 1 mM HIABMA or MIABMA. After about 30 min stirring,
appropriate aliquots of a 10 mg mL~! Cu(OAc), solution were added to
explore different metal-to ligand molar ratios ([Cu2+] /[HIA] = 0.05 to
2), recording a spectrum after each addition.

3. Results and discussion
3.1. Loading preformed micelles with Cu(II) ions

Cu(Il) complexation by preformed micelles in water was initially
studied. The nanoaggregates were obtained by the pH-induced micelli-
zation (PIM) of H3g-b-G475 copolymer, as we previously described [35].
Briefly, we estimated pKa 11.2-11.3 for the copolymer (Fig. 4 in
Reference 35). Therefore, at pH > 11 Hgg-b-G475 is a polyionic
double-hydrophilic polymer solubilized as unimers. Micelles are then
obtained by gradually lowering the pH. These micelles exhibit a
well-defined core-shell structure with an overall diameter of 30 nm,
measured by DLS. Several aliquots of a 50 mM Cu(NOgs)5 or Cu(OAc),
aqueous solution were simply added to the micelle solution ([HIA] =
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1.8 mM) and UV-Vis spectra were recorded 5 min after each addition.
Visually, the solution remained clear and turned green from colorless.
Accordingly, two bands of increasing intensity appeared at 400 and 610
nm (Fig. 2).

These absorption bands are attributed to the complexation of Cu(II)
by HIA groups [42]. The band at about 610 nm is associated with the d-d
electronic transition of complexed Cu(Il) [43], that at 400 nm with the
ligand-to-metal charge transfer transition (LMCT) [44]. A hint at a
plausible complex geometry can be inferred from the spectral properties
of the complex. The extinction coefficient at A = 610 nm estimated from
the slope of the linear trend of abs as a function of the [Cu(II)] is eg10 =
136 M~ em™? for the acetate and 124 M~ ecm™! for the nitrate. The
value of ¢ of the d-d transition bands strongly depends on the geometry
of the complex. Absorption bands in octahedral complexes are generally
weak (¢ in the range 1-500 M lem 1) because d-d transitions of the type
tog—eg are orbitally forbidden, whereas some of the d-d transitions in
tetrahedral complexes are fully allowed and can lead to quite strong
absorption, up to 5000 M lem™! [45]. Therefore, the value of € obtained
for the 610 nm band is within the characteristic range of octahedral
complexes. However, this geometry can undergo distortions leading to a
square planar or square bipyramidal geometry. In fact, the d-d transi-
tions between 600 and 700 nm are mainly attributed to a square planar
geometry [46-48]. The elucidation of the Cu(II)-HIA complex structure
will require a dedicated study, also involving non-polymeric HIAs.

The nature of the copper counterion strongly affects the intensity of
the absorption bands as a function of R = [Cu2+] /[HIA] (Fig. 2). In fact,
at R = 0.5, Apax (400 nm) = 1.2 with acetate, whereas a lower value of
Amax (400 nm) = 0.4 is reached at R < 0.5 with nitrate. Interestingly, the
latter value increases to about 1.2 upon adding NaOAc to the nitrate
solution (See Fig. S1). In other words, the acetate counterion acts as a
base that favors the formation of the complex through oxime dissocia-
tion. We thereby explored the effect of pH on the spectra of a R = 0.5
mixture prepared with Cu(NOs)2. The as-prepared solution was slightly
acidic (pH = 4), as expected upon addition of Lewis acid Cu(I). We
adjusted the pH to 2.5 and then we added aliquots of NaOH 0.1 M,
recording the UV-Vis spectra as a function of pH up to pH 8 (Fig. 3a).
Then the pH was lowered again to pH 2.5 (Fig. 3b) to check for any
differences between spectra recorded in the two runs (i.e. pH up and
down).

Spectra in Fig. 3 exhibit the same bands as in Fig. 2. Fig. 3¢ shows the
intensity of the 400 nm band as a function of pH. A4 is close to zero at
acidic pH and increases with increasing pH with a sigmoidal curve
shape. The curves obtained by increasing/decreasing the pH in the
2.5-8.5 interval are only slightly shifted and exhibit very similar shapes,
pointing at a substantially reversible process. Identical results were
obtained by repeating the alkalinization experiment with Cu(OAc), in
place of Cu(NOs), (Fig. S2), the only difference being the pH of the as-
prepared mixture (pH = 4.8, A490 = 1.2). We thereby infer that the band
at 400 nm is amenable to Cu(II)-oximate anion interactions, and that its
intensity is a function of pH and is independent of the counterion in the
Cu(ID) salt. The curves in Fig. 3c should, then, be viewed as spectro-
photometric titrations of the Cu(II)-oxime system, so that the pKj, of the
HIA groups in the presence of Cu(Il) ions can be estimated from the
vertical inflection point of the sigmoid. A non-linear fit of the experi-
mental points in the alkalinization experiments of both Cu(Il) nitrate
and acetate (Fig. S3) results in an estimated pKa of 4.65. This value is
more than 6 pKa units lower than that of Hzg-b-G475 (estimated pKa
11.2-11.3)® and is consistent with the acidity enhancement effect of up
to seven orders of magnitude observed with Cu(II) on a series of 2-pyr-
idineoximes [49].

The pH-dependence of the band at 400 nm may result from acidic
dissociation of the HIA-Cu(Il) complex, or from Cu(II) interacting solely
with oximate ions. In the first case, most (if not all) of the complex would
be stable at low pH, although with no spectrophotometric evidence. In
the latter case, instead, one would expect complex disruption and
release of free Cu(Il) at a pH low enough to suppress HIA dissociation.
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Fig. 2. Absorption spectra in water of (a) Cu(NO3)2/H3zg-b-G45 and (b) Cu(OAc),/H3zg-b-G45 (PIM) [HIA] = 1.8 mM solutions at increasing concentrations of Cu(II)

recorded after 5 min from each addition.
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Fig. 3. Absorption spectra in water for Cu(NOs),/Hsg-b-G4,5 ([HIA] = 1.8 mM; [Cu®*1/[HIA] = 0.5) (A) starting from pH 2.5 and adding NaOH 0.1 M up to pH 8
and (B) subsequent addition of HC1 0.1 M. (C) Absorbance at 400 nm as a function of the pH. Measurements carried out with a cell with an optical path length of 1

cm. The spectra are corrected for dilution.
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Fig. 4. Schematic of centrifugal filtration process for the Hsg-b-G475 complexed micelle solution ([HIA] = 1.8 mM) with [Cu®*]/[HIA] = 0.5 at pH 2.5 with the

UV-Vis spectra after the four filtrations.

With this in mind, we resorted to centrifugal filtration at acidic pH to sequential centrifugal filtration cycles, restoring the initial volume of the
separate the polymeric material from the bulk solution containing any micelle solution after each filtration. The absorption spectrum of the
Cu(Il) ions released from the micelles (Fig. 4). first filtrate (Fig. 4, in red) shows a band at 780 nm (Aygy = 0.01),

The sample containing Cu(II)-loaded micelles ([HIA] = 1.8 mM; Cu attributed to free Cu(ll) in acidic water. With 730 = 12 M1
(OAc); = 0.9 mM; R = 0.5) was acidified to pH 2.5 and submitted to four cm_l(Supporting Information in Ref. [50]), free Cu(II) concentration in
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the filtrate is 0.8 mM, corresponding to over 90 % recovery of the Cu(II)
initially added to the micelles. The band is negligible in the second
filtrate and undetected in the third and fourth. The release of Cu(Il) at
acidic pH supports the idea that the Cu-HIA complex is unstable with
undissociated HIA and that complex formation is concomitant with HIA
dissociation. As for the polymeric material recovered from the centrif-
ugal filter, DLS analysis showed that the release of Cu(Il) does not
disrupt the micelles. In fact, the diameter of the nanoaggregates remains
constant at 30 nm throughout the complexation-release experiment,
confirming that core crosslinking by Cu(Il) ions (vide infra for Cu-loaded
micelles characterization) is gradually replaced by the formation of
hydrophobic interactions of the protonated PHIABMA chains. After
alkalinization at pH 12.0, DLS analysis showed complete disassembly of
the recovered micelles, consistently with pristine, unloaded pH-sensitive
micelles [35]. On the other hand, a precipitate formed upon alkalin-
ization of the first filtrate, thus confirming that no polymer is present to
stabilize Cu(Il). In short, the micellar complexes effectively release Cu
(ID) at acidic pH and the polymer and metal ions can be separated by
simple centrifugation or dialysis. Interestingly, this would constitute a
recyclable system for copper uptake and release.

Based on the results outlined so far, optimal Cu(Il) loading of the
micelles should be obtained at suitable pH values granting quantitative
dissociation of the Cu(II)-HIA complexes. For this reason, in order to
assess the stoichiometry of Cu(II)-oximate complex, increasing aliquots
of Cu(OAc); in 0.015 M phosphate buffer at pH 7, i.e. well above the pKa
of 4.65, were added to H3g-b-G475 micelles, also diluted in phosphate
buffer 0.015 M (final [HIA] = 1.6 mM). A4qp increases linearly up to R =
0.5, then a plateau of A490 = 1.5 is attained. This value (considering the
slight dilution of the micelles in the buffered experiment) is comparable
to that reached at pH > 7 in the variable pH experiments shown in Fig. 3
and S2 (A400 = 1.6-1.7, respectively, with [HIA] = 1.8 mM), where R =
0.5. These results indicate nearly quantitative incorporation of Cu(Il)
ions into the micellar core up to R = 0.5, then free Cu(Il) is expected to
be present upon further additions of metal ion.

Indeed, when samples obtained from Cu(OAc)s/Hsg-b-G475 with R
= 0.1-2 were submitted to centrifugal filtration 24 h after preparation,
the band of free Cu(Il) at 780 nm was below detection in the filtrates at
R = 0.1-0.5, then it increased linearly up to R = 2 (Figs. 4 and 5b). This
experiment confirms that, within detection limits with such small
extinction coefficient (¢ = 12 M lem™1) [50], the metal ions are quan-
titatively incorporated into the micelles until a stoichiometry of two HIA
groups for each Cu(Il) ion is reached. At R > 0.5, 70 % of the exceeding
Cu(ID) is found as free ions in the filtrate, so a 30 % fraction is loaded into
the micelles without increasing the intensity of the A4o¢ band (Fig. 5a).
The limited incorporation of Cu(Il) exceeding the 1:2 stoichiometry may
be explained by the lesser stability of 1:1 [Cu®t]/[HIA] complexes,
whereas the constant value of A4go is amenable to the constant con-
centration of quantitatively dissociated HIA groups interacting with Cu
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(ID), regardless of complex stoichiometry.

We then studied more in detail the kinetics of complex formation at
[Cu(OAc).]/[HIA] = 0.5 ratio, as shown in Fig. 6. In fact, In order for the
complex to form, Cu(II) ions need to migrate through the micelle corona
and into the core, where oxime acidic dissociation and metal complex-
ation may trigger segmental reorganizations.

In only 10 s the absorbance had already reached approximatively 70
% of the end-point (0.9 vs. 1.3), then a slower phase followed, with about
90 % of the final absorbance reached after less than 10 min. This result
confirms that most of the Cu(II) is complexed in the micelle core within
few minutes, despite the need to reach the coordination sites.

The data were fitted according to a multi-exponential decay function
of characteristic times of the type [51,52]:

Abs = Absx * (1 —a; exp <_t£) — as exp (—;) — asz exp <_t£)>
1 2 3

By interpolating the experimental curve, we obtained three charac-
teristic times, t; = 2.2 s associated with approximately 71 % of the
signal, to = 91.5 s associated with a further 17 % increase, then the final
signal is reached with t3 = 71 min. The shorter time t; should correspond
to the rapid diffusion of ions within the core of the micelles reaching the
coordination positions without the need for significant rearrangement of
the polymer chains. The longer characteristic time to, of about 1.5 min is
in keeping with those generally observed in the formation of micelles
from polyelectrolytes [53] and is reasonably representative of the
rearrangement of some short or medium range polymeric segments
necessary to make additional coordination sites available to other metal
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Fig. 6. Absorbance trend at 400 nm as a function of time during complexation
of Hyg-b-G4,5 micelles ([HIA] = 1.8 mM; Cu(OAc), with [Cu?**]/[HIA] = 0.5
ratio; empty blue circles) interpolated with multi-exponential decay function
(red line). The first 50 s are shown in the inset. Measurements carried out with a
cell with an optical path length of 1 cm. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 5. Loading of Cu(Il) by pre-formed micelles of Hzg-b-G47s. ([HIA] = 1.6 mM) in phosphate buffer 0.015 M at pH 7. (a) A4o0 recorded 5 min after addition of
aliquots of Cu(OAc), (50 mM in phosphate buffer 0.015 M at pH 7) to pre-formed micelles of Hzg-b-G45 in the same buffer. (b) A;go (free Cu(Il) band) of the filtrate
obtained by centrifugal filtration of Cu(II)-loaded micelles at different [Cu®**1/[HIA].
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ions entering the micelle core. The third and longest t3 is associated with
the last 11 % interactions most probably taking place with even more
complex rearrangements or displacements of the polymeric chains over
a longer range.

3.2. Characterization of Cu(ID)-loaded micelles

All data shown below are referred to the micellar complex obtained
with Cu(OAc),.The dimensions of the complexed micelles with R = 0.5
were measured by DLS. At t = 24 h after Cu(II) addition, the Dy was
about 30 nm, almost identical, within the experimental error, to that of
the copper-free micelles (Fig. 7). This reasonably indicates that the size
of the micelles core remains essentially unchanged after complexation,
with the outer POEGMA shell effectively preventing intermicellar
interactions.

The STEM image obtained without staining allows to visualize
selectively the PHIABMA core of the micelles thanks to the significant
contrast increase provided by the complexed Cu(Il) ions. The image
shows the presence of dark circular particles with a diameter of about
10 nm (Fig. 7b). As expected, the diameter of the core is smaller than the
overall diameter of the micelle obtained by DLS measurements (30 nm,
Fig. 7a) and from TEM measurements with negative staining (24 nm, as
reported in our previous work). The thickness of the POEGMA outer
shell is therefore between 6 and 10 nm.

The SAXS data collected for H3g-b-G475 micelles complexed with
[Cu®>]1/[HIA] = 0.2 and 0.5 confirm the spherical shape and the same
geometrical parameters as those of the unloaded micelles, with a
maximum size of 29.5 4+ 0.5 nm and a gyration radius R of the order of
9 nm (Table S1). Compared to the copper-free PIM micellar system
(Fig. 8, red dots), SAXS data record an increase of the scattered intensity,
which can be explained by a larger overall electron density contrast of
the micelles relative to the solvent, consistent with the incorporation of
Cu(ID) ions. In addition to the initial decay of intensity related to the
overall micellar size, the high q portion of the profiles (q > 0.5 nm 1)
follows a characteristic slope relating to the scattering of polymer
chains, arising from the POEGMA shell. An analytical model for a block
copolymer micelle comprising a spherical compact core (with diameter
from 9 to 11 nm) grafted with chains having radius of gyration of the
order of 3 nm is in agreement with the experimental data, and, keeping
constant the aggregation number (equal to 46) and the concentration of
micelles as in the unloaded sample, the changes observed with
increasing Cu(Il) concentration are consistent with increased electron
density values and increased relative scattering contribution from the
spherical core.

The well-defined core-shell structure of the Cu(II)-loaded micelles is
further confirmed by their thermoresponsive behavior. In our previous
work [35] we showed that micelles of Hzg-b-G475 obtained with the PIM
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method have well-defined cores and shells and they show a sharp tran-
sition at Tcp = 57 °C (90 % of trasmittance at A = 700 nm) in their
turbidimetric profile. Here, we repeated the experiment with Cu
(II)-loaded micelles (R = 0.5) and found the same sharp drop of trans-
mittance within 1 °C of the T¢p of the pristine micelles (Fig. 9).

Moreover, DLS temperature scans were carried out on the complexed
micelle solution. DLS analysis showed an increase in micelle diameters
(up to 500 nm) in correspondence to the Tcp. Cooling the solution back
to 25 °C, upon gentle shaking, it became clear again Fig. S4 in less than 2
min (Fig. S4). Somewhat larger nanoparticles than the starting ones
were observed a few minutes after cooling to 25 °C, with Dy, about 55
nm, but the size decreased to 37 nm after 30 min and to 31 nm after 17 h.
The SAXS data (Fig. 10) obtained at 25 °C before and after heating at
65 °C, highlighted in both cases the presence of the Cu(II)-loaded block
copolymer micelles with unchanged size (Rg 9 nm, Dyax 30 nm). The
slightly more anisotropic shape of the pair distance distribution function
detected after the heating-cooling cycle (inset in Fig. 10a) might be due
to a small fraction of clustered micelles, as also suggested by the STEM
images acquired without contrast agent after heating (Fig. 10b).

From these observations, it is possible to envisage a recyclable
micellar thermoresponsive system for the recovery of Cu(Il).

3.3. Formation of Cu° nanoparticles by reduction of Cu(Il)

Ascorbic acid (AA) at pH 7 was used to reduce Cu(Il) complexed in
H3g-b-G475 PIM micelles, R = 0.5. As can be seen in Fig. 11, the addition
of AA in molar excess (6:1) leads to the loss of the green color of the
solution (band at 610 nm) and to the disappearance of the band at 400
nm. TEM images (Fig. 11b) show spherical particles with a size of 5-10
nm, similar to those obtained for PIM complexed with Cu(II). Electron
diffractogram of the NPs was obtained by the NED technique (Fig. S5).
Micellar complexes with Cu(Il) are amorphous and do not exhibit
nanodiffraction, whereas after reduction with AA, typical diffracto-
grams of polycrystalline samples, with well-defined rings and spots
corresponding to the various lattice planes, are observed. Calibration
with standard samples allowed us to verify the presence of a brighter and
sharper ring corresponding to the lattice planes (111) of metallic copper.
This result paves the way to further investigations on the stability of the
obtained core-shell nanoparticles, which are increasingly investigated
for biomedical applications, photonics, catalysis and templated nano-
clusters [16-19].

3.4. Copper-induced nanoaggregation

In our previous investigation [35], we have shown that the block
copolymer Hgg-b-G475 is insoluble as such in neutral water and can only
be stabilized in aqueous solution as a micellar nanoaggregate. On the

Fig. 7. (a) Size distribution obtained using the CONTIN method for Hsg-b-G4,5 uncomplexed micelles (in black) and Cu?*/Hzg-b-G475 complexed micelles with
[Cu?"]/[HIA] = 0.5 (dashed line) (25 °C, 90°, 200 slit, filtration x1 with PTFE filters). (b) STEM image of Cu?"/Hzg-b-G45 complexed micelles with [Cu®*]/[HIA] =

0.5 on 0.3 mg mL~! without staining.
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Fig. 8. a) SAXS data of PIM of H3g-b-G475 ([HIA] = 1.8 mM) (red dots), of Hzg-b-G4,5/Cu(OAc), for [Cu®>]/[HIA] = 0.2 (green dots) and 0.5 (blue dots) and model
intensity according to a block copolymer micelle form factor (parameters reported in Table S2a); b) Pair distance distribution functions P(r) obtained by means of the
indirect Fourier transform of the SAXS data. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 9. Turbidimetric measurement on 1.5 mg mL™' Cu**/Hsg-b-G4,5 micellar
system in water with [Cu®*]/[HIA] = 0.5 ratio (green line), compared to those
on pristine Hzg-b-G4,5 micelles (red line). A = 700 nm; heating rate of 1 °C
min~!. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

other hand, it is fully soluble in many organic solvents, including
acetonitrile (ACN). Based on previous work in our group showing that
the HIA group is able to form complexes with Cu(Il) in acetonitrile [38],
we studied the Cu(Il)-polymer interaction in acetonitrile with
H3g-b-G475 and with the Hyo homopolymer (Fig. 1). Specifically, we
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investigated whether complexation with Cu(Il) would induce nano-
aggregation into hybrid polymeric micelles, in view of potential appli-
cations as catalytic nanoreactors in organic solvents, with size-based
recovery of the polymeric catalyst. Several aliquots of a Cu(OAc); so-
lution (10 mg mL ) were added to the polymer solutions in ACN ([HIA]
= 1 mM), spanning R = 0.05 to 2. UV-Vis spectra confirmed the for-
mation of the complex (Fig. 12), with a narrow and intense band
appearing at 414 nm and a broader one at 616 nm, similarly to the ones
observed in water.

With both HIA-containing polymers, the position of the band around
616 nm remains constant until R = 0.5 is reached, then it shifts towards
longer wavelengths (insets in Fig. 12), due to the overlap of the 670 nm
band of free Cu(OAc); in ACN. Analogously, a shift towards shorter
wavelengths is observed for the 414 nm band, due to overlap with the
375 nm absorption of free Cu(OAc);, in ACN. Plotting the absorbance of
the band at 414 nm as a function of R, a linear trend is observed up to R
= 0.4, then the curves flatten out beyond R = 0.5 (Fig. 12c). This is
compatible with the formation of a complex in which each Cu(Il) is
coordinated by two HIA groups. In fact, the 1:2 metal/ligand stoichi-
ometry is confirmed with the Job graphical method (Fig. S6). The small
increase in absorbance up to R = 2 is attributed to free copper in solution
(375 nm band of Cu(OAc); in acetonitrile). From the slope of the linear
part of the graphs in Fig. 12 we calculated £ = 2060 M~ lem ™ for Hag-b-
G475 and € = 1530 M lem ™! for Hyo. These values are very close to
those obtained with pre-formed micelles in water, as discussed above.
When a 4-fold excess TFA in ACN was added to the Cu2+/H38-b-G475
complex (R = 2), the intensities of the bands of the complex decreased

Fig. 10. a) The SAXS data of Hzg-b-G4,5/Cu(OAc), ([HIA] = 1.8 mM) with [Cu?*1/[HIA] = 0.5 collected at 25 °C before (blue dots) and after (purple dots) a heating
cycle up to 65 °C. In the inset, the corresponding pair distance distribution functions are reported; b) STEM images without contrast agent of Cu(OAc),/H3g-b-G475
PIM micelles ([HIA] = 1.8 mM; [Cu?*]/[HIA] = 0.5) taken at 25 °C after heating to 65 °C. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)
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Fig. 11. a) Absorption spectra of Hzg-b-G4,5 PIM micelles complexes with Cu(II), [Cu®>]/[HIA] = 0.5, ([HIA = 1.8 mM) before (full line) and after (dashed line)
reduction with r-ascorbic acid ([AA]l/[Cu*'] = 6,t =5 days) at pH = 7. Measurements made with a cell with an optical path of 0.1 cm. b) TEM image of the Cu®

nanoparticles without contrast agent.
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Fig. 12. (a) Absorption spectra in acetonitrile of: Cu(OAc), (1.9 mM, blue dotted line), Hzg-b-G475 ([HIA] = 1 mM, violet dashed line); Cu(OAc)/Hszg-b-G475 as the
ratio [Cu®*]/[HIA] increases from 0.05 to 2. Cuvette with optical path length 1 cm. (b) Absorption spectra in acetonitrile of: Cu(OAc), (1.9 mM, in blue), Hyo ([HIA]
=1 mM, in violet); Cu(OAc),/Hyo as the ratio [Cu®*]/[HIA] increases from 0.05 to 2. Cuvette with optical path length 1 cm. (c) Absorbance trend of the 414 nm band
in ACN as a function of the [Cu?*]/[HIA] molar ratio for a) Cu(OAc),/Hsg-b-G4,5 and b) Cu(OAc),/Hyo. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

significantly. Furthermore, the maximum of the d-d band shifted at
longer wavelengths, as expected in the presence of free Cu(I)-TFA
complexes [54] (Fig. S7). Interestingly, when MHy5-b-G45 (Fig. 1) is
used in place of Hzg-b-G475, the characteristic bands of the complex at
414 and 616 nm fail to appear and the spectrum is fully consistent with
that of free Cu(OAc), in ACN (Fig. S8). In fact, MHa5-b-G475, which is
the O-methylated analogue of Hgg-b-G475, cannot dissociate into oxi-
mate anions. These results confirm the role of the oximate ion in com-
plex formation in ACN as well as in water.

DLS analysis shows that Cu(Il) induces

complexation

nanoaggregation of both Hgg-b-G475 and Hygg polymers in ACN. At R =
0.5, nanoaggregates of Dy, = 20 nm ca. are detected with both polymers
(Fig. 13a and b). The presence of a larger albeit quantitatively negligible
population is observed before filtration of the samples. The TEM images
obtained with Cu(II)-Hsg-b-G475 using phosphotungstic acid (PTA) as
negative stain for the entire nanoaggregates allow the observation of
spherical objects of about 18 nm (Fig. 13c). Without staining, where
dark contrast is provided by Cu(II) only, the observed spherical objects
(Fig. 13d) exhibit a smaller diameter of 10-12 nm. This result is in
keeping with a core-shell structure of the aggregates induced by Cu(II)



1. Antignano et al.

al 100 -

Intensity (%)
» (o) [+2]
o o o

N
(=]
L

10 100 1000
Dy, (nm)

b)

Intensity (%)

100

(0]
o

[=)]
o

B
o

N
[=]

D, (nm)

100 nm

Polymer 306 (2024) 127197

Fig. 13. Size distribution obtained using the CONTIN method for a) Cu2+/H38-b-G475 complex (25 °C, 90°, 400 slit, filtration x1 with PTFE filters) and b) Cu2+/H40
complex (25 °C, 90°, slit 200, without filtration). TEM image of Cu2+/H38-b-G475 complex in acetonitrile ([HIA] = 1 mM; [Cu®>1/[HIA] = 0.5): ¢) image acquired
with PTA as contrast agent and d) without contrast agent. €) TEM image of the Cu®*/H,o complex in acetonitrile with [HIA] = 4 mM and [Cu®"]/[HIA] = 0.5

acquired without contrast agent.
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Fig. 14. a) SAXS data of Hzg-b-G4,5 ([HIA] = 1.8 mM) in ACN (red dots), of Hzg-b-G4,5/Cu(OAc), in the same solvent for [Cu®**1/[HIA] = 0.2 (green dots) and 0.5
(blue dots) and model intensity according to a chain form factor (without Cu(Il)) and a block copolymer micelle form factor (parameters reported in Table S2b); b)
Pair distance distribution functions P(r) obtained by means of the indirect Fourier transform of the SAXS data. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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complexation in ACN. In fact, since Cu(Il) does not bind to POEGMA,
visualization of the micelle core is provided by the Cu(Il) ions in the
absence of staining. Regarding Cu(II)-H4, we find it quite surprising
that small aggregates would form in ACN, i.e. in the absence of stabi-
lizing POEGMA blocks. However, this result is confirmed by TEM in the
absence of staining, as shown in Fig. 13e.

SAXS was also used to characterize Hzg-b-G475 ([HIA] = 1.8 mM) in
ACN solution before and after complexation with Cu(OAc), (Fig. 14).
For the free polymer the data are in agreement with individual chains
having Ry of 4 nm and a characteristic intensity decay at large q with
Flory exponent of 0.42 (I(q) « q /°*%) suggesting conditions only
slightly less swollen compared to the theta solvent (I(q) « g~ */%-%). Upon
addition of Cu(OAc),, the low q intensity progressively grows, indi-
cating the formation of aggregates with average Rg of 6 and 9 nm and
maximum sizes of 20 and 30 nm for R = 0.2 and 0.5, respectively. On the
other hand, the scattering signal for q > 0.5 nm™! remains almost su-
perimposable to that observed for the free chains in absence of Cu(ll),
suggesting that the copolymer preserves its flexible nature and con-
tributes similarly to the overall scattering both if free and if involved in
the Cu(II)-induced aggregates. The scattering profiles can be described
with similar agreement both considering only the presence of small
block-copolymer micelles (with aggregation numbers of 7 and 23 for R
= 0.2 and 0.5, respectively, Fig. 14a) or assuming the coexistence of free
chains (in decreasing amount when increasing Cu(II) concentration) and
larger micelles (aggregation numbers 23 and 28). This second assump-
tion (Fig. S11) would be more in agreement with the overall known
concentration in the sample and the aggregates observed in micro-
graphs. However it is possible that the dropwise addition of Cu(OAc)2
gives rise to a complex distribution of aggregation numbers.

4. Conclusions

We have demonstrated the formation, both in water and in aceto-
nitrile, of hybrid Cu(II)-polymer nanoaggregates through complexation
by oximate groups in 4-[hydroxyimino)aldehyde]butyl methacrylate
polymers and copolymers. Cu(II)-loaded micelles can be obtained either
by fast migration of metal ions into pre-formed micelles, or by sponta-
neous nanoaggregation of free polymer chains induced by Cu(Il)
complexation. DLS, TEM and SAXS analyses show spherical core-shell
structures of 18-30 nm overall diameter with Cu(Il) located in 5-10 nm
micelle core, specific sizes being dependent of the preparation method.
In water, the acidity of the ligand groups is dramatically enhanced
(about 6.5 orders of magnitude) by the interaction with Cu(Il), in
keeping with similar results described in the literature for other oximes.
Complex formation involves oximate ions with a 1:2 Cu(II)/ligand
optimal stoichiometry. The hybrid micelles retain the thermores-
ponsivity of the PTEGMA shell, thus providing a means for their physical
separation at about 55 °C. Regarding metal release, Cu(Il) is freed from
the polymeric micelles in acidic conditions and can be selectively
recovered by centrifugal filtration. In fact, unlike other polyelectrolyte
systems that disassemble upon metal release, the polymeric micelles
described herein are unaltered by the uptake/release process. A recy-
clable system for metal uptake and recovery is thereby envisaged.
Furthermore, we have obtained Cu’ nanoparticles in water through
reduction with ascorbic acid of the Cu(II) ions in the polymeric complex.
This result is relevant in view of the many currently investigated ap-
plications of Cu® nanoparticles, such as biomedical, photonics, catalysis,
and templated nanoclusters.
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