N

N

Mechanistic insights into the formation of polyion
complex aggregates from cationic thermoresponsive
diblock copolymers
E. Read, Barbara Lonetti, Stéphane Gineste, A.T. Sutton, E. Di Cola, Patrice
Castignolles, Marianne Gaborieau, Anne-Francoise Mingotaud, Mathias

Destarac, Jean-Daniel Marty

» To cite this version:

E. Read, Barbara Lonetti, Stéphane Gineste, A.T. Sutton, E. Di Cola, et al.. Mechanistic insights
into the formation of polyion complex aggregates from cationic thermoresponsive diblock copolymers.
Journal of Colloid and Interface Science, 2021, 590, pp.268-276. 10.1016/j.jcis.2021.01.028 . hal-
03130969

HAL Id: hal-03130969
https://hal.science/hal-03130969

Submitted on 16 Nov 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche frangais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License


https://hal.science/hal-03130969
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr

Graphical abstract. Thermoresponsive polyion complex aggregates were obtained by addition of
polyacrylic acid to diblock copolymers based on cationic poly(3-acrylamidopropyltrimethylammonium
chloride) and thermoresponsive poly(N-isopropylacrylamide). Temperature induced structural changes
on these objects whose reversibility was related to the macromolecular characteristics of the copolymers.
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ABSTRACT.

Hypothesis: The formation of polyion complexes (PICs) comprising thermoresponsive polymers is
internted to result in the formation of aggregates that undergo significant structural changes with
temperature. Moreover the observed modifications might be critically affected by polymer structure and
PICs composition.

Experiments: Different block copolymers based on cationic poly(3-
acrylamidopropyltrimethylammonium chloride) and thermoresponsive poly(N-isopropylacrylamide)
were synthesized by aqueous RAFT/MADIX polymerization at room temperature. Addition of
poly(acrylic acid) in a controlled fashion led to the formation of PICs aggregates. The structural changes
induced by temperature were characterized by differential scanning calorimetry, Nuclear Magnetic
Resonance spectroscopy and scattering methods.

Findings: Thermoresponsive PICs undergo significant structural changes when increasing temperature
above the cloud point of the thermoresponsive block. The reversibility of these phenomena depends

strongly on the structural parameters of the block copolymers and on PICs composition.

KEYWORDS: double hydrophilic block copolymers, polyion complexes, thermoresponsive polymers,
nuclear magnetic resonance spectroscopy, capillary electrophoresis, small-angle X-ray scattering,

dynamic light scattering



1. Introduction

Following the extensive work of Kabanov’s team in the early nineties, the association between oppositely
charged polyelectrolytes has aroused great interest in the past decade.™ Soluble complexes were obtained
when two conditions were fulfilled: (i) the ratio between charged groups differed from unity, (ii) the
polyelectrolyte with the higher degree of polymerization was in excess with respect to the other.in terms
of number of moles of monomers unit!? Nevertheless at the equimolar stoichiometry macroscopic
precipitation always occurred. The discovery that such a precipitation could be avoided when using block
copolymers instead of homopolymers led Kataoka and co-workers to develop the modern version of such
assemblies, namely polyion complex micelles (PICs) also called block ionomer complexes, micellar
interpolyelectrolyte complexes or complex coacervate core micelles.>#l PIC assemblies are generally
obtained using at least one double hydrophilic block copolymer (DHBC) with a first neutral block and a
second one charged. The other PIC partner consists either in a homo-polyelectrolyte or another double
hydrophilic block copolymer with a charged block of opposite charge.

With the development of macromolecular engineering and particularly reversible-deactivation radical
polymerization, the number of achievable block copolymers has exploded enabling the easy and
controlled formation of polymer-based nanostructured materials. However, the use of DHBCs with a
thermoresponsive block that can undergo a morphological transition above a characteristic cloud point
temperature (Tc) has scarcely been reported in such assemblies. 2% Below T the block copolymer is
fully soluble in water. The addition of an oppositely charged polymer leads to the formation of self-
assembled systems 679100 and this process generally occurs on a millisecond timescale.[*%! Above T the
thermoresponsive block becomes dehydrated and the copolymer presents an amphiphilic character. This
induces spontaneous assembly with a dehydrated core and a charged outer shell. Addition of an oppositely
charged polymer leads quickly to the formation of PICs around this preformed template.[®% Non-
equilibrium structures of different shapes resulting from the rearrangement of colloidal structures are also

observed on a longer timescale.*” The conformational changes occurring on preformed thermoresponsive



PICs nanostructures upon heating or cooling and the reversibility of these modifications are less studied.
The few examples 529 described in the literature do not enable the key parameters controlling such
behavior to be determined. Macromolecular characteristics such as the polymer chain length and
dispersity, block copolymer composition (i.e. the ratio of hydrophilic to hydrophobic parts), residual
homopolymer content or structure (branching) are fundamental. To obtain further insight into the
influence of these parameters, the association of poly(acrylic acid) (PAA) and a cationic thermoresponsive
poly(3-acrylamidopropyl trimethylammonium chloride-b-N-isopropylacrylamide) (PAPTAC-b-
PNIPAM, scheme 1) with different composition and molar masses is studied here. For each investigated
PAPTAC-b-PNIPAM/PAA system, the ratio between the cationic and anionic segments was varied to
follow the formation of the complexes and discern the mechanism of assemblies’ formation. The effect
of temperature on such PIC micelles was then monitored with a variety of techniques including light

scattering, zeta potential, nuclear magnetic resonance spectroscopy (NMR) and thermal analysis.
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Scheme 1. Chemical structure of the studied PAPTAC-b-PNIPAM diblock copolymers.

2. Materials and Methods

2.1. Materials.
(3-acrylamidopropyl)trimethylammonium chloride solution (APTAC, 75 % (w/w) in water), N-
isopropylacrylamide (NIPAM, 97 wt.%) and poly(diallyldimethylammonium chloride) (PDADMAC, 20

% (w/w) in water, My, 200000-350000) were supplied by Sigma-Aldrich and used as received. 2,2'-



Azobis(2-methylpropionamidine)dihydrochloride (V-50, 98%), ammonium persulfate (APS, 98+%), and
L(+)-ascorbic acid (AsAc, 99%) were obtained from Acros Organics. O-Ehyl-S-(1-methoxycarbonyl)
ethyldithiocarbonate (XA) was synthesized according to literature.l'!! Ethanol and distilled water were
used as solvent for polymer syntheses. Water of MilliQ quality (Millipore, Bedford, MA, USA) was used
in capillary electrophoresis experiments, as well as fused-silica capillaries with a poly(ethylene oxide)
coating (named “WAX”, 50 um i.d., 360 pm o.d., from Agilent). Phosphoric acid (>99.0 %) was
purchased from Fusions (Homebush, Australia). Hexaminecobalt (III) chloride (>99.5 %), ammonium
nitrate (=98%), acetonitrile (=99.93%), NaOH (>98%) and absolute ethanol were supplied by Sigma-
Aldrich Chemical Company. PAAx and PAA ok were synthesized as previously described.*?!

2.2. Polymer synthesis.

A typical procedure for the synthesis of the PAPTAC7 sk first block is as follows: APTAC (10.6 g, 51.4
mmol), XA (0.24 g, 1.15 mmol), V-50 (0.06 g, 0.19 mmol), ethanol (1.81 g) and distilled water (7.39 g)
were placed in a 50 ml two-neck round-bottom flask. The solution was degassed by bubbling argon for
30 min before heating at 60 °C for 3h. Conversion was monitored using quantitative 'H NMR by taking
aliquots until it reached 100%. The mixture was concentrated under reduced pressure to remove ethanol
and then the polymer concentration in the solution was determined by gravimetry (50.7%) to use this
PAPTAC-XA solution as macro-RAFT agent for the synthesis of the diblock copolymer. 'H NMR 300
MHz (D;0) 6 : 1.35-1.79 (m, 2H, -CH»-CH- backbone), 1.84-2.24 (m, 3H, -CH>-CH- backbone, CONH-
CH2-CH2-CH2-N(CH3)3), 2.98-3.44 (m, 13H, CONH-CH>-CH>-CH>-N(CH3)3)

A typical procedure for the synthesis of the PAPTAC7.5k-PNIPAM 2.5k block copolymer is as follows. The
PAPTAC-XA solution (11.8 g, 0.78 mmol of XA), NIPAM (9.77 g, 86.0 mmol), APS (0.20 g, 0.86 mmol)
and distilled water (15.8 g) were placed in a 100 ml round-bottom flask. The solution was degassed for
30 min by argon bubbling. AsAc (0.15 g, 0.86 mmol) was separately dissolved in 2 g of water and
degassed for 30 min in the same way. Then AsAc was added to the mixture to initiate the reaction that
was let for 24 h until completion. The solvent was evaporated under reduced pressure and the residue was

dissolved in ethanol before precipitating in diethyl ether to give a white powder determined to be the



PAPTAC7.5k-b-PNIPAM 25 block copolymer. 10 ml of a 10g/L of block copolymer solution were
dialyzed three times against 800 mL of water. Pur-a-LyzerTM Mega dialysis kit MWCO 1000 were used
for PAPTAC-PNIPAMgk and PAPTAC1x-PNIPAMok and 3500 for PAPTACsx-PNIPAMsi. The molar
ratio of APTAC to NIPAM were determined by '"H NMR and was in very good agreement with the
expected one: APTAC/NIPAM=0.34 (0.33 in theory) 'H NMR 300 MHz (D20) & : 0.9-1.2 (s, 6H, CONH-
CH-(CHs)»), 1.21-1.75 (m, 2H, -CH>-CH-backbone), 1.8-2.22 (m, 3H, -CH>-CH- backbone, CONH-CH>-
CH2-CH2-N(CH3)3), 2.94-3.38 (m, 13H, CONH-CH2-CH2-CH2-N(CH3)3), 3.68-3.94 (s, 1H, CONH-CH-
(CHs)2).

2.3. Methods.

NMR spectroscopy. 'H NMR was recorded in D>O on a Bruker Avance 300 MHz. 3(trimethylsilyl)-
propionic acid-ds was used as chemical shift internal reference (0 ppm) and as internal standard (relaxation
delay equal to 10 s). All the integrals were then calibrated with respect to its signal. The peaks of interest
were analyzed for changes in their integral.

Capillary electrophoresis (CE). Capillary Electrophoresis in the Critical Conditions was performed with
the technique free solution Capillary Electrophoresis (also known as Capillary Zone Electrophoresis) on
an instrument and conditions described in a previous paper.['?! Separations were performed on an Agilent
7100 (Agilent Technologies, Waldbronn, Germany) with a Diode Array Detector (DAD) monitoring at
200 nm with a 10 nm bandwidth. All separations where performed at 30 kV and 25 °C with a 34.5 cm
‘WAX" capillary (effective length 26.0 cm). Samples were injected hydrodynamically with 30 mbar of
pressure for 5 s. A 10 mM phosphate buffer at pH 2, used as the background electrolyte (BGE), which
was sonicated for 5 min and filtered on 0.2 pm before use. Preconditioning involved a 20 min flush with
10 mM H3POy followed by a 5 min flush with ethanol and a 10 min flush with the BGE. Between each
CE experiments, the capillary was flushed 20 min with 10 mM H3POs followed by a 5 min with ethanol
and 5 min with the BGE After the last CE experiment, the capillary was flushed for 20 min with 10 mM
H3PO4 then 30 min with ethanol, then 20 min with water and then 5 min with air. Block copolymers were

injected at a concentration of 5 g L. All samples were dissolved in water containing 1 mM



hexamminecobalt(IIl) chloride, which was used as an internal standard. Data was plotted and integrated
using OriginPro 8.5. The peak areas were corrected by dividing them with the migration time at the
relevant apex. The remaining PAPTAC was quantified by a linear calibration of peak area against
concentration, using 10 points with 5 concentrations ranging from 0.625 to 5.000 g L', R? were 0.98 or
greater (see Figure S3c¢). For pressure-assisted capillary electrophoresis the same conditions were used
except for the addition of 50 mbar of internal pressure throughout the separation.

Size-exclusion chromatography (SEC). SEC of PAPTAC homopolymers was carried out on a Agilent
1100 HPLC system including a vacuum degasser and an isocratic pump monitored by an eclipse 2 system
(Wyatt technology), a guard column Shodex SB806-M and 2 Shodex OHpak columns in series (one SB-
806M HQ (8 mm*300 mm, 13 pm)+ Shodex OH-pak SB802.5 HQ (8 mm*300 mm, 6 um)) coated with
poly(diallyldimethylammonium chloride) (PDADMAC) coupled with a refractometer (OptilabRex,
Wyatt technology), a UV detector (Agilent) set at 290 nm and a multi-angle laser light scattering detector
(Dawn Heleos 11 + QELS, 18 angles, Wyatt technology). The eluent used was 1 M NH4NO3 aqueous
solution/acetonitrile (80/20, w/w) at pH=2 containing 100 ppm of PDADMAC (flowrate 1 m-/min™!).
Samples were prepared at a polymer concentration of 5 g.L! and filtered through 0.45 pm PTFE filters
before injection. In addition to SEC-RI-MALS characterization, average molar masses of PAPTAC were
also determined by SEC-RI based on PEO calibration curve (PEO standards with Mp=106, 420, 600, 1500,
3120, 6240, 12000, 23000, 40000, 100000 and 300000 g/mol).

Differential Scanning Calorimetry (DSC). The thermal properties of the polymer (in solution and in
bulk) were determined by Differential Scanning Calorimetry (DSC) using a Mettler Toledo DSC 1 STARe
System Thermal Analysis calorimeter equipped with a Gas Controller GC200. Solution samples at a
concentration equal to 0.5 wt.% were sealed in impermeable crucibles of 120 pL. Transition temperatures
were taken at the top of the peak on the thermogram on heating and extrapolated the values obtained at
different heating rates to 0 °C/min. The variation of enthalpy was measured as the temperature increased

at a rate of 1 °C/min.



Dynamic Light Scattering (DLS). DLS was carried out on a Malvern Zetasizer NanoZS equipped with
a He-Ne laser (A=633 nm) in plastic cuvette on filtered solutions. The correlation function was then
analyzed via the general-purpose non-negative least squares (NNLS) method to obtain the intensity-
weighted distribution of diffusion coefficients (D) of the solutes. This distribution can be converted, using
Mie theory, to a number-weighted distribution describing the relative proportion of multiple components
in the sample based on their number rather than based on their scattering. The average apparent
hydrodynamic radius, noted as R, was determined using the Stokes-Einstein equation from number-
weighted distribution. The typical accuracy for these measurements was 10-15%. It has to be mentioned
that the determination of Rp assumed non interacting particles modeled with a homogeneous spherical
hard sphere models.

Small-Angle X-ray Scattering (SAXS). SAXS was performed at the high brilliance beamline ID02 of
the European Synchrotron Radiation Facility (ESRF) in Grenoble, France.['*! The 2D SAXS patterns were
collected using a Rayonix MX-170HS ccd detector. The measured SAXS profiles were normalized to an
absolute scale using the standard procedure reported elsewhere.l'¥l A combination of two sample-to-

detector distances (10 and 1 m) was employed, covering a total g-range from 0.01 to 6 nm™!

. q 1s the
scattering wave vector defined as g = (47/A) sin 9/2, A being the wavelength (A ~ 1 A) and 9 the scattering

angle. The solutions were loaded in a flow through capillary of 2 mm diameter to ensure an accurate

subtraction of the background (water) and to minimize beam damage of the samples.



3. Results and discussion

3.1. Polymer synthesis and characterization.

a. Polymer synthesis and purification. A limited number of articles describe the synthesis of PAPTAC-b-
PNIPAM diblock copolymers and the study of their physicochemical properties, with no focus on their
interaction with oppositely charged polymers.[!518] Although ATRP of  3-
acrylamidopropyltrimethylammonium chloride (APTAC) was reported in water-ethanol mixtures,!') the
synthesis of PNIPAM-PAPTAC diblock copolymers by ATRP was only performed in water-DMF (50/50
v/v) at 20 °C.I5181 In the latter conditions, Patrizi et al. first polymerized APTAC using the
CuCl/MesTREN catalyst before adding N-isopropylacrylamide (NIPAM) according to a “one-pot”

16-18] glightly modified these conditions by polymerizing NIPAM

protocol.['®! Nystrém and coworkers !
first with the CuCl/CuCl./MesTREN catalyst before chain extension with APTAC polymerization. A
more eco-friendly, metal-free approach is reported here by performing the synthesis of PAPTAC-b-
PNIPAM diblock copolymers in water at room temperature by means of reversible addition-fragmentation

n.[2%-21 RAFT polymerization was considered here because of its

chain transfer (RAFT) polymerizatio
ease of implementation in aqueous media at room temperature with no need for a metal catalyst or
hazardous solvent like DMF, and its ability to directly polymerize charged monomers.**! Contrasting with
the rich literature on aqueous RAFT polymerization of charged monomers,'??! only our group reported the
RAFT polymerization of the APTAC monomer using a xanthate transfer agent, namely O-ethyl-S-(1-
methoxycarbonyl) ethyl dithiocarbonate (XA).[>% In the present study the XA RAFT agent was selected
for its ability to control the polymerization of both NIPAM?*2! and APTAC monomers.

The polymerization of APTAC was initiated by azobis(2-methyl-propionamidine)dihydrochloride (V-50)

in the presence of XA at 60 °C in an ethanol-water mixture (1:4 wt. ratio). Polymerization was performed

for 3 h until complete monomer conversion, as determined by '"H NMR. Different number-average molar
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masses M, equal to 1000, 2000, 5000 and 7500 g/mol were targeted to assess the control of the
polymerization. As shown in Table 1, all polymerizations of APTAC were well controlled according to
M, determined by SEC. Dispersities (D) s of 1.2-1.7 were obtained, due to the relatively slow exchange
of the O-ethyl xanthate group between dormant and active chains in RAFT polymerization of
acrylamides.[*”]

Block copolymerization of NIPAM from the PAPTAC-XA precursor was carried out in water at 25 °C,
i.e., below the LCST of PNIPAM, using the ammonium persulfate/ascorbic acid redox initiation system.
After 24 h of reaction, NIPAM had fully reacted as evidenced by '"H NMR. Block copolymers with
different compositions or M, were obtained. While PAPTAC and PNIPAM homopolymers can be
independently characterized by SEC in appropriate conditions (Figure S1 in ESI for the SEC of
PAPTAC), the block copolymer did not elute out of the SEC column under any of the eluent-column
combinations tested.’>! This is in accordance with the conclusions of Patrizi et al. who tried to

121 aqueous SEC

characterize similar copolymers by SEC.['! Due to adsorption onto the stationary phase,’
of PNIPAM is usually set aside in favor of DMF/LiBr!?!! or methanol eluents.”?®! However, SEC analysis
of PAPTAC usually requires water/organic solvent mixtures with relatively high salt concentration.*!
Therefore, the determination of molar masses by SEC was impossible for these block copolymers.
Alternative chromatographic methods such as liquid chromatography in the critical conditions were not

attempted due to the limitations reviewed by D. Berek > as well as its limited application to hydrophilic

copolymers.

Table 1. Main characteristics of PAPTAC-b-PNIPAM samples.

PAPTAC homopolymer PAPTAC-b-PNIPAM block copolymer
Sample M th Mo mast® M, peol®! DPnpprac DPnaprac Tc AH
(g-mol?) (g-mol?) (g'mol?) /DPnnipamth  /DPanipam (cC) (J-gt)tel
(B) (B) [
1 PNIPAM ¢ / / / 0/89 0/89 31.2 35(35)
2 PAPTAC:x-PNIPAMg 1000 1760 (1.31) 1450 (1.19) 5/80 5/104 334 26 (28)
3 PAPTAC,-PNIPAMg 2000 2770(1.37) 2000 (1.41) 10/72 10/98 33.3 16 (20)
4 PAPTACs-PNIPAM;, 5000 5400 (1.54) 4600 (1.72) 24/44 24/49 33.1 12 (24)
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5 PAPTAC7.5k-PNIPAM 12 5k 7500 8300 (1.51) 7200 (1.61) 36/110 36/115 323 20(28)

[a] determined by SEC-RI-MALS, [b] determined by SEC-RI in H,O with PEO standards, [c] from NMR
results, [d] measured by DSC at different heating rates at a concentration equal to 0.5 wt.% and
extrapolated to 0 °C/min for the onset value, [e] enthalpy variation per gram of polymer (per gram of
PNIPAM) obtained from DSC measurements with a temperature increase rate of 1 °C/min.

Capillary electrophoresis in the critical conditions (CE-CC) is being developed to characterize complex
polyelectrolytes®%. It has allowed the successful quantification of homopolymers in cationic statistical
copolymerst® and in block copolymerst® including PAPTAC-b-PNIPAM.*? Pressure-assisted CE-CC
separated effectively PAPTAC homopolymer, PNIPAM homopolymer and their diblock copolymer.
These polymers are characterized by their distributions of electrophoretic mobilities (Figure 1 and Figure
S2-3 in ESI): the electrophoretic mobilities of the block copolymers are lower than the one of PAPTAC
homopolymer but higher than the one of PNIPAM homopolymer. The formation of diblock copolymers
is thus proven and at the same time 1 to 3 % (w/w) of PNIPAM homopolymer and 2 to 19 % (w/w) of
PAPTAC homopolymers were detected (see Table S1) as well as short PAPTAC oligomers. This
relatively high fraction of dead PAPTAC was unexpected because of the mild initiation conditions used
to minimize the generation of dead chains due to classical termination. In addition, the possibility of a
slow reactivation of PAPTAC-XA during NIPAM polymerization, leaving a fraction of PAPTAC-XA
homopolymer in the final diblock copolymer, was ruled out because it has been established in our earlier
works that XA reacts faster than NIPAM during RAFT polymerization. (22261 Hence, we believe that the
moderate reactivity of XA is not responsible for the presence of PAPTAC homopolymer in the diblock
copolymer. This result might be related to the presence of impurities (e.g. amines) in the commercial
monomer solution, which could chemically degrade a fraction of the xanthate terminal group during
polymerization. This is consistent with an increased proportion of dead PAPTAC with increasing ratio of

APTAC to XA when synthesizing the first block.
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Electrophoretic mobility (x10® m?V's™)

Figure 1. Distributions of electrophoretic mobilities (W(u)) obtained by pressure-assisted capillary
electrophoresis in the critical conditions of a mixture of PAPTACsk and PNIPAMsk homopolymers (black)
as well as of block copolymers PAPTAC2x-PNIPAMsx before (red) and after dialysis (blue). Dashed lines

indicate repeat separations.

Dialysis was performed in water in order to remove APTAC oligomers. For all polymers a decrease in
APTAC monomer units content was measured by NMR (Table 1). CE also confirmed the effectiveness
of such purification showing that dialysis particularly remove the shortest oligomer chains (Figure S3a-
b). The amount of remaining PNIPAM homopolymer was not changed by dialysis for most block
copolymers (Table S1 in ESI) indicating a relatively large hydrodynamic volume for the remaining
PNIPAM homopolymer. Residual PAPTAC homopolymers slightly decreased to less than 4 and 2%
(w/w) for PAPTAC1k-PNIPAMg and PAPTACxk-PNIPAMsk, respectively. In the case of more
symmetrical PAPTACsk-PNIPAMsk there was 18 % (w/w) of residual PAPTAC due to the difficulty of

selectively removing longer PAPTAC dead chains by dialysis. In addition, the composition and

13



heterogeneity of the diblock copolymers were assessed before and after dialysis through their distributions
of electrophoretic mobilities. The weight-average electrophoretic mobility (uw) is related to the average
composition of the diblock copolymer and the dispersity of the electrophoretic mobility distribution is
associated with the heterogeneity of the composition. The uw of PAPTACw«-PNIPAMgk and PAPTAC -
PNIPAMg are similar but PAPTAC1k-PNIPAMok has a higher ww which is indicative of a higher fraction
of charged units and that the chemical composition of the block copolymers is indeed different (Table S2
in ESI). After dialysis the uw was higher or the same for each diblock copolymer which suggests a slight
change in the composition of the block copolymers to a slightly higher PAPTAC fraction. Since NMR
analysis showed a decrease in APTC monomer unit, it is likely that the oligomers removed by dialysis
were mostly PNIPAM-rich block co-oligomer chains. The dispersity of the electrophoretic mobility
distribution of the block copolymers by pressure-assisted CE was between 1.1 and 1.2 for three samples
before dialysis showing that all the three samples have similar heterogeneity in terms of chemical
composition from the synthesis. After dialysis the dispersity of electrophoretic mobilities increased for
PAPTACsk-PNIPAMsk. PAPTACsk-PNIPAMsk showed two populations of diblock chains, one which has
a higher fraction of APTAC units and another with a higher fraction of NIPAM units both before and
after dialysis. After dialysis it appeared that a large portion of the diblock chains with a higher fraction of
NIPAM units was removed (Figure S2 in ESI) and since they are closer to the median composition, this
led to a slightly more bimodal distribution hence higher dispersity. However, the uw did not change
significantly after dialysis suggesting only a change in the heterogeneity of the composition, not of the
average composition. The final average composition was therefore evaluated by NMR based on PAPTAC
characterization of the first block.

Hence, four different PAPTAC-b-PNIPAM thermoresponsive diblock copolymers with different
molecular weight and composition (Table 1) were synthesized by aqueous RAFT polymerization and

fully characterized before the exploration of their physicochemical properties.
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b. Behavior of PAPTAC-b-PNIPAM block polymers alone in solution. The behaviour of these
copolymers in aqueous solutions was then evaluated through differential scanning calorimetry (DSC),
turbidimetry and scattering experiments. Upon heating, all copolymers exhibited a transition temperature
T, called cloud point temperature, around 33 °C (See Table 1). The slight increase in Tc compared to
PNIPAM homopolymer (whose T¢ is equal to 31.2 °C) was related to the introduction of the hydrophilic
PAPTAC block. Below T¢, copolymers present a double hydrophilic character and were thus present in
the solution as single polymer chains with a hydrodynamic radius (Rn) below 5 nm as measured by
dynamic light scattering (DLS). This value is in good accordance with the value of the radius of gyration
(Rg about 5 nm) determined by small-angle X-ray scattering (SAXS) in the case of PAPTACk-b-
PNIPAMog using the form factor of Gaussian polymer chains as a model to fit the data (see 1.3 Section
and Figure S4 in ESI). Above the T, the PNIPAM block dehydrates. The copolymers become
amphiphilic and tend to form large nano-objects with an outer PAPTAC shell as evidenced by DLS and
a positive zeta potential. Average Rn values of 78 nm (for PAPTACw-PNIPAMgk) and 150 nm (for
PAPTACx-PNIPAMsgk and PAPTACsk-PNIPAMsk) were measured by DLS. In addition, SAXS
measurements on PAPTAC1k-PNIPAMogy allowed the estimation of an average radius of the assembled
objects around 98 nm, by modelling the scattering data with the form factor of spherical objects (see 1.3
Section and Figure S4 in ESI). This large size is compatible with the formation of aggregates of nano-

objects also named large compound micelles in the literature. 2!

3.2. Formation of polyion complex aggregates and their characterization at room temperature.

The solution behavior of PAPTAC-b-PNIPAM copolymers was then studied in the presence of PAA with
two different chain lengths: PAA2x and PAA1ok. For this, a stock solution of PAPTAC-b-PNIPAM at pH
7 was diluted with the adequate amount of water and then different volumes of PAA stock solution at pH
7 (adjusted with NaOH) were added at room temperature. The samples had a final block copolymer
concentration of 0.5 % (w/w) and varied R, defined as the molar ratio between AA and APTAC monomer

units. Figure 2 shows the typical trend of the scattered light intensity (A) and zeta potential (B) for the
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objects formed from the association of PAPTACw-PNIPAMgk with PAA2x measured by DLS below (25
°C) and above T¢ (45 °C) as a function of the molar ratio, R (additional data for PAPTACsk-PNIPAMs

can be found in supplementary information, Figures S5).
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Figure 2. A) Scattered light intensity and B) £ potential of 0.5 wt.% PAPTACw-PNIPAMgk aqueous
solution at different PAA2k/PAPTAC molar unit ratios at 25 °C (open blue triangles), 45 °C (red circles)

and back to 25 °C (filled blue triangles).
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At 25 °C, the scattered light intensity increased with increasing molar ratio to reach a plateau when R is
higher than 1. This trend reflects the formation of PIC aggregates resulting from the electrostatic
interaction between the positively charged APTAC units and the negatively charged acrylate units.
Moreover, even if the influence of a small amount of homopolymer (3.8 wt.%) in the block polymer
solution could not be completely excluded, we assume that its effect is not critical on the observed
aggregation behavior effect. Indeed, aggregation behavior was found to be identical before and after
partial removal of homopolymer from copolymer solution. This complex formation was confirmed by *H
NMR spectra recorded at 25 °C: when PIC objects were formed in solution, the integral of the peaks
corresponding to ester groups of PAPTAC (mixing ratio around 1) was about 80% of the initial integral
and it remained roughly constant for higher molar ratios (Figure 3B and Figure S8 in ESI). This can be
attributed to the loss of mobility of the ammonium groups when they associate to the AA groups inside
the aggregate. The peaks did not completely disappear, probably due to the high water content inside the

aggregates.’
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Figure 3. A. *H NMR spectra (D20, 300 MHz) of t PAPTAC1k-b-PNIPAMok at 0.5 % (w/w) alone at 25
°C (green curve), with PAA2xR =1 at 25 °C (blue curve) and at 45 °C (red curve). B and C. Trend of the
integrals of the signals relative to B) PAPTAC (between 3.1 and 3.5 ppm) and C) PNIPAM (3.91 ppm)

at 25 °C (open blue triangles) and 45 °C (filled red circles) as a function of the PAA/PAPTAC molar ratio.
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Besides, the electrostatic driving force was confirmed by micelles dissociation following salt addition
with a critical salt concentration of 125-250 mmol.L, typical of this kind of assemblies (Figures S9 and
S10in ESI). B The trend of the { potential of the objects at 25 °C in Figure 2B completes the picture: as
expected, the zeta potential decreased while increasing the mixing ratio and it became slightly negative
with an excess of PAA. Nano objects with a characteristic Ry around 30 nm were evidenced by DLS. This
size is slightly smaller than the one observed in literature for thermoresponsive PICs.®¥1 SAXS and static
light scattering (SLS) measurements were performed for ratios equal to R=0, 0.5 and 1 to gain a detailed

picture of the formation and the morphology of PICs at 25°C (Figure 4).

1(q) [mm"]

Figure 4. Scattering curves of PAPTACw-PNIPAMok (1 % (w/w)) with PAA2k in aqueous solution at

25°C for different ratios R = 0, 0.5 and 1. Additional data and fit for 45°C are presented in Figure S11.
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As previously mentioned, PAPTAC1k-PNIPAMo are dispersed in the solution like free gaussian polymer
chains with a radius of gyration, Ry, of approximately 5 nm. After mixing the copolymer with PAA2, a
strong increase of the scattering signal at low-q is measured for R=0.5. The scattering intensity increased
with increasing molar ratios of PAAx until R=1. From the Zimm analysis of the SLS data, a Rq of
approximately 55 nm was estimated when R=1 and the data could be described by assuming a cylindrical
morphology for the aggregates (radius of the core Rc=11.8 nm and length of the cylinder L=47 nm) with
a PNIPAM shell and a PAA-PAPTAC core (see section 11.4 in ESI). Furthermore, the behavior of the
high-q region of the scattering curves (1(q) o g°) was described, with an additional contribution to the
model which takes into account the inter-chain interactions among the two polymer components.*l

The scattering curve relative to R=0.5 clearly shows the presence of populations of different sizes: two
well defined Guinier regions can be recognized as corresponding to nano-objects with an average Rq of
13 nm and Rg=151 nm, respectively. Additionally, at high-q, the contribution to the scattering signal due
to polymer inter-chain interactions is higher with respect to the curve at R=1, suggesting the presence of
free polymer chains in solution. The data were well described with the coexistence of free polymer chains
of Rg=5 nm, cylindrical micelles corresponding to PICs obtained at R=1 (R¢ = 10.2 nm, L = 40 nm) and
large spherical aggregates (Rs= 120 nm). It is worth noting from the ratio between the intensity levels of
the Guinier regions of the two populations (Figure 4, R=0.5), that the concentration of these big aggregates
is negligible (i.e. about 3-4 million times lower) compared to that of the small cylinders.

Hence, at 25°C, as evidenced by NMR and scattering measurements, the interaction of PAPTAC-b-
PNIPAM copolymers with PAA led to the formation of PICs aggregates starting from a molar ratio R=

0.5.
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3.3. Effect of temperature on the structure of PICs and reversibility of the transition. Starting from
PIC assemblies at 25 °C, temperature was then increased to 45 °C, above the T¢ of the PNIPAM block.
At 45°C, PNIPAM is partially dehydrated and the block copolymer presents an amphiphilic character.
Therefore, in solution and in the presence of PAA, two different driving forces might compete in the
aggregation process: electrostatic interactions between PAPTAC and PAA and hydrophobic forces
between the insoluble PNIPAM blocks. Different behaviors were observed when increasing the
temperature above T depending on (a) the molar ratio of AA to APTAC and (b) the structural parameters

(molecular weight, composition, purity, branching) of the polymers.

a. Effect of molar ratio. The observed transformation at different molar ratios R will be discussed for the
PAPTAC1-PNIPAMgk complexed with PAAx. For molar ratios lower than or equal to 1, when heating
above Tc an increase in both solution turbidity and scattered light intensity were observed suggesting the
formation of large objects (Figure 2A). Simultaneously, the zeta potential of the objects is high and
positive for low R ratios indicating the presence of nano-objects where the PAPTAC block is more
exposed to the solvent. For R values equal to or higher than 1, the zeta potential has a low absolute value
(Figure 2B). In addition, a dramatic decrease in the peaks relative to the isopropyl protons of the PNIPAM
units at 3.91 ppm was observed in *H NMR (Figure 3A and 3C). This phenomenon might be ascribed to
partial dehydration of PNIPAM groups. The signal intensity of the PAPTAC methyl protons (between 3.1
and 3.5 ppm) also slightly decreased when the temperature increased (Figure 3B) in agreement with the
formation of larger objects. In addition, when the solutions were cooled back to 25 °C, the scattered
intensity returned quickly, in few seconds, to its initial value (Figure 2A). Hence the transformation of
PAPTAC1k-PNIPAMogk complexed with PAA is fast and fully reversible.

To explain these results, two scenarios are evocated. Firstly, for molar ratios up to 1, PICs might coexist
at 25 °C with free uncomplexed PAPTAC1-PNIPAMogk copolymers. This would result at 45 °C in the
presence of different families of aggregates. The first family would originate from PICs: electrostatic

interactions enable to lock the core of PICs structure obtained at 25 °C, and above T PICs present an
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external dehydrated PNIPAM shell. This formation is illustrated in Scheme 2. Hydrophobic ‘interactions’
between the dehydrated PNIPAM shells of PICs would induce the formation of large nano-objects similar
to the phenomenon observed previously with a poly(n-butyl acrylate)-b-poly(N-isopropylacrylamide),
PnBA-b-PNIPAM amphiphilic block copolymer.!?l As observed here, PnBA-b-PNIPAM copolymers
undergo a fast and reversible process from micelle to aggregates of micelles when changing temperature

around Tc. These aggregates of PICs are expected to have a zeta potential close to zero.

R=
[AA]/[APTAC] R=0
25°c PAPTAC-PNIPAM e
YYD —

Scheme 2. Main transitions occurring through changes in temperature or ionic strength.

The positive zeta potential value measured for R ratios lower than one (Figure 2B) at 45°C might be then
ascribed to the presence in solution of the second family of aggregates which originates from partially or
uncomplexed PAPTAC-PNIPAM block copolymers. These block copolymers switch from a soluble to
amphiphilic character at 45°C and their aggregation might result in the formation of large aggregates with
a PNIPAM dehydrated core and a PAPTAC corona, as discussed before. The presence of such aggregates
results in a positive zeta potential.[?? Both families of nano-objects (aggregates of PICs and micelles of
PAPTAC-b-PNIPAM) would explain the positive zeta potential measured and the decrease in zeta

potential to near 0 when free block copolymer is no longer present.
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Another mechanism might take place when the temperature is increased if electrostatic interactions do
not lock the PICs structures. In this case, PNIPAM-PAPTAC micelles with an outer PAPTAC shell would
be formed and could be further complexed with surrounding PAA polymers. The observed fast reversible
process led us to discard this second mechanism which would require more complex phenomena to occur.
Nonetheless, in order to settle the question, we performed SAXS structural investigations. The scattering
curves relative to molar ratios R equal to 0, 0.5 and 1 at T=45°C are represented in Figure S11 and all the
results are summarized in Table S3. In the case of R=1 (blue curve in Figure S11), the scattering trend as
a function of the scattering vector, g, shows the presence of large nano-objects in solution. At high-g the
signature of their polymeric nature is lost and an extended Porod region with a slope of -4 is present.
Using a Guinier-Porod model analysis of the plateau at low-q, a Rq of 250 nm was estimated. As for R=0.5
(red curve in Figure S11), the scattering curve resembles that of the copolymer alone, but it presents an
extra scattering contribution at intermediate g values. This cannot be correctly described with only one
population of objects. The scattering patterns were best modelled with a mixture of spherical objects of
approximately the same size as those found at R=0 (Rs= 79 nm) at T=45°C and cylindrical PIC assemblies
similar to those found at R=0.5 and R=1 for T=25°C (Rc=11.8 nm and L=47 nm). The structural studies
confirmed our first scenario: PICs are still present above T¢ due to the strong attractive electrostatic
interactions between PAA and PAPTAC blocks. At high temperatures, for R= 1 the formation of big
aggregates of PICs are induced by the hydrophobic interactions between the dehydrated PNIPAM shells.
The lower concentration of PICs and/or the presence of positively charged assemblies (the spherical
assemblies with a PNIPAM core corresponding to R=0) at R=0.5 prevents the aggregation at high
temperature.

At mixing molar ratios higher than 1, free PAA polymers are present in addition to PICs or PIC aggregates
at 25°C or 45°C, respectively. The aggregates observed at 45°C might result from a bridging effect
between former nanoobjects due to the interaction of the excess PAA with dehydrated PICs assemblies.

A partial precipitation in solution occurred, explaining the decrease in the measured scattered intensity
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and the zeta potential with a low absolute value around 0 mV (Figure 2). Once again, the assembly process

was fast (within a few seconds) and fully reversible.

b. Effect of macromolecular architecture. Similar PICs formation was found for PAPTACsk-PNIPAMsk
with PAA2k and reversible conformational changes were also observed above the cloud point temperature
(Figure S5-S8 in ESI). It is also important to point out that for PAPTACsk-PNIPAMsk the presence of a
higher homopolymer content in the initial diblock solution (17.8 wt.%) may have an influence on the
morphology of the objects obtained after complexation.

Interestingly, the reversibility of the conformational change observed when changing temperature around
Tc was partially lost while increasing the molar mass and branching of the polymers. This was first
observed when PICs formation was induced by using a different PAA chain, PAA1ok, with PAPTAC k-
PNIPAMogk or PAPTACsk-PNIPAMsk. Compared to PAA2k, PAA1ok is longer and slightly more branched
(with degree of branching below 2 %) 34351 and may exhibit a different solubility. Once heated above Te,
the initial scattered intensity (and Rn) were not always recovered when the temperature was lowered back
below Tc especially with high content of PAA (See Figures S12 in ESI). Moreover, this loss of
reversibility was more pronounced in the case of PAPTAC7sk-PNIPAM12sk. Precipitation occurred above
Tc and the precipitate did not dissolve at 25 °C even after several weeks. While the solution behavior of
the objects was not reversible, the hydrophilic-hydrophobic PNIPAM transition always was. This
reversibility was evidenced by differential scanning calorimetry (DSC) analysis, as the enthalpy linked to
the PNIPAM hydration was unchanged and equal to 28 J/g independently of the mixing ratio (data not
shown). Therefore, for high molecular weights, interactions that occurred between the different PIC
micelles and PAA leading to the formation of large aggregates could not be counterbalanced once
decreasing the temperature below T leading to the formation of large and poorly soluble aggregates. This
hypothesis is corroborated by the effect of salt addition at 25 °C to solutions of PAPTAC7.5k-PNIPAM 125«
showing extensive precipitation. The precipitate completely dissolved at NaCl concentration of 0.5 mol.L"

! was used (Figure S13 in ESI).
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4. Conclusions

An innovative aqueous RAFT polymerization strategy was proposed to synthesize PNIPAM-b-PAPTAC
cationic thermo-responsive block copolymers. Capillary electrophoresis in the critical conditions was then
successfully used to characterize them and assess their final composition. Thermoresponsive polyion
complex aggregates were then obtained by addition of polyacrylic acid to diblock copolymers based on
cationic poly(3-acrylamidopropyltrimethylammonium chloride) and thermoresponsive poly(N-
isopropylacrylamide). Above the cloud point temperature, the formed nano-aggregates underwent
significant structural changes. Whereas the few examples of thermoresponsive PICS described in the
literature do not enable to determine the key parameters controlling such behavior>!%, we demonstrate
here that the aggregation behavior depends on the initial composition of the PICs mixture and on the
structural parameters of the different polymers. Moreover, the reversibility of this phenomenon was
impeded when block copolymers of high molar mass were considered. This could be utilized in further
studies of these block copolymers to lock specific structures obtained from their self-organization for

applications such as drug delivery systems.[*®
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Figure captions:

Scheme 1. Chemical structure of the studied PAPTAC-b-PNIPAM diblock copolymers.

Figure 1. Distributions of electrophoretic mobilities (W(u)) obtained by pressure-assisted capillary
electrophoresis in the critical conditions of a mixture of PAPTACsk and PNIPAMsk homopolymers (black)
as well as of block copolymers PAPTACk-PNIPAMsk before (red) and after dialysis (blue). Dashed lines

indicate repeat separations.

Figure 2. A) Scattered light intensity and B)  potential of 0.5 wt% PAPTACw-PNIPAMok aqueous
solution at different PAA2«/PAPTAC molar unit ratios at 25 °C (open blue triangles), 45 °C (red circles)

and back to 25 °C (filled blue triangles).

Figure 3. A. 'H NMR spectra (D20, 300 MHz) of t PAPTAC1k-b-PNIPAMg at 0.5 % (w/w) alone at 25
°C (green curve), with PAA2R =1 at 25 °C (blue curve) and at 45 °C (red curve). B and C. Trend of the
integrals of the signals relative to B) PAPTAC (between 3.1 and 3.5 ppm) and C) PNIPAM (3.91 ppm)

at 25 °C (open blue triangles) and 45 °C (filled red circles) as a function of the PAA/PAPTAC molar ratio.

Figure 4. Scattering curves of PAPTACw-PNIPAMok (1 % (w/w)) with PAA in aqueous solution at
25°C for different ratios R = 0, 0.5 and 1. Additional data and fit for 45°C are presented in Figure S11.

Scheme 2. Main transitions occurring through changes in temperature or ionic strength.
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Table 1. Main characteristics of PAPTAC-b-PNIPAM samples.

PAPTAC homopolymer PAPTAC-b-PNIPAM block copolymer
Sample M th Mo mast®! M, peol®! DPnpprac DPnaprac Te AH
(g-mol?) (g-mol?) (g'mol?) /DPnnipavth  /DPanipam (°C) (J-g1)tel
(D) (2] [l
1 PNIPAM 0k / / / 0/89 0/89 31.2 35(35)
2 PAPTAC-PNIPAMgg 1000 1760 (1.31) 1450 (1.19) 5/80 5/104 33.4 26 (28)
3 PAPTAC,-PNIPAMgg 2000 2770(1.37) 2000 (1.41) 10/72 10/98 33.3 16 (20)
4 PAPTACs-PNIPAMs; 5000 5400 (1.54) 4600 (1.72) 24/44 24/49 33.1 12 (24)
5  PAPTAC;s-PNIPAMy;sk 7500 8300 (1.51) 7200 (1.61) 36/110 36/115 323 20(28)

[a] determined by SEC-RI-MALS, [b] determined by SEC-RI in H20 with PEO standards, [c] form NMR
results, [d] measured by DSC at different heating rates and extrapolated to 0 °C/min for the onset value,
[e] enthalpy variation per gram of polymer (per gram of PNIPAM) obtained from DSC measurements
with a temperature increase rate of 1 °C/min.
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