Published on 23 September 2024. Downloaded by UNIVERSITY OF ALABAMA AT BIRMINGHAM on 5/12/2025 2:35:28 PM.

Polymer
Chemistry

M) Check for updates

Cite this: Polym. Chem., 2024, 15,
4151

Received 12th July 2024,
Accepted 22nd September 2024

DOI: 10.1039/d4py00773e

rsc.li/polymers

Introduction

™ COYAL SOCIETY
ap OF CHEMISTRY

Controlled synthesis and pH-sensitive
complexation of poly(methacrylic acid)
polyampholytes+

Pavel Nikishau, Veronika Kozlovskaya & and Eugenia Kharlampieva ‘= *

Studies of intra- and intermolecular interactions in pH-responsive polyampholyte solutions are essential
for understanding protein molecule solution behavior and cell organelle organization. Understanding and
controlling the formation of intra/intermolecular complexes of synthetic polyampholytes can broaden
their applications in industry and the biomedical field. Studies of poly(cation-co-anion) statistical copoly-
mer solutions with a predominant content of the same-charge groups in the polymer chain are present in
the theory when the factual experimental data are underrepresented. Herein, we explored the controlled
synthesis of poly(methacrylic acid) copolymers containing primary amine groups and studied the copoly-
mer solution aggregation under various pH and salt conditions. Well-defined poly(methacrylic acid-co-3-
(aminopropyl)-methacryl amide) copolymers (M,, of 45 kDa and 80 kDa, © < 1.36) with a varied content
of the amine group (PMAA-NH, from 2 to 6 mol%) were synthesized via reversible addition—fragmenta-
tion chain transfer (RAFT) copolymerization. Both computational and experimental studies proved the
copolymerization of tert-butyl methacrylate with N-(tert-butoxycarbonyl-aminopropyl)methacrylamide
where the second monomer is less active in copolymerization due to strong interaction with a chain-
transfer agent (CTA). We found that the resulting PMAA-NH, copolymers with more than 4 mol% of
amine groups form polyampholyte complexes (PACs) in solution in the pH range from 3.1 to 4.8 due to
charge compensation. Given the ability of this PMAA—-NH, to undergo multilayer assembly at surfaces and
controlled crosslinking, our findings can be further expanded to develop advanced and tunable PMAA thin
multilayer hydrogels. The synthesis of PMAA-NH, copolymers via controlled copolymerization can also
lead to facile alternatives for PAC synthesis without using cell-toxic cationic polyelectrolytes such as poly-
vinylpyridines or polyamines. The copolymers can help develop synthetic routes to novel copolymers and
new hydrogel materials with controlled nanostructured architectures, environmentally adaptable micro-
continents, PAC-based saloplastics, absorbents, anisotropically structured nanocoatings, and biomedical
coatings.

macromolecules provide a clear example of these forces and
their effects on properties.””*> Another example is polyelectro-

Studies of intra- and intermolecular interactions in pH-respon-
sive polyampholyte solutions are essential for the fundamental
understanding of protein molecule solution behavior and cell
organelle organization. Understanding and controlling the for-
mation of intra/intermolecular complexes by synthetic polyam-
pholytes can broaden their applications in industry and the
biomedical field."™ With their sophisticated structure, bio-
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Iytes, which can create an amorphous blend known as a
polymer intermolecular complex, or coacervate, when a
mixture of polycation and polyanion is combined.®® This for-
mation occurs because of the strong intermolecular inter-
action between ionized oppositely charged groups. The
recently reignited interest in these polymer complexes and
their formation theory has been motivated by natural polyelec-
trolytes (i.e., RNA, proteins), which can undergo specific intra-
cellular organization and complex organelle formation.’™*?
Poly(methacrylic acid) (PMAA) is a weak polyacid able to
form ionic pairs through interacting with polycations,">™°
including poly(vinylpyridines),"” poly(diallyl dimethylammonium)
chloride,"® and other quaternized polyamines.'®*° However,
such PMAA intermolecular complexes exist only in a narrow
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composition range when the mole fraction of positively or
negatively charged units is close to 0.5 (the equimolar charge
ratio). While with the primary amine polycations such as poly
(allylamine), PMAA forms insoluble complexes in a broader
range of polycation-to-polyanion ratios, even when an excess of
one of the polyelectrolyte units is large.®>*

These strongly interacting weak polyelectrolytes form inter-
polymer complexes in the pH range when the net charge from
the ionization of one group is compensated by the ionization
of a second, oppositely charged group.>>** In the case of
PMAA-based intermolecular complexes, the degree of ioniza-
tion of carboxyl groups is affected by its pK, value, which
ranges from 5.5-6.0, but the effective pK, of acidic groups
decreases in the presence of amine groups.’***?*? Salt con-
centration also plays a vital role in polyelectrolyte interactions
due to the charge screening and can completely dissociate
ionically paired interpolymer complexes even under pH con-
ditions favorable for the complex formation.>**® For example,
Schlenoff’s group found that the polyelectrolyte coacervation
due to ionic pairing can be regulated by polymer hydrophobi-
city, where the critical salt concentration at which polyelectro-
lyte complexes fully dissociates decreases with higher levels of
hydrophobic group content.”*

Polymers bearing cationic and anionic groups on the same
chain, termed polyzwitterions, can also form polyzwitterionic
complexes at pH ranges when charge compensation is
present.>*3* Polyzwitterions can have oppositely charged
groups on the same monomer unit (known as polybetaines) or
different monomer units (known as polyampholytes) and can
self-organize into polyampholyte complexes (PACs).>*7°
Alternating polyampholytes like poly(cation-alt-anion)*”>°
have the equivalent contents of oppositely charged ionic
groups and are the most extensively studied types of polyam-
pholytes. Polyzwitterions undergo intra- and intermolecular
complexation at low temperatures, and with enough thermal
energy, they break into individual molecules in solution, dis-
playing an upper critical solution temperature in aqueous
media.?*3¢

Generally, polyzwitterion and poly(cation-alt-anion) PACs
exhibit similar solution behavior. For polycation/polyanion
polyelectrolyte intermolecular complexes, the concentration of
strong electrolytes (e.g., NaCl) and solution pH play a crucial
role in the stability of a PAC, affecting ion charge screening
and the degree of ionization, respectively. Well-organized alter-
nating copolymers with periodic structures show a unique self-
assembly behavior in solution, resulting in the spontaneous
formation of micelles or unilamellar vesicles in water in a wide
pH range (from 3 to 8).*%*

In contrast, the behavior of random poly(cation-co-anion)
polyampholyte copolymer solutions is less extensively
studied.®" They can be easily synthesized by copolymerization
of monomers potentially carrying positive or negative charges,
while the ratio of monomers and their reactivity can control
the polyampholyte net charge.*®***** However, the final micro-
structure is usually disorganized compared to the alternating
copolymers and is more similar to gradient copolymers, which
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adds additional complexity to their self-assembly/aggregation
studies.***

Variation in the equimolar (+5%) content of cationic and
anionic groups in copolymers was studied due to the impor-
tance of a nearly neutral net charge for neglecting disorga-
nized assembly structures.*"*>*® Theoretical studies predict
that the behavior of a random polyampholyte in aqueous solu-
tions depends on the fraction of ionized repeat units, net
charge, added salt, and polymer chain length.”> However,
there are few examples in the literature where solutions of poly
(cation-co-anion) polyampholyte copolymers with non-stoichio-
metric or predominant content of ionizable groups are pre-
pared, while the ability to form PACs from such copolymers is
studied only theoretically.***”*® This is due to inherent low
stability of the polyampholyte solutions, leading to difficulties
in preparing their stable solution compositions.®>*” Hence,
there is a need for further studies of PMAA-based polyampho-
Iyte solution stability and self-organization.

Furthermore, earlier, we have developed PMAA nano-
structured multilayer hydrogel coatings and microcapsules
with polyampholyte-like behavior where the hydrogel volume
changes were controlled by ionization of either carboxylic (pH
> 6) or amine (at pH < 6) groups with the latter introduced
through one-end attached diamine crosslinker of the multi-
layer coatings.*” These polyampholyte-like hydrogels were
obtained from polyelectrolyte complexation of PMAA with non-
ionic polymers via hydrogen bonding at low pH at template
surfaces and have been shown helpful in developing biocom-
patible responsive multifunctional coatings and particulate
materials."®*%° However, controlled chemical crosslinking of
the multilayer coatings of PMAA and a non-ionic polymer has
been challenging as a small bifunctional crosslinker was used
(e.g., ethylene diamine or adipic acid dihydrazide) and poorly
controlled external environmental conditions (e.g., tempera-
ture, humidity) could lead to difficulties in consistently con-
trolling the crosslinking degree of the PMAA polyampholyte
multilayer hydrogels under the same conditions.

In the present work, we report on the development of poly
(methacrylic acid) poly(cation-co-anion) statistical polyampho-
Iyte copolymers containing primary amine groups (PMAA-
NH,) and excess of carboxylic groups in a polymer chain via
RAFT copolymerization of tert-butyl methacrylate and N-(tert-
butoxycarbonyl-aminopropyl)methacrylamide, followed by
CTA-end group removal, and cleavage of protected carboxylic
and amine groups (deprotection) steps. The controlled
polymerization of monomers and copolymer structures is
studied by "H NMR spectroscopy, gel permeation chromato-
graphy (GPC), and density functional theory (DFT) calcu-
lations. The effect of PMAA-NH, copolymers with the amine
group molar ratios ranging from 3 to 6% on the formation of
polyampholyte complexes (PACs) controlled by pH and NaCl
concentration was explored by UV-visible spectroscopy and
dynamic light scattering (DLS). Previously, most PMAA
polymer complexes included a mixture of two oppositely
charged homopolymers. Our work is the first example of the
formation of PACs from PMAA-NH, copolymer with non-stoi-

This journal is © The Royal Society of Chemistry 2024
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chiometric content of ionizable groups. The development of
PMAA-NH, copolymers via controlled copolymerization can
lead to facile alternatives for PAC synthesis without using cell-
toxic cationic polyelectrolytes such as polyvinylpyridines or
polyamines. The copolymers can help develop synthetic routes
to novel copolymers and new hydrogel materials with con-
trolled architectures.>® This work can also be crucial for under-
standing the behavior of non-stoichiometric polyampholyte
solutions to control polymer chain conformations for further
applications of these findings in developing advanced and
tunable nanomaterials, including thin nanostructured hydro-
gels with controlled internal architectures, environmentally
adaptable polymeric micro-containers, PAC-based saloplastics,
absorbents, anisotropically structured coatings, and biofunc-
tional coatings.

Experimental section
Materials and methods

N-(tert-Butoxycarbonyl-aminopropyl)methacrylamide  (¢BOC)
(98%, uninhibited) was obtained from Polysciences, Inc. and
used as received. tert-Butyl methacrylate (tBMA) (98%, Sigma-
Aldrich), 1,4-dioxane (Fisher Scientific), and tetrahydrofuran
(THF) (Fisher Scientific) were distilled under reduced (tBMA)
and atmospheric pressure and stored under an argon atmo-
sphere. 2,2’-Azobis(2-methylpropionitrile) (AIBN) (98%, Sigma-
Aldrich) was recrystallized from methanol and dried in a
vacuum at 20 °C. A chain transfer agent (CTA) 2-cyano-2-propyl
benzodithioate (97+%, Aldrich) was used as received. S-Methyl
methanethiosulfonate (97%), n-propylamine (99+%), and di-
chloromethane (99.6%) were from Acros Organics and used as
received. Methanol, hydrochloric acid, sodium hydroxide,
sodium chloride, and HEPES buffer were from Fisher
Scientific (Certified ACS quality) and used as received.
Trifluoroacetic acid (TFA) (99.5+%) was used as received from
Alfa Aesar. All experiments with aqueous solutions used ultra-
pure deionized (DI) water with a resistivity of 18.2 MQ cm.

Synthesis of poly(methacrylic acid-co-(aminopropyl)-methacryl
amide) (PMAA-NH,) copolymers

Copolymerization of tBMA and ¢BOC. Poly(methacrylic acid)
copolymers with determined content of amine groups, M~
PMAA-NH,-n, (‘n’ indicates the molar percentage of amine
group-containing monomer units in the copolymer, M, is a
rounded weight-average molecular weight in kDa) were syn-
thesized using RAFT polymerization with subsequent end-
group removal and deprotection (Scheme 1). The copolymeri-
zation of tBMA and tBOC was carried out under inert atmo-
sphere at 65 °C in 1,4-dioxane solution. As an example of a
typical copolymerization procedure, the synthesis of 80-PMAA-
NH,-3 is described herein. For that, tBOC (0.712 g, 2.94 mmol)
was dissolved in 16.8 mL 1,4-dioxane, filtered through a
0.22 pm filter, and injected into the Schlenk tube with a mag-
netic stirring bar. After that, tBMA (5.500 g, 38.68 mmol),
AIBN (4.1 mg, 0.0251 mmol), and CTA (12.8 mg, 0.0579 mmol)

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

were added to the reactor. The total amount of 1,4-dioxane was
2.7 mL per gram of monomer, and the ratio of [CTA]/[AIBN] =
2.3 for all studied reactions. After the complete dissolution of
components, the mixture was degassed by three freeze-pump-
thaw cycles followed by backfilling argon (AirGas) and was
heated at 65 °C for 72 h. The reaction was quenched by immer-
sing the reactor in dry ice. The copolymers were purified twice
through precipitation in water/methanol (1:4, v/v) solution
and then dried under a vacuum.

Removal of CTA-end group. The end-group modification was
carried out through aminolysis in the presence of S-methyl
methanethiosulfonate. The process started by dissolving 1.0 g
of copolymer (pink powder) into 10.0 mL of freshly distilled
THF by stirring for 4 hours. Then S-methyl methanethiosulfo-
nate and n-propylamine were added (the molar ratio of a copo-
lymer, n-propylamine, and S-methyl methanethiosulfonate was
1:20:40). After 48 hours, the reaction mixture was precipi-
tated in water/methanol (1:2, v/v) mixture followed by drying
under a vacuum at room temperature. The resulting copolymer
was obtained as a white powder.

Deprotection of carboxylic and amine groups. The copoly-
mer was deprotected by 33% (v/v) TFA in dichloromethane
overnight. Typically, 0.60 g of the copolymer from the previous
step was mixed with 10.0 mL of dichloromethane and stirred
for 4 hours. Then, 5.0 mL of TFA was slowly added to the copo-
lymer solution and stirred overnight at room temperature. The
deprotected copolymer was purified by dialysis against DI
water using Float-A-Lyzer G2 Dialysis Devices (Repligen;
MWCO of 20 kDa) and freeze-dried using a Labconco FreeZone
Benchtop Freeze-Drier.

Copolymers characterization. "H NMR spectra of the copoly-
mers (15 mg mL™" in CDCI; or in D,0, 99.8 atom% D, Acros)
were recorded on a Bruker 400 MHz NMR spectrometer. For
some deprotected samples, sodium deuteroxide (NaOD, 40%
by mass in D,0, 99.5% D min, Wilmad) was added to facilitate
homogenization. The copolymer molecular mass characteriz-
ation before group deprotection was performed using Waters
chromatographic complex equipped with SDV precolumn
guard (PSS, size 8 x 50 mm, 5 pm particle size) and two SDV
100 000 A columns (PSS, size 8 x 300 mm, 5 pm particle size)
thermostated at 30 °C. 0.01 M tetrabutyl ammonium fluoride
(TCI) in THF (HPLC grade, Fisher Scientific) was used as an
eluent at a 1.0 mL min~" flow rate. GPC traces were recorded
on the refractive index detector at 35 °C. The molecular mass
and polydispersity of the polymers were calculated using the
ReadyCal kit of poly(methylmethacrylate) standards (Agilent).

Turbidimetric analysis. The PMAA-NH, copolymers were
dissolved in 0.01 M HEPES buffer with or without NaCl (con-
tents varied from 0.1 to 0.3 M) at varied pH values (2 < pH < 8).
The absorbance of the copolymer solutions as a function of
solution pH was measured using a UV-visible spectrophoto-
meter (Varian-60, Cary Eclipse). The copolymer solution
acidity was adjusted by the dropwise addition of HCl or NaOH
solutions (0.01-3.0 M).

Potentiometric titration. A PMAA homopolymer with M, =
45 kDa (denoted as 45-PMAA) was synthesized via RAFT homo-
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Scheme 1 (a) Synthesis of PMAA—-NH, copolymers via copolymerization of tBOC and tBMA, followed by (b) CTA end-group removal and (c) de-

protection of carboxylic and amine groups.

polymerization similar to that for PMAA-NH, copolymers.
Briefly, ¢BMA (5.0 g, 35.16 mmol), AIBN (7.6 mg,
0.0462 mmol), and CTA (23.5 mg, 0.1065 mmol) were added to
the reactor, dissolved in 12.5 mL of 1,4-dioxane followed by
freeze-pump-thaw degassing, and polymerized at 65 °C for
48 h. The obtained polymer underwent the end-group removal
step (the molar ratio of a homopolymer, n-propylamine, and
S-methyl methanethiosulfonate was 1:20:40) for 48 hours at
room temperature in freshly distilled THF, followed by de-
protection in 33% (v/v) TFA in dichloromethane for 24 hours.
The deprotected 45-PMAA was purified by dialysis against DI
water using Float-A-Lyzer G2 dialysis devices (Repligen; MWCO
20 kDa) and freeze-dried. This 45-PMAA homopolymer was
used for pK, analysis using potentiometric titration. For that,
86.0 mg of 45-PMAA was dissolved in 100 mL of DI water, and
a 10.0 mL aliquot of the prepared solution was titrated by 0.01
M NaOH (ACS-certified grade).

Dynamic light scattering (DLS). The polymer {-potential was
monitored by Nano-ZS Zetasizer (Malvern Pananalytical)
equipped with He-Ne laser (663 nm) at 25 °C using water as a
dispersant and polystyrene latex as a reference material.
{-Potential average values were acquired with three measure-
ments using the instrument’s optimal scanning parameters
(ranging from 10-100 scans per measurement) after 5 min
equilibration.

Computation. Computations were performed using the
Gaussian 16 Revision C.01°" program on the ASA-X cluster at
the Alabama Supercomputer Center, Alabama, USA. The
density functional theory (DFT) B3LYP-D3 (Becke three para-
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meters hybrid functional with Lee-Yang-Perdew correlation
and empirical Grimme’s dispersion)’>>® was used for the
optimization, single-point energy, and frequency calculations
along with the def2-TZVP** basis set. The solvent effects in all
steps were evaluated using the conductor-like polarized conti-
nuum model (CPCM)>® with the default parameters for 1,4-
dioxane. Optimized structures were checked to be minima at
neutral structures with no imaginary frequencies. The Gibbs
free energy for reaction at 65 °C/338 K (A;G335) was computed
from the following equations:

A;Gazs = ArH3zzg — TALS338
AHjzg = AEoral + AZPE + A(H3z35 — Hy)

where E, is SCF single point electronic energy, ZPE is the
zero-point vibrational energy, (Hzszs — Hp) is the change in
enthalpy due to the temperature change from 0 to 338 K, and
S is the entropy at 338 K. B3LYP-D3/def2-TZVP level of theory
was used due to its recent employment to establish the reac-
tion mechanism and RAFT Equilibrium Constants,>® which is
a good compromise between quality and efforts.”®>”

Results and discussion

Synthesis of poly(methacrylic acid-co-(aminopropyl)-methacryl
amide) copolymers (M,,~PMAA-NH,-n)

Copolymerization of unprotected methacrylic acid (MAA) and
N-(3-aminopropyl)methacrylamide to obtain their uniform

This journal is © The Royal Society of Chemistry 2024
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copolymers with high molecular weights (>10 kDa) and low
polydispersity can be challenging due to monomer inter-
molecular interaction and catalyst deactivation in ionic or
radical polymerization.”*>®*®"  Free radical copolymeri-
zation®>®® of protected monomers was previously reported for
synthesis of PMAA-NH, copolymers, where control over mole-
cular weight, polydispersity, and microstructure was found
challenging. As RAFT polymerization allows for the molecular
weight control by varying monomer to CTA agent ratios,**®*
we applied the RAFT-mediated controlled polymerization of
tBMA and ¢(BOC monomers followed by end-group removal
and carboxylic and amine group deprotection to obtain
PMAA-NH, copolymers of controlled molecular weight and
structure (Scheme 1).

As reported earlier, (meth)acrylamides (such as tBOC) and
(meth)acrylates (such as tBMA) can be efficiently polymerized
via RAFT in the presence of trithiocarbonates and dithiobenzo-
ates.®® Herein, 2-cyano-2-propyl benzodithioate was selected
as CTA for the copolymerization of ¢BMA and ¢BOC
(Scheme 1a).°*%” We found that RAFT polymerization of tBMA
to obtain poly(tert-butyl methacrylate) homopolymer in the
presence of CTA/AIBN catalytic system in 1,4-dioxane resulted
in close to theoretical number-average molecular weights with
low polydispersities (Fig. S11). The tBOC homopolymer could
not be obtained under these conditions even in a week.

We have previously reported the successful free radical
homopolymerization of tBOC, where it was used as received
without any inhibitors.®® Similarly, in this work, the free
radical homopolymerization of tBOC without 2-cyano-2-propyl
benzodithioate (CTA) carried out at [tBOC]:[CTA]:[AIBN] =
360:0:0.435 resulted in 65% monomer conversion in 8 hours,
unlike 0% conversion in 7 days of tBOC polymerization in the
presence of the CTA at [tBOC]:[CTA]: [AIBN] = 360:1:0.435.
We compared the monomer activity in the 2-cyano-2-propyl
benzodithioate controlled radical polymerization using DFT
calculations using one monomer unit to represent polymer
chains (ESI, Fig. S2 and S3; Table S1f). We found that the
intermediate CTA radical with two different monomers on
each side of the dithiobenzoate group (Fig. S3 and S4a,
Table S1t) preferably decomposes to a stable CTA-tBOC
adduct (Fig. S4bf¥), releasing active tBMA-radical (Fig. S4ct) for

View Article Online

Paper

cycles of chain propagation. Also, DFT predicts the copolymeri-
zation of tBOC with ¢{BMA due to the small relative energy
difference between the formation of CTA-tBMA and CTA-tBOC
adducts. Conversely, this slight difference may lead to a gradi-
ent monomer distribution in the final copolymer.**

The copolymerization of tBMA and tBOC monomers was
performed at the [monomer]/[CTA] ratios of 360 and 720 to
obtain the PMAA-NH, copolymers with molecular weights of
45 and 80 kg mol™", respectively (Table 1). These molecular
weights were chosen to explore the effect of molecular weight
on the pH-dependent behavior of PMAA-NH, inter/intra-
molecular PACs. The "H NMR analysis of the reaction mixture
for the 45-PMAA-NH, copolymer synthesis at the copolymeri-
zation time ¢ = 0 h (Fig. 1a) and ¢ = 72 h (Fig. 1b), confirmed
the decrease of the monomers’ double bond proton signals
(CH,=C(CHj;)R), denoted as a and ¢ in Fig. 1 compared to the
integral proton intensity from tert-butyl groups (-C(CHs)s),
denoted as (b).

By comparing the integral intensity of the indicated signals
in Fig. 1, monomer content and monomer conversion were cal-
culated using the following equations:

1(6.0 — 5.6 ppm) — I(5.3 ppm)

wo((BMA) = 1(6.0 — 5.6 ppm)

x 100% (1)

I(5.3 ppm)

wo(#BOC) = 1(6.0 — 5.6 ppm)

x 100% (2)

Fioc =

I(1.53 — 1.31 ppm) x 0.01 X wy(tBOC) — 9 x 1(6.0 — 5.6 ppm)
I(1.53 —1.31ppm) — 9 x I(6.0 — 5.6 ppm)

x 100%

3)
I . - . 1

conve = 100% — 2> 1(6:0 = 5.6ppm) x 100%
1(1.53 — 1.31 ppm)

convima = 100%
x(1- 9 X w;(tBMA)
wo(fBMA) x 0.01 x I(1.53 — 1.31 ppm)
(5)

Table 1 Weight-average molecular weight (M,,), polydispersity (), molar ratio of amine groups (NH, mol%), and the number of NH, groups per
polymer chain (n) in the PMAA—NH, random copolymers synthesized by RAFT

Sample” (NH,),? mol% M,,° kDa P (NH,),” mol% M,,° kDa p° n'

45-PMAA-NH,-3 3.0 49.3 1.26 3 48.6 1.30 0.025
45-PMAA-NH,-4 4.8 39.9 1.21 4 41.8 1.26 0.042
45-PMAA-NH,-6 7.5 45.2 1.22 6 44.3 1.23 0.062
80-PMAA-NH,-2 2.5 84.7 1.35 2 83.5 1.36 0.021
80-PMAA-NH,-3 4.2 75.3 1.21 3 74.3 1.22 0.033
80-PMAA-NH,-6 6.9 76.1 1.36 6 81.7 1.34 0.057

“sample code = M,(theor.)-PMAA-NH,-h, where b is the molar ratio of NH,-containing units after deprotection. ” Molar ratio of NH, group units
obtained from "H NMR spectroscopy (in CDCI,) after polymerization step. ¢ Determined using GPC before deprotection. ¢ Molar ratio of NH,
group units from 'H NMR analysis (in D,O + NaOD) after deprotection. ¢ Determined by GPC after end-group removal. /7 = number of NH,

groups per polymer chain/total number of units per chain.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 'H NMR spectra of initial monomer mixture at the copolymerization time (a) t = 0 h and (b) t = 72 h after copolymerization to obtain
45-PMAA—-NH,-4 copolymer. In (b), the corresponding monomer signals are marked with a prime symbol.

CONvepoc = 100%

" ( 9 x w;(tBOC) )

1—
wy(tBOC) X 0.01 x 1(1.53 — 1.31 ppm)

(6)

where 1(6.0-5.6 ppm), I(5.3 ppm), and I(1.53-1.31 ppm) are the
integral intensity of the corresponding region in "H NMR spec-
trum; wo(tBMA) and w,(tBOC) are the initial contents of the
corresponding monomers, mol%; w,(tBMA) and w,(tBOC) -
monomer contents in an unreacted mixture of comonomers,
mol%; Fpoc is the percentage of tBOC monomer units in the
copolymer; convena, CONVipgoc and CoONvyy, correspond to
tBMA, tBOC, and total monomer conversions, respectively.

The experimental M,, was close to the theoretical molecular
weight during monomer conversion at the lowest initial tBOC
content for 45-PMAA-NH,-n copolymers with n = 3, 4, or 6
(Fig. 2a). At a higher initial tBOC content, we observed a devi-
ation of the experimental M, from theoretical values (Fig. 2b
and c). Despite that, the dependence of polydispersity, D, on
the conversion resembled the controlled polymerization®® and
was in the range of 1.10-1.30 (Fig. 2b and c). The monomer
conversion study revealed that the tBMA monomers were con-
sumed faster than (BOC (Fig. S5t). Also, at about 90% of con-
version, the primary polymer chains stopped growing due to a
lack of tBMA monomer, high reaction mixture viscosity, and
slow monomer diffusion. Additionally, a deviation from the
linearity of the first-order plots for both (co)monomers was
observed (Fig. S6t1). The deviation from linearity shown in
Fig. S61 is due to the tBOC monomer ability to form more
stable radicals with CTA in comparison to tBMA. The final
increase of {BOC content during the monomer conversion
(Fig. S5df) can be explained by different activities of mono-
mers in copolymerization, which confirmed the predicted
tBOC distribution in the final copolymers. A random distri-
bution of monomers is observed when the total conversion is
below 80%, where the incorporation fraction of tBOC remains
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the same (Fig. S5d¥). The highest effect of gradient monomer
distribution was observed for the 45-PMAA-NH,-6 copolymer
with the most amine group units. In this case, the average dis-
tance between amine group units in the polymer chain grown
at <80% of the total conversion is three times less than that for
the rest of the chain, and the minimum distance between
amine groups is eight methacrylic acid units.

After the RAFT copolymerization, the CTA incorporated at
the chain end can significantly affect the properties of the
final polymer.”®”> Therefore, the end-groups were removed via
aminolysis of the dithiobenzoate end-group (Scheme 1b),
leading to the disappearance of the pink color due to the
dithiobenzoate chain ends (Fig. S7at). GPC analysis showed
similar molecular weight distributions for PMAA-NH, copoly-
mers before and after the end-group removal with a slight shift
toward the low molecular weights (Fig. S7bt). The molar ratio
of NH,-groups was obtained using 'H NMR analysis of the
PMAA-NH, copolymers after hydrolysis of the tert-butoxycar-
bonyl and tert-butyl ester protective groups from the integrals
of a and b regions (Fig. 3 and Fig. S8%).

A calculated content of the amine groups tends to decrease
after end-group removal and deprotection steps (Table 1) due
to the decrease in lower molecular weight fractions during
copolymer dialysis, that can form at higher monomer conver-
sions and contain more ¢BOC than the main remaining
fractions.

pH-Dependent solution behavior of PMAA-NH,, copolymers:
increasing pH from 2 to 8

The PMAA-NH, copolymers obtained in this work are polyam-
pholytes that possess oppositely charged groups on different
monomer units and are rich in methacrylic acid content with a
low content of primary amine groups. We have shown that this
copolymer can be used to produce non-ionic surface assem-
blies with non-ionic polymers, such as (poly(N-vinylpyrroli-
done) (PVPON), at low pH where protonated COOH groups can
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Fig. 2 The dependence of number-average molecular weight (M,,), and
polydispersity (D) on total conversion (%) for the tBMA and tBOC copo-
lymerization for (a) 45-PMAA-NH,-3, (b) 45-PMAA-NH,-4, and (c)
45-PMAA—-NH;-6 copolymers. M, (theor.) = {(tBMA] + [tBOCI)/[CTAl} X
conversion X average molecular weight (MW) of monomers + MW of
CTA®

interact with carbonyls of pyrrolidone lactam rings via hydro-
gen bonding.®*”® However, the formation and stability of
PMAA/non-ionic multilayer assemblies formed via hydrogen
bonding are dependent on the strength of polymer interaction
and, consequently, the degree of PMAA ionization.”* For
example, PVPON release from the hydrogen-bonded PMAA/
PVPON multilayer stable at pH < 6.0 could be observed
because of a local ionization of the carboxylic groups in the
presence of large amounts of positively charged ethylene
diamine during the multilayer crosslinking at pH = 5.8.°* The
disintegration of hydrogen bonds between PVPON and PMAA
studied using Fourier transform infrared spectroscopy (FTIR)
was reported when the PMAA ionization exceeded 15%, while
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Fig. 3 'H NMR spectra of 45-PMAA—NH, copolymers after hydrolysis
of the tBOC protective group. Polymer solutions were prepared in D,O
(1.0 mL of 15 mg mL™* copolymer solution), and a small drop of satu-
rated NaOD (40% by mass in D,O) was added to the copolymer solution
to facilitate its dissolution.

only 5% PMAA ionization could already lead to dissociation of
the interpolymer complex between polyethylene oxide (PEO)
and PMAA.”*7

Thus, it was crucial to explore the ‘polyelectrolyte’, i.e.,
chain extension in deionized water, and ‘anti-polyelectrolyte’,
i.e., chain expansion upon the addition of low molecular
weight electrolyte, regimes for the PMAA-NH, polyampholyte
copolymers to understand their suitability for different appli-
cations (e.g., hydrogen bonding- vs. ionic pairing-based copoly-
mer complexes). Herein, we studied the pH-responsive behav-
ior of PMAA-NH, copolymers with controlled molecular
weights from 45 to 80 kDa, low polydispersity (P < 1.36), and
the controlled ratio of amine-containing monomer units
(2-6 mol%) prepared using our RAFT synthesis.

The potentiometric titration of PMAA homopolymer
obtained via RAFT polymerization of tBMA followed by end-
group and ¢BOC protection removal (Scheme 1) gave pK,
(45-PMAA) = 5.8 + 0.1 (Fig. S91), which agrees with previously
reported pK, values of 5.8-6.2 for PMAA. The presence of
primary amine groups with pK, ~ 9.5-107° in PMAA-NH,
copolymers can lead to inter- and intra-molecular ionic
pairing between anionic -COO™~ and cationic -NH;" groups in
the PMAA-NH, copolymers in the pH range from 3.8 to 7.5
where both groups are completely ionized (2 pH units away
from pK,).>>”?*’” In addition, the formation of interpolymer
complexes from water-soluble oppositely charged polyelectro-
Iytes in aqueous solution can depend on the molecular charge,
chain length, electrostatic interaction, and ionic strength of
the solution.*>*>%%77

Turbidimetric analysis of 0.5 mg mL™" PMAA-NH, solu-
tions (0.01 M HEPES buffer) revealed that PMAA-NH,-n copoly-
mers with the amine group content (n) of less than 4 mol%
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can behave as polyelectrolytes in the full studied pH range 2 <
pH < 8 due to a small net charge at low pH and inherent
hydrophilicity of PMAA. Conversely, PMAA-NH,-n copolymers

with n > 4 mol% could form aggregates due to the formation

of PACs when the solution pH was increased from pH = 2 to
pH = 8 (Fig. 4a, Table 1). Thus, among the six studied PMAA-
NH, copolymers, only three could produce insoluble PACs,
including 45-PMAA-NH,-4, 45-PMAA-NH,-6, and 80-PMAA-
NH,-6 with the corresponding ratios of the number of NH,
groups per polymer chain to the total number of monomer
units per chain, n = 0.042, n = 0.062, and n = 0.057 (Table 1).
Increasing the NH, mol% in the PMAA-NH, copolymer from 4
to 6 mol% resulted in increased scattering from forming PACs,
broadening the pH range where the PACs exist (Fig. 4b). For
example, while the solution turbidity and, thus, PAC could be
observed in the range 3.3 < pH < 4.1 for 45-PMAA-NH,-4
(Fig. 4b, blue spheres), this range broadened for 45-PMAA-
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NH,-6 copolymer exhibiting the solution turbidity in the range
3.3 < pH < 4.6 (Fig. 4b, red squares).

With increasing molecular weight but keeping the same
molar ratio of amine groups, the PAC formation from
80-PMAA-NH,-6 followed a similar trend as for 45-PMAA-NH,-
6 with the same starting pH for PAC formation (pH = 3.3) and
slightly extending the range of PAC existence to pH = 4.8
(Fig. 4b, open red squares). This result correlates well with the
fact that 45-PMAA-NH,-6 and 80-PMAA-NH,-6 have similar
amine group molar ratios. Fig. 5 demonstrates that PMAA-NH,
copolymer solutions exhibit positive (-potential values at
acidic pH < 3.4 due to cationic protonated amine groups on
the copolymer chains.”® Both 45-PMAA-NH,-6 and 80-PMAA-
NH,-6 had similar {-potential values of 15.1 + 1.8 mV and 14.4
+ 1.2 mV, respectively, at pH = 3.1, which agrees well with the
similar NH, mole ratios in these copolymers. Similarly,
decreasing the amine group mole ratio from 6% to 4% for
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Fig. 4 pH-Dependent absorbance of 0.5 mg mL~* PMAA—NH, solutions (0.01 M HEPES buffer) (a and b) without and (c—f) in the presence of 0.2 M
NaCl. The acidity of the solutions was increased from pH = 2 to pH = 7. The equilibration time was 55 min for each point.
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mer solution pH. The solution acidity was adjusted from pH = 2 to pH =
7 (left panel) or from pH = 7 to pH = 2 (right panel).

45-PMAA-NH,-4 and to 3% for 45-PMAA-NH,-3, resulted in
the decreased C-potential values at pH = 3.1 to 7.3 + 11 mV and
1.9 + 1.3 mV, respectively (Fig. 5, left panel).

When the solution pH is gradually raised from pH = 3.1 to
3.4, the C-potential values are consistently decreased for all
analyzed PMAA-NH, copolymers (Fig. 5, left panel). Although
the carboxylic groups are protonated at pH < 3.8 (pK, = 5.8),
the positively charged ammonium groups may, however,
induce ionization of protonated carboxylic groups, increasing
their ionization value at lower pH compared to that of PMAA
homopolymer leading to the onset of PAC formation at a
slightly lower pH (Fig. 4).”°

We also studied the effect of ionic strength on the pH at
which copolymer phase separation occurs and the extent of
the pH range where the PAC exists. In all cases, the presence of
0.2 M Nacl in the copolymer solutions resulted in the shift of
the PAC formation pH to slightly higher pH values
(~0.1-0.2 pH unit higher) compared to the copolymer solution
without NaCl, i.e., with lower ionic strength (Fig. 4c-e). This
result indicates that in the presence of 0.2 M sodium chloride,
the induced ionization is partially screened due to partial
screening of protonated ammonium groups®’®®*® and the
onset of PAC occurs at a slightly higher pH value due to
enhanced solubility of the polyampholyte, so-called ‘anti-poly-
electrolyte effect’ previously reported for polyampholytes.®"*>
The decreased intensities of the PAC formed in the presence of
salt can also indicate a smaller polymer complex size than that
without salt due to the increased solubility of copolymer
chains®®* (Fig. 4c-e). Therefore, by summarizing the pH-
dependent solution behavior of PMAA-NH, copolymers in the
presence of 0.2 M NaCl, we demonstrated that the pH value for
the PAC onset could be distinctively shifted from pH ~ 3.3 to
~3.5, and ~3.6 by (1) varying molecular weight of PMAA-NH,,
(2) varying NH, mol%, and (3) adding NacCl to the polyampho-
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Iyte solution for the copolymers prepared at low pH (<3). In
addition, despite some appearance of the gradient amine
group distribution in the polymer chain, synthesized PMAA-
NH, statistical copolymers followed the random formation of
water-insoluble polyampholyte complexes differently from
alternating copolymers or block-copolymers.®”%

pH-Dependent solution behavior of PMAA-NH,, copolymers:
decreasing pH from 8 to 2

The copolymer solution turbidity measurements at varied solu-
tion pH when the acidity was decreasing from pH = 8 to pH =
2 was measured for 0.5 mg mL ™" 45-PMAA-NH,-4, 45-PMAA-
NH,-6, and 80-PMAA-NH,-6 solutions in 0.01 M HEPES buffer.
Unlike the turbidity measurements from low- to high pH,
where the 45-PMAA-NH,-6 and 80-PMAA-NH,-6 copolymer
solutions were turbid up to pH = 4.5 and pH = 4.8, respectively,
all the studied copolymer solutions remained clear down to
PH = 4.3 (80-PMAA-NH,-6) (Fig. 6a).

The 45-PMAA-NH, copolymers were slightly more stable
regarding the onset of PAC formation, which could be
observed at a slightly lower pH of ~4.1 (Fig. 6a-c). The
C-potential of these copolymer solutions was found to be
similar, around —24 mV for all three PMAA-NH, studied copo-
lymers at 4.0 < pH < 4.5, indicating a high negative net charge
of the polyampholytes and their corresponding ‘polyelectrolyte
regime’ behavior.®? Therefore, in the pH range from pH = 7.0
to pH = 4.2, unbalanced anionic charge from ionized car-
boxylic groups led to chain swelling, corresponding copolymer
solubility, and solution transparency (Fig. 6a—d). This behavior
was further confirmed by the copolymer solution turbidity ana-
lysis in the presence of 0.2 M NaCl. In all three cases, the
addition of salt resulted in the Debye screening of the anionic
carboxylates and an earlier formation of PACs at pH = 4.2 (vs.
pH = 4.1 at no salt) for 45-PMAA-NH,-4 (Fig. 6b), at pH = 4.4
(vs. pH = 4.1 at no salt) for 45-PMAA-NH,-6 (Fig. 6¢), and at pH
= 4.6 (vs. pH = 4.3 at no salt) for 80-PMAA-NH,-6 (Fig. 6d).
This earlier onset of PAC formation showed a ~0.1 pH unit
shift toward higher pH for the copolymer with the lower NH,
mol% (n = 4), while that of ~0.3 pH unit shift for the copoly-
mers with the higher NH, mol% (n = 6) regardless of the copo-
lymer molecular weight. Therefore, in the presence of 0.2 M
NaCl, the onset of the PAC regime can be well separated for
PMAA-NH, copolymers initially dissolved at high pH, which
can be helpful for the complexation of these polyampholytes
with other cationic polyelectrolytes if necessary. In the case of
the complexation of these copolymers at surfaces via non-ionic
interactions, e.g., hydrogen bonding, the polyelectrolyte regime
at 3.9 < pH < 4.2 can be used without salt addition to control
multilayer coating thickness.®® The thinner multilayer coatings
can be expected then.

A further increase in salt concentration can either lead to
additional screening of carboxylates on the chain backbone,
subsequent chain collapse and precipitation from solution*®
even at pH below or above the onset of PAC formation or dis-
ruption of intermolecular interactions between protonated
ammonium groups and ionized carboxylic groups in the pH
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Fig. 6 Turbidity of 0.5 mg mL™* PMAA-NH, solutions (0.01 M HEPES buffer) (a) without salt, or (b—e) with 0.2 M NaCl, measured as the solution
absorbance at 400 nm. The initial solution pH was pH = 7 with titration followed from pH 7 to pH 2. An equilibration time was 55 min for each point.
(f) Turbidity of 0.5 mg mL~* 45-PMAA-NH,-6 solutions in 0.01 M HEPES buffer in varied amounts of NaCl, measured as the solution absorbance at
400 nm. The solution pH was decreased from pH 7 to pH 2 with an average equilibration time of 55 min for each point.

range of PAC existence leading to chain expansion and PAC
dissolution (critical salt concentration).'””®* Fig. 6f demon-
strates that increasing NaCl concentration in 45-PMAA-NH,-6
copolymer solutions from 0.2 M to 0.3 M decreased the solu-
tion stability even further with the corresponding onset of PAC
formation (turbidity appearance) shift from pH ~ 4.4 (0.2 M
NaCl) to pH ~ 4.6 (0.3 M NaCl).

The results obtained in this work demonstrate that the be-
havior of COOH-rich PMAA-NH, copolymer solutions is
similar to the interpolymer interaction between strongly inter-
acting weak polyelectrolytes. Similarly, PMAA-NH, copolymers
can form large intermolecular aggregates of tens of
micrometers in size that are comprised of smaller nanocom-
plexes, approximately 1 um in diameter (Fig. S101) where
charge compensation is present and ionic pairs are
formed.®®® The pH region where stable PAC can occur for
PMAA-NH, is relatively narrow (from 3.2 to 4.8) compared to

4160 | Polym. Chem., 2024, 15, 4151-4163

that for PMAA complexes with cationic polyelectrolytes (typi-
cally in the 5.0 to 9.0 pH range),®® which is determined by the
predominant content of COOH groups in the copolymer chain.
As a result, polymer chain behavior (polyelectrolyte vs. anti-
polyelectrolyte) in solution for such poly(cation-co-anion) poly-
ampholyte can be tuned by varying the content of amine
groups, pH, and salt concentration. Our study showed that the
complexing behavior of PACs made from PMAA-NH, copoly-
mers is completely reversible. The precise region of PAC for-
mation depends on the initial macromolecular charge
balance, defined by a solution pH value. Therefore, a formed
water-insoluble PAC can be quickly, on the scale of seconds,
turned into water-soluble molecular chains by either decreas-
ing or increasing solution pH beyond the range of PAC exist-
ence. These properties can be helpful for the development of
advanced biomaterials such as thin film hydrogels, hydrogel-
like microcapsules, and internally nanostructured coatings
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with finely tuned morphology, pH-induced swelling, hydration,
and mechanical behavior.

Conclusions

In this study, we synthesized well-defined poly(tert-butyl-
methacrylate-co-N-(tert-butoxycarbonyl-aminopropyl )methacryl
amide) copolymers (M,, of ~45 kDa and 80 kDa, PDI < 1.36)
with different content of amine group (from 2 to 6 mol%) via
RAFT copolymerization, end-group removal and carboxylic
and amine group deprotection. NMR analysis revealed signifi-
cant differences in tBOC and ¢{BMA activities in RAFT copoly-
merization, which could potentially lead to the gradient
monomer distribution in the polymer chain. Despite the
absence of tBOC homopolymerization, DFT calculations con-
firmed its copolymerization with tBMA and predicted poten-
tial gradient copolymerization. The effect of the gradient
character of amine group distribution can be diminished
when the reaction is quenched at <80% of total monomer
conversion. Also, the minimum distance between amine
groups across obtained samples is eight methacrylic acid
units, revealing the predominant random character of
monomer distribution. The resulting PMAA-NH, polyampho-
lyte copolymers can be considered random copolymers due to
their low mole fraction of the second monomer in the
polymer chain and overestimations of amine group content at
the polymerization step. The copolymers with a content of
amine groups of more than 4 mol% can form PACs in a solu-
tion in a pH range from 3.2 to 4.8 due to charge compen-
sation and the predominant content of the carboxylic groups.
The presence of salt partially screened the ionization of poly-
ampholytes, leading to the onset of PAC formation at a
slightly higher pH due to increased solubility, known as the
‘anti-polyelectrolyte effect’. Adding NaCl resulted in smaller
PAC sizes due to enhanced copolymer chain solubility. The
pH for PAC onset could be shifted from ~3.3 to ~3.6 (or from
~4.8 to ~4.1) by varying the molecular weight of PMAA-NH,,
the NH, mol%, adding NaCl, and choosing an initial pH for
copolymer dissolution. Despite the potential gradient distri-
bution of amine groups within the non-stoichiometric poly-
ampholyte chain, the synthesized PMAA-NH, statistical copo-
lymers formed random, water-insoluble polyampholyte com-
plexes. The PMAA-NH, copolymers obtained via controlled
copolymerization can lead to facile alternatives for PAC syn-
thesis without using cell-toxic cationic polyelectrolytes such
as polyvinylpyridines or polyamines. The gradient compo-
sition of PMAA-NH, copolymers obtained at the conversions
higher than 80% could be useful in the development of nano-
structured coatings with anisotropic charge properties where
non-homogeneous charge distribution within surface coating
may result in a different pH behavior leading to anisotropic
swelling responses. The copolymers can help develop syn-
thetic routes to polyampholytes with controlled architectures
useful for synthesizing advanced hydrogel materials with con-
trolled nanostructured architectures, environmentally adapt-
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able microcontinents, PAC-based saloplastics, absorbents,
and biomedical coatings.
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