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Synthesis and characterization of novel thermo- and salt-sensitive
amphoteric terpolymers based on acrylamide derivatives

A novel linear amphoteric terpolymers based on neutral monomer — N-isopropylacrylamide (NIPAM), ani-
onic monomer — 2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt (AMPS), and cationic mono-
mer — (3-acrylamidopropyl) trimethylammonium chloride (APTAC) were synthesized by free-radical
polymerization in aqueous solution and characterized by methods of *H NMR and FTIR spectroscopy, TGA,
GPC, Dynamic light scattering (DLS) and zeta-potential. The thermal and salt sensitivity of amphoteric ter-
nary polymers of various compositions, particularly, [NIPAM]:[AMPS]:.[APTAC] = 90:2.5:7.5; 90:5:5;
90:7.5:2.5 mol.% were studied in aqueous and aqueous-salt solutions in the temperature range from 25 to
60 °C and at the NaCl ionic strength p interval from 102 to 1M. It was found that due to hydropho-
bic/hydrophilic balance, the temperature dependent conformational and phase change of macromolecular
chains becomes sensitive to salt addition and allows the fine-tuning of the phase transition. In aqueous and
aqueous-salt solutions, the average hydrodynamic size of amphoteric terpolymers is varied from 8 to 300 nm
exhibiting bimodal distribution at room temperature. The number average (M,) and weight average (M,,) mo-
lecular weights, polydispersity index (PDI), and zeta-potentials of amphoteric terpolymers in aqueous solu-
tions were determined.

Keywords: amphoteric terpolymers, thermal response, salt sensitivity, phase transition temperature, hydro-
phobic/hydrophilic balance, core-shell structure.

Introduction

Numerous non-ionic thermally responsive homopolymers phase separate from their aqueous solutions
upon heating [1]. Such macromolecules are amphiphilic, i.e. they consist of hydrophilic and hydrophobic
fragments. Formation of hydrogen bonds between the hydrophilic polar groups of the polymer chain and wa-
ter molecules contributes favorably to the free energy of mixing in cold water. Strength of the hydrogen
bonds decreases upon heating. When the temperature of a solution is raised above the phase separation tem-
perature, the hydrophobic backbone and/or other nonpolar groups of the polymer tend to associate. This
causes intra- and intermolecular aggregation leading to a collapse of the individual polymer chains
(microphase separation) and precipitation of the polymer (macrophase separation) within narrow temperature
range. Poly(N-isopropylacrylamide) (PNIPAM) is the most extensively studied thermally responsive
homopolymer [1-3]. PNIPAM exhibits a well-defined lower critical solution temperature (LCST) in water
around 32 °C that is a critical temperature, below which all polymer-solvent compositions are miscible [4].

Basic solution properties of thermoresponsive polymers can be chemically altered. Additional highly
polar or ionic groups enhance the overall solubility of these polymers in water. Thus, there are numerous ex-
amples of the poly(ethylene oxide) (PEO) usage to induce colloidal stability of the aggregates formed above
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LCST [5]. This steric stabilization by nonionic hydrophilic polymers results in core-shell architectures and is
typically independent of the ionic strength, assuming that the added low-molar-mass salt does not drastically
change the thermodynamic quality of the aqueous solvent. Hydrophilization of the thermoresponsive poly-
mers with ionic comonomers typically results to stable spherical particles with charged surface. However,
copolymerization of PNIPAM with a weak acid may also disfavor chain expansion: the complexes between
methacrylic acid and NIPAM at certain pH are able to undergo an intramolecular conformational transition
from a coil state to a more compact folded state without considerable loss of the chain solubility [6].

Copolymerization of PNIPAM with two oppositely charged comonomers (terpolymer) brings up further
complexity to the balance of various interactions in solution. On the other hand, a combination of several external
stimuli within one macromolecule leads to the formation of multi-responsive NIPAM-based polyampholytes [-9]
that are used as smart sensors [7], drug delivery [8], and metal ion recognition systems [9].

Polyampholytes in general and quenched (strongly charged) polyampholytes in particular are macro-
molecules, which properties drastically change in response to various stimuli, e.g. temperature, salt, co-
solvent, light, etc. ['0-12]. Inclusion of thermoresponsive N-isopropylacrylamide (NIPAM) [13, 14] and
N-(tert-butyl)methacrylamide [15] monomers into macromolecular chains leads to the targeted modification
of conformational and macroscopic phase separation behavior of amphoteric macromolecules upon heating.

Thermally and pH responsive linear and crosslinked polyampholytes based on N-acryloyl-N-ethyl
piperazine and maleic acid have recently been prepared by means of the free-radical solution polymerization
[16]. The adsorption capacity of the reported hydrogels was investigated using a Congo red as a model dye
varied in the range of 8.37-11.45 mg/g that corresponds to an absorption efficiency of 68-93 %. The synthe-
sis of alternating charge-neutral polyampholytes was described via the reversible addition-fragmentation
chain transfer (RAFT) statistical copolymerization of cationic styrenic and anionic N-substituted maleimide
monomers [17]. The thermoresponsive behavior of the obtained charge-neutral polyampholytes was demon-
strated in water and water-alcohol (methanol, ethanol and 2-propanol) mixtures.

In this paper, we report synthesis and characterization of a novel charge-balanced and charge-
imbalanced amphoteric terpolymers derived from N-isopropylacrylamide (NIPAM), 2-acrylamido-2-methyl-
1-propanesulfonic acid sodium salt (AMPS) and (3-acrylamidopropyl) trimethylammonium chloride
(APTAC). The behavior of these ternary polyampholytes has been studied in agueous and aqueous-salt solu-
tions to evaluate the conformational and phase transitions upon changing of temperature and salt addition.
Understanding the physico-chemical properties of the new linear NIPAM-based polyampholytes is an im-
portant criterion in the development of targeted drug delivery models.

Experimental

Materials

Monomers — N-isopropylacrylamide (NIPAM, 97 % purity), 2-acrylamido-2-methylpropanesulfonic
acid sodium salt (AMPS, 50 wt.%) and (3-acrylamidopropyl) trimethylammonium chloride (APTAC,
75 wt.% in water), ammonium persulfate (APS, 98 % purity), sodium metabisulfite (SMBS, 97 % purity),
sodium chloride, dialysis tubing cellulose membrane were purchased from Sigma-Aldrich Chemical Co., and
used without further purification.

Methods

FTIR spectra of NIPAM-APTAC-AMPS terpolymers were recorded on a Cary 660 FTIR (Agilent,
USA). 'H NMR spectra in D,O were registered on an impulse Fourier NMR spectrometer JNN-ECA
400 MHz (Jeol, Japan). Ultraviolet-visible (UV-Vis) spectra were collected using a Specord 210 plus, Ger-
many. Dynamic light scattering (DLS) and zeta-potential measurements were implemented with the help of a
Zetasizer Nano ZS 90 (Malvern, UK), equipped with a 633 nm laser source. Thermogravimetric analysis
(TGA) was performed applyng a LabSys Evo (Setaram, France).

Synthesis of polyampholyte terpolymers based on NIPAM-APTAC-AMPS

Polyampholyte terpolymers were synthesized via conventional redox initiated free radical
(co)polymerization at 60 °C for 4 h. Briefly, the desired composition of the monomers was dissolved in de-
ionized water at room temperature in a 50 mL beaker under constant stirring. After that the solution of mon-
omers was filtered through a 5-micron syringe filter and purged with argon gas for 15-20 min to remove the
dissolved oxygen. The solution then was carefully transferred to a screw cap vial and the dry APS and SMBS
powders were added. The vial was immersed in a water bath with periodical shaking of the mixture. Later,
the vial was removed from the water bath and cooled at room temperature. Obtained polymer solutions were
dialyzed against distilled water for 72 h and then freeze-dried. Synthetic protocol of NIPAM-APTAC-AMPS
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terpolymers is given in Table 1. It is seen that the yield of the terpolymers is high and varied from 80 to
93 wt.%.

Table 1
Synthetic protocol of NIPAM-APTAC-AMPS terpolymers
Initial monomer feed, mol. % APS, SMBS, | Yield,
NIPAM | APTAC | AMmps | NIPAM g | APTAC,g | AMPS, g |HO,.mL) — mg | wt%
90 5 5 2 0.135 0.225 89.3
90 7.5 2.5 2 0.406 0.225 21.8 22 37 80
90 25 75 2 0.135 0.675 93

Determination of phase transition temperature of NIPAM-APTAC-AMPS terpolymers

The phase transition temperatures of NIPAM-APTAC-AMPS terpolymers in aqueous and aqueous-salt
solutions (at the NaCl ionic strength p = 0.001; 0.005; 0.01; 0.05; 0.1; 0.5 and 1M) were determined by mon-
itoring the change in the solution transmittance upon varying temperature. Aqueous and agqueous-salt solu-
tions of NIPAM-APTAC-AMPS terpolymers are transparent at room temperature, i.e. when temperature is
lower than LCST. When the temperature is above LCST, the solution appears as milky white and the trans-
mittance decreases because the NIPAM-APTAC-AMPS terpolymers dehydrate and become more hydropho-
bic and thus less soluble in water. The phase transition experiments were carried out at A = 700 nm with the
concentration of NIPAM-APTAC-AMPS terpolymers 0.1 wt.%, at the heating rate 0.5 °C-min™ and in the
temperature range 25-60 °C.

Results and Discussion

Synthesis and characterization of NIPAM-APTAC-AMPS terpolymers

Linear terpolymers of various compositions [NIPAM]:[APTAC]:[AMPS] =90:5:5; 90:7.5:2.5;
90:2.5:7.5 mol.%, were synthesized via conventional redox initiated free radical polymerization (Fig. 1). The
resulted terpolymer samples have randomly distributed charged units along the macromolecular chain [12].
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Figure 1. Schematic representation of free-radical polymerization of NIPAM, APTAC and AMPS monomers

The composition of the obtained terpolymers was established by *H NMR spectroscopy (Fig. 2).
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Figure 2. NMR spectra of NIPAM-APTAC-AMPS terpolymers and identification of proton signals
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The resonance bands observed at 1.8 and 2.2 ppm were attributed to the protons of methylene and
methine groups of the main chain of the terpolymers, respectively. Nevertheless, these peaks overlapped with
the peaks of methyl and methylene protons of AMPS and APTAC. The resonance bands at 3.2-3.4 ppm were
assigned to suspended protons of methyl and methylene groups in AMPS and APTAC. Since these signals
were superimposed each other, the exact compositions of the NIPAM-APTAC-AMPS terpolymers could not
be determined from the *H NMR spectra. Despite this, it can be assumed that the amount of APTAC and
AMPS in terpolymers will be in good agreement with the initial monomer mixture, since the reactivity of all
monomers is similar and close to one [12]. Taking into account all above reasons, it can be argued that the
final composition of terpolymers possesses charge-balanced and charge-imbalanced structures. For instance,
the amphoteric terpolymer [NIPAM]:[APTAC]:[AMPS] = 90:5:5 mol.% composed of the equal number of
positively (APTAC) and negatively (AMPS) charged monomers refers to a charge-balanced polyampholyte,
while the terpolymers [NIPAM]:JAPTAC]:[AMPS] = 90:7.5:2.5 mol.% and [NIPAM]:[APTAC]:[AMPS] =
=90:2.5:7.5 mol.% containing an excess of positively (APTAC) or negatively (AMPS) charged monomers
belong to charge-imbalanced polyampholytes.

FTIR spectra of NIPAM-APTAC-AMPS terpolymers

Figure 3 illustrates FTIR spectra of the terpolymers. The wide absorption band in the region of 3200-
3500 cm ! corresponds to the secondary and tertiary amine groups, the absorption bands in the region of
2800-3000 cm™ correspond to the asymmetric and symmetric vibrations of the CH groups. The absorption
bands at 1650 and 1530 cm™ belong to the vibrations of the N-substituted groups, i.e. to Amide I and Amid
I1, respectively. The absorption band at 1450 cm™ is characteristic of bending vibrations of CH groups. The
absorption band in the region of 1040 cm™ corresponds to fluctuations of the S=O groups contained in the
AMPS fragments.
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Figure 3. FTIR spectra of NIPAM-APTAC-AMPS terpolymers

TGA and DTA data of NIPAM-APTAC-AMPS terpolymers

Figure 4 shows the results of TGA and DTA. Dry terpolymers demonstrate a weight loss of approxi-
mately 5 % between room temperature and 150 °C. However, this additional weight loss is hard to assign to
water loss alone, as the TGA and DTA data do not indicate a clear jump in this temperature range. In our
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opinion, the weight loss up to approximately 200 °C may be a result of evaporation of residual water and
beginning of the copolymers decomposition. The complete thermal decomposition of NIPAM-APTAC-
AMPS terpolymers takes place in the temperature range from 413 to 417 °C.
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Figure 4. TGA thermograms (a) and differential curves (b) of copolymers NIPAM-APTAC-AMPS

The weight average molecular weight M,, the number average molecular weight M, and the
polydispersity index (PDI) of the NIPAM-APTAC-AMPS terpolymers

Table 2 represents the values of M,,, M, and PDI for NIPAM-APTAC-AMPS terpolymers measured by
gel-permeation chromatography in aqueous solution.

Table 2
The values of My,, M,,and PDI for NIPAM-APTAC-AMPS terpolymers
Composition, mol. % 5 4 _
NIPAM APTAC AMPS Myx107, Da M,x10™, Da PDI = M,,/M,
90 5 5 14 4.6 ~3.0
90 75 2.5 0.5 3.1 ~1.6
90 25 7.5 25 6.4 ~4.0

The M,, of terpolymers is in the range of (0.5-2.5)-10° Dalton, the M, is (3.1-6.4)-10* Dalton. The PDI
of terpolymers is between 1.6 and 4.0. The broad molecular weight distribution of terpolymers is probably
due to the use of free-radical polymerization method, which does not allow precise control of the molecular
weights of polymers.

Zeta-potentials (£) of NIPAM-APTAC-AMPS amphoteric terpolymers in aqueous solutions at 25 °C

Zeta potentials of charge-balanced and charge-imbalanced NIPAM-APTAC-AMPS terpolymers in
aqueous solution were measured as a function of polymer concentration (data is not shown). The terpolymer
[NIPAM]:[APTAC]:.[AMPS] = 90:7.5:2.5 mol.% with the excess of positively charged APTAC monomer
independently on the polymer concentration (0.01-0.1 wt.%) has {= +7+1 mV. In contrast, the amphoteric
terpolymer [NIPAM]:[APTAC]:.JAMPS] = 90:2.5:7.5 mol.% with the excess of negatively charged AMPS
monomer slightly depends on concentration (0.01-0.1 wt.%) and has {= —16+3 mV. It can be expected that
in the ideal case, when the amount of positive and negative charges in [NIPAM]:[APTAC]:.[AMPS] = 90:5:5
mol.% is equal and compensates each other, the total charge of macromolecular chain is electroneutral, the
value of £ should be around zero. However, in our case, the ¢ value of the charge-balanced amphoteric
terpolymer [NIPAM]:[APTAC]:.[AMPS] = 90:5:5 deviates from zero and is slightly positive independently
on polymer concentration (0.01-0.1 wt.%). Its value equals +2+1 mV probably due to a tiny excess of the
positively charged APTAC monomer. Thus, the fact that we have synthesized the charge-balanced and
charge-imbalanced amphoteric terpolymers is obvious.
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The average hydrodynamic size and the phase transition temperature of [NIPAM]:[APTAC]:
:JAMPS] = 90:5:5 mol.% in pure water and salt solutions

The average hydrodynamic size (Ry) and the phase transition temperature (T,:) of charge-balanced
amphoteric terpolymer [NIPAM]:.[APTAC]:[AMPS] = 90:5:5 mol.% in deionized (DI) water and in NaCl
solutions (u = 0.001; 0.005; 0.01; 0.05; 0.1; 0.5; 1M NacCl) are presented in Figures 5 and 6.
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Figure 5 illustrates presence of two types of particles in solutions. Average peak value of R, of
[NIPAM]:[APTAC]:[AMPS] = 90:5:5 mol.% equals to 7.4 and 150 nm in pure water. Evidently that 7.4 nm
represents individual macromolecules, whereas 150 nm corresponds to multimolecular aggregates. The rela-
tive contribution of the aggregates in the intensity distributions is large due to their high mass, though they
are minor by their number. The individual chains of amphoteric terpolymer in deionized water may be imag-
ined as well swollen coils since water is a good solvent for PNIPAM at room temperature. However, Ry,=7.4
nm is not big enough for such a molecule. One should remember that the oppositely charged repeating units
of the chain are attracted to each other and can form ion pairs similar to intrapolyelectrolyte complexes in
pure water. Their low-molar-mass counterions become free, leave to the bulk water and this way increase the
total entropy of the system. Addition of low-molar-mass salt makes this entropic effect less pronounced:
added salt breaks the intramolecular ionic pairs and chains become effectively more charged with increasing
the ionic strength, though the number of charges along each chain remains constant. Coulomb interactions of
ion pairs act on longer distances than H-bonds between PNIPAM and water and create polar regions of
bound water within each coil, which enhance total stability of the copolymer against phase separation upon
heating.

The model presented above is fully supported by experiments. The phase transition temperature (Tp.)
of [NIPAM]:[APTAC]:[AMPS] = 90:5:5 mol.% in DI water equals to 38.7 °C (see Table 3) and bigger than
To.i: OF poly(NIPAM) itself (that is 32 °C) [4]. When the ionic strength (p) increases, the ion pairs between
AMPS and APTAC break apart, copolymer becomes effectively more charged and T, shifts to the higher
values. At p above 0.1 M, all ionic pairs are not only broken but added salt screens all the charges of copol-
ymer and original thermal behavior of pure poly(NIPAM) is recovered.

Two phenomena should be discussed separately: 1) Aggregates formed by the copolymer above the
phase transition temperature (T,.) are stable against further precipitation; 2) Transmittance vs. temperature
curves show a shoulder above T at p below 0.1 M. Formation of neutral colloidally stable multimolecular
aggregates by poly(NIPAM) has been well-documented and mechanisms responsible for their stability have
been suggested [1, 5]. Existence of hydrated ion pairs from AMPS and APTAC within coils additionally
contribute to the stability of particles above T,.: Naturally, when aggregates are formed and dehydrate upon
further heating, charged units cannot stay inside the organic surrounding, and they migrate to the surface of
the aggregates, which is observed as a shoulder in the transmittance curves (Figure 6).

The conformational change of [NIPAM]:[APTAC]:[AMPS] = 90:5:5 mol.% in pure water upon heating
is schematically shown in Figure 7. Dehydration of NIPAM fragments and intensification of hydrophobic
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interactions with increasing of temperature lead to the formation of a high-density hydrophobic NIPAM
“core” surrounded by low-density hydrophilic “shell”. The latter consists of AMPS and APTAC monomers
that preserve the whole macromolecules in water and protect them from precipitation.
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Figure 7. Schematic representation of [NIPAM]:[APTAC]:[AMPS] = 90:5:5 mol.% terpolymer
in DI water upon heating

At the interval of the p = 0.001-0.1M NacCl, the mean Ry, values are equal to 7+1 nm and 175425 nm.

However, the value of T, gradually increases from 39.88 °C in DI water to 46.08 °C in 0.1M NaCl upon
heating (Table 3).

Table 3
The effect of the ionic strength (u) on the phase transition temperature
of [NIPAM]:[APTAC]:[AMPS]=90:5:5 mol.%
u, mol-L* (NaCl) DI water 0.001 0.005 0.01 0.05 0.1 0.5 1.0
Tott, °C 39.88 40.29 41,93 41.96 455 46.08 42.96 36.84

These results can be explained as follows. Upon heating the swollen in DI water macromolecular chains
of amphoteric terpolymer due to strengthening of the hydrophobic interactions are supposed to transform to
high-density hydrophobic “core” consisting of mostly NIPAM monomers. At the same time, an increase in
the ionic strength adjusted by NaCl that strengthens the compactization of the NIPAM chains, but weakens
the electrostatic attraction between positively and negatively charged monomers. As a result, the hydrophilic
edge (or a low-density hydrophilic “shell”) consisting of AMPS and APTAC monomers is formed on the
surface of compact macromolecules and preserves the polymer particles from precipitation (Fig. 8).
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Figure 8. Schematic representation of [NIPAM]:[APTAC]:[AMPS] = 90:5:5 mol.% macromolecules
at the interval of p = 0.001-0.1M NaCl upon heating (a) DLS data at u = 0.001-0.1M NaCl (b)
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However, in 1M NacCl solution the Ry, maxima are shifted to 50 and 300 nm, respectively. Apparently,
the macromolecular coils are aggregated at high p. This statement is confirmed by the effect of temperature
on the phase behavior of terpolymer [NIPAM]:[APTAC]:JAMPS] = 90:5:5 mol.% in dependence of u as
represented in Figure 9. At the interval of u between 0.5 and 1M NaCl the T, decreases from 39.5 °C to
33.2 °C (see Table 3). The reversal or backward change of the T in 0.5 and 1M NaCl solutions is probably
due to aggregation of small particles to bigger one as demonstrated in Figure 9 and confirmed by DLS data.
However, in 0.5 and 1M NaCl solutions the precipitation of aggregated macromolecular particles does not
occur because the hydrophilic “shell” on the surface of such aggregates preserves them from precipitation.

10 4

b)
Hydrophilic low density edge
: N

i o 61
i X
; S
' [NaCl]=0.5-1.0 B

T g 1
Heating IS

Aggregation
24
04
Hydrophobic high-density core 1 10 100 1000
Ry, nm

Figure 9. Schematic representation of macromolecular size of [NIPAM]:[APTAC]:.[AMPS] = 90:5:5 mol.%
at the ionic strength 0.5 and 1M NaCl upon heating (a) and DLS data in 1M NaCl (b)

Thus, as follows from the obtained results, the macromolecular chains of [NIPAM]:[APTAC]:[AMPS] =
= 90:5:5 mol.% in DI water collapse upon heating due to the dehydration of NIPAM chains and enhance-
ment of hydrophobic interactions. At the interval of p = 0.001-0.1 M NaCl macromolecular chains gradually
shrink upon heating but preserve the solubility in spite of the turbidity. At high ionic strength p = 0.5-1M
NaCl the formation of bigger aggregates is observed.

The average hydrodynamic size and phase transition temperature of [NIPAM]:[APTAC]:
:JAMPS] = 90:2.5:7.5 mol.% in aqueous and aqueous-salt solutions

Figure 10 represents the average hydrodynamic size of amphoteric terpolymer [NIPAM]:
[APTAC]:.[AMPS] = 90:2.5:7.5 mol.% in DI water and in NaCl solutions (u = 0.001; 0.005; 0.01; 0.05; 0.1;
and 0.5M). In 1M NaCl the terpolymer was insoluble. The average hydrodynamic radius of macromolecules

Ry at u = 0.001; 0.005; 0.01; 0.05; 0.1M NacCl is about 20-35 nm, but in 0.5M NaCl solution two obvious
peaks are observed with Ry, equal to 20 and 200 nm.
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Figure 10. Effect of the p on the average hydrodynamic Figure 11. Temperature dependent phase behavior
size of [NIPAM]:[APTAC]:[AMPS] = 90:2.5:7.5 mol.% of terpolymer [NIPAM]:[APTAC]:[AMPS] =
at25°C =90:2.5:7.5 mol.% at different p
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The effect of temperature on the phase behavior of terpolymer [NIPAM].[APTAC].[AMPS] =
=90:2.5:7.5 mol.% in DI water and at p = 0.001-0.5M NaCl is demonstrated in Table 4 and Figure 11.

Table 4
The effect of the ionic strength (u) on the phase transition temperature
of [NIPAM]:[APTAC]:[AMPS]=90:2.5:7.5 mol.%
u, mol-L™* (NaCl) DI water 0.001 0.005 0.01 0.05 0.1 0.5 1.0
T, °C 35.45 35.38 35.98 35.33 34.41 34.48 39.42 insoluble

At the interval of p between 0.001 and 0.05M NaCl the T, is slightly shifted to lower or higher tem-
peratures. In this range a gradual increase of the turbidity is observed. Increasing of the u up to 0.5M NaCl
leads to early phase separation of the polymer at 28 °C. At u = 0.5 M NaCl there are fractures on the turbidi-
ty curves and the transparency decreases in the range of 40-47.5 °C. Further heating of polymer solution at
T > 47.5 °C causes the precipitation of polymer chains due to the salting-out effect, which leads to a signifi-
cant increase in transparency.

The average hydrodynamic size and phase transition temperature of [NIPAM]:[APTAC]:[AMPS] =
=90:7.5:2.5 mol.% in aqueous and aqueous-salt solutions

In case of [NIPAM]:.[APTAC]:[AMPS] = 90:7.5:2.5 mol.% terpolymer, the average hydrodynamic size
of macromolecules changes insignificantly as a function of the ionic strength (Fig. 12). The average size of
Rn lies in the regions of 6-8 nm and 150-300 nm.

The effect of temperature on the T,;. of the terpolymer [NIPAM]:.[APTAC]:.[AMPS] =
=90:7.5:2.5 mol.% at different ionic strength of the solution is shown in Table 5 and Figure 13.

Table 5
The effect of the ionic strength (u) on the phase transition temperature
of [NIPAM]:[APTAC]:[AMPS]=90:7.5:2.5 mol.%
u, mol-L™* (NaCl) DI water 0.001 0.005 0.01 0.05 0.1 0.5 1.0
Tot, °C 38.98 37.16 38.35 38.85 42.33 43.2 37.21 37.51
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Figure 12. Effect of the ionic strength of the solution Figure 13. Temperature dependent phase behavior
on the average hydrodynamic size of of [NIPAM]:[APTAC]:JAMPS] = 90:7.5:2.5 mol.%
[NIPAM]:[APTAC]:[AMPS] = 90:7.5:2.5 mol.% at 25 °C at different p

Increasing of the p in the range of 0.001-0.1M gradually shifts the T to higher temperatures. This is
probably due to the screening of positively charged APTAC fragments by NaCl counterions. However, at a
higher ionic strength p = 0.5-1.0M NaCl the T, shifts backward, e.g. to lower temperatures. Apparently, at
a high NaCl concentration, the polyelectrolyte effect caused by the excess of positive charges is completely
suppressed, and the macromolecular chain becomes close to neutral and more hydrophobic. An increase
in temperature enhances the hydrophobic interactions and aggregation of macromolecular chains. Thus,
in  aqueous-salt  solutions the behavior of charge balanced amphoteric terpolymer
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(INIPAM]:.[APTAC]:JAMPS] = 90:5:5 mol.%) differs from the properties of unbalanced polyampholytes
(INIPAM]:[APTAC]:.JAMPS] =90:7.5:2.5 mol.% and [NIPAM]:.[APTAC]:[AMPS] =90:2.5:7.5 mol.%).
A small excess of positive or negative charges in terpolymers leads to the predominance of polyelectrolyte
effect. Expanded in pure water polyelectrolyte chains shrink in salt solution due to the screened electrostatic
repulsion between uniformly charged monomers (polyelectrolyte effect). Compact structure of charge-
balanced quenched polyampholyte unfolds in salt solution due to screening of the electrostatic attraction be-
tween oppositely charged monomers (the antipolyelectrolyte effect).

Conclusions

The structure of new amphoteric terpolymers NIPAM-AMPS-APTAC, synthesized by free-radical
polymerization of neutral (NIPAM), anionic (AMPS), and cationic (APTAC) monomers was identified by
'H NMR and FTIR spectroscopy. In aqueous and aqueous-salt solutions, the dynamic light scattering (DLS)
data show a bimodal distribution of the average hydrodynamic size of amphoteric macromolecules. Zeta-
potential measurements confirm the formation of charge-balanced and charge-imbalanced amphoteric
terpolymers. In aqueous and agueous-salt solutions the amphoteric terpolymers based on NIPAM-AMPS-
APTAC demonstrate the temperature-responsive behavior upon heating. The temperature and salt-induced
phase transition of amphoteric terpolymers is associated with the hydrophobic-hydrophilic balance and the
formation of high-density of hydrophobic “core” surrounded by low-density hydrophilic “shell”. In case of
charge-balanced amphoteric terpolymer [NIPAM]:.[APTAC].[AMPS] = 90:5:5 mol.%, the phase transition
temperature increases and passes through the maximum at p =0.1M NaCl. A similar phenomenon is ob-
served for the charge-imbalanced terpolymer [NIPAM]:[APTAC]:JAMPS] = 90:7.5:2.5 mol.% with the ex-
cess of cationic monomer (APTAC). The temperature-dependent phase transition of charge-imbalanced
terpolymer [NIPAM]:[APTAC]:.[AMPS] = 90:2.5:7.5 mol.% with the excess of anionic monomer (AMPS)
exhibits complicated behavior at high ionic strength up to phase separation. The phase transition temperature
of amphoteric terpolymers can be finely tuned to the desired one by adding the salt. The combination of dif-
ferent stimuli within one macromolecular chain can open up a wide space of sensing applications, in particu-
lar as a drug delivery system.
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A.E. As36aeBa, A.B. llaxBopocToB, T.M. Ceiinxanos, B.O. Acees, C.E. KynaiiGeprenon

AKpHUJIaMu/ TYBIHABLIAPBIHBIH HETi3iH/1e aJbIHFAH KaHa TEPMO-
JKIHE TY3Fa ce3iMTas aMmdoTepJik TepnonMepIep/i CHHTEe3/1ey KIHE 3epTTey

Betitapanr moromep N-m3onpornunakpunamun (HUTTAM), aHHOHIBIK MOHOMED — 2-aKpHIaMUI0-2-MeTHII-1-
MpOMaHCyIb()OH KBIIKBUIBIHEIH HaTpuid TY3bI (AMIIC) xone (3-akpmiIaMHIONPOINI) TPHMETHIAMMOHHUI
xnopunai (AIITAX) HeriziHzmeri jkaHa >KOFaphl 3apsATaifaH HonuaMQoNUTTep CyIsl epiTiHmize ©oc
paguKanIbl TMOJMMEpIIeHy KOJIBIMEH CHHTE3EN/l KoHe 'H SIMP xome HK-®ypbe cHeKTpOCKOMUACHIMEH,
TTA, T'OX, IJIC xoHe A3eTa-MOTEHIMAT dMICTEPIMEH CHIATTANABL. OPTYPJi KypaMaarbl YIITIK aMmoTepi
nonumepiep, aran aitkanaa [HUITAM]:[AMIIC]:[AIITAX] = 90:2.5:7.5; 90:5:5; 90:7.5:2.5 wmo01.%,
Temneparypanbi 25 men 60 °C apaibIFbIHAA KoHE epiTiHmiin nombik kymimin 102 mem 1M NaCl
apanpIFeIHAa  3epTTenai. [uapohoOTh/THAPOGUILAI  TEMe-TCHIIKTIH apKachlHAa MaKpPOMOJICKYJIAIbIK
Ti30eKTepIiH Temmeparypara OailaHBICTBI KOH(GOPMAIMSIIBIK XKoHE (a3alblK e3repici Ty3 KOChUIBICTaphIHA
ce3iMTan Oojplm, (a3anblK aybICyNapIblH JKakChl peTTeNyiHe MYMKiHAIK OepeTiHi aHbIKTaigsl. Cy MeH
TY3IBI—CY epiTiHALIepine aMQOTepii TEepIoTUMEpIepAiH OopTamia THAPOJHHAMUKAIBIK enmeMaepi Oeime
TeMIIepaTypachiHIa OUMOAAJBIBI TAPATYAbl KepceTe OThIpsIn, 8-1eH 300 HM-Te neifin e3repeni. Amdorepii
TepHOJIMMEpIIepAiH caHaplK oprama (M,) *koHe canMakTelk oprama (M) MOJNEKyJanblK CalMaKTapsl,
nomuaucnepetinik uaaekci (I111) sxoHe A3eTa moTeHIMANIAPHI CY ePITiHAICIHIE aHBIKTA B

Kinm ce30ep: KymTi 3apsaranrad amQoTepili TeproJmMepiiep, TePMOCE3IMTAIBIK, TY3Face3iMTaIbIK,
KOHQOPMALUSIIBIK  KoHEe (ha3anblk  aybicy, TUApo(OOTH/THAPOGUIBII  Teme-TeHAIK, SApOo-KaObIKIIa
KYPBUIBIMBI.

A.E. Asa36aeBa, A.B. IllaxBopocTos, T.M. Ceiinxanos, B.O. Acees, C.E. KynaiiGeprenon

CuHTe3 U HCcJIeIOBAHHE HOBBIX TEPMO- U COJTCHYYBCTBHTCJIBbHbIX
an)OTepHLIX TEPNOJUMEPOB HA OCHOBE IMPOU3BOAHLIX aKpHWJIaMH1a

HoBele cuibHO3apspKEHHBIE JIMHEHHBIE MONMaM(OIUTHI HAa OCHOBE HEWTpambHOro MoHOMepa — N-m3o-
nporunakpuwiamuaa (HUTIAM), aHHOHHOrO MOHOMEpa — HATPHEBOH COJH 2-aKpUIaMHIO-2-MeTHI-1-
nponancynbGpoHoBoit kucnoTsl (AMIIC) 1 KaTHOHHOTO MOHOMepa — (3-aKpHIIaMUIOIPONIUI) TPUMETHIAM-
MmoHwuit xiopuaa (AIITAX) cuHTe3upOBaHBI CBOOOJHOPAANKANEHON MOTUMEPH3aUel B BOMHOM PacTBOPE U
0XapaKTepU30BaHbl METOJaMHU 'H SMP u HK-Oypse cnekrpockormu, TI'A, TTIX, JJIC u m3era-
noTteHnuana. TepMo- U COJIeUyBCTBUTENHEHOCTE aM(OTEPHBIX TPOHHBIX MOINMEPOB Pa3IMYHBIX COCTABOB, B
yactHocTH, [HUITAM]:[AMIIC]:[AIITAX] = 90:2.5:7.5; 90:5:5; 90:7.5:2.5 mon.%, u3yueHa B AuarazoHe
Temmeparyp ot 25 10 60 °C u B nHTepBane HOHHOI cHibl pacTBopa ot 107 1o 1M NaCl. Haiizeno, uro Gia-
rogapst runpodo6Ho-/ruapodunEHOMY OanaHcy, KoHbOpMannoHHOE U (Ha30BOE M3MEHEHHUS] MAaKPOMOJIEKY-
JISIPHBIX LETIeH B 3aBUCHMOCTHU OT TE€MIIEPATyphl CTAHOBATCS UyBCTBUTENBHBIMU K 00aBKaM COIM M MO3BO-
JSTIOT TOHKO PETYNHpOBaTh (ha30BbIC epexobl. B Boje n BOAHO-COIEBOM PAacTBOPE CPEAHETHAPOANHAMIYE-
CKHe pa3Mepbl aM(pOTEPHBIX TEPHOIMMEPOB U3MEHSIOTCS B mpenenax oT 8 1o 300 HM, mposiBiss OMMoalb-
HOE paclpejielieHne Ipyu KOMHATHOH Temneparype. Onpexnenensl cpeqnedncienusie (M) n cpeaHeBecoBbIe
(My,) MonekyasipHble Macchl, uHIEeKe nonuaucnepcHoct (M) u n3era-noteHmans aM(pOTEpHBIX TEPIIo-
JIMMEPOB B BOJJHOM pacTBOpE.
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Kniouesvie crosa: cunpHO3apshKeHHbIE aM(OTEPHbIE TEPIIOIUMEPDI, TEPMOYYBCTBUTEIBHOCTD, COJICUYBCTBH-
TEJIBHOCTh, KOH(POPMALMOHHBII U (a30BbId Iepexonsl, ruapodoOHO/TuApodUIbHEIA OanaHc, CTPYKTYpa
«IOPO—000I0UKaY.
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