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Abstract

In this research work, the novel polymer base on acrylamide N-methylene lactic and glycolic acid was
synthesized and its structural performances were identified by the IR, 1H NMR and 13C NMR
spectroscopic investigations. The influencing factors and kinetics of polymerization, viscosity
performance were studied and quantum chemical calculations were used to identify the correlation
between the structure and properties. It was determined that the polymerization rate of the examined
monomers in an aqueous solution, in the presence of DAA, adheres to the standard rules for radical
polymerization of acrylamide monomers in solution. An investigation into the pH solution's impact on
the kinetics of radical polymerization of acrylamido-N-methylene glycolic and acrylamido-N-
methylene lactic acids revealed an extreme dependence with a minimum in a neutral medium. It was
found the linear correlation between pH and viscosity. The physical and chemical performance of this
polymer depends on the structural parameters related the results of quantum chemical calculation.
Biological tests conducted on polyacrylamido-N-methylene lactic acid indicated its potential as a plant
growth stimulator. The polymeric form of lactic acid was found to enhance the growth of Dustlik variety
wheat seedlings by 40% more efficiently than lactic acid alone.

Keywords: Glycolic acid, Lactic acid, pH-sensitive Hydrophilic Polymers, Polyacrylamide,
Polymerization

Introduction

Across the globe, interest in polymers is on the rise, as medicine, pharmacy, biotechnology, ecology, and
particularly those whose properties are highly  various other aspects of human life. They form the
sensitive to subtle environmental changes. These basis of stimulus-sensitive polymer gels!
polymers, known as stimulus-sensitive polymers,

showcase a vast array of applications in fields, such
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Acrylamide. Acrylamide (C3HsNO) is a water-
soluble, odorless, and colorless crystalline solid. It is
widely used in the synthesis of polyacrylamide, a
polymer with various applications ranging from
water treatment, enhanced oil recovery, to the
production of soft contact lenses and hydrogels.

N-Methylene Lactic Acid. N-Methylene lactic acid
(C4Hg0Os3) is an unsaturated hydroxyl acid derived
from lactic acid. It is a versatile monomer used in the
synthesis of biodegradable polymers, such as
poly(N-methylene lactic acid).

Glycolic Acid. Glycolic acid (C2H40s3) is the smallest
a-hydroxy acid, known for its widespread use in
skincare products. It is also a valuable monomer for
the synthesis of biodegradable polymers, such as
polyglycolic acid (PGA), which has applications in
medical sutures, drug delivery systems, and tissue
engineering.

Therefore, acrylamide, N-methylene lactic acid, and
glycolic acid are essential monomers in the synthesis
of various polymers through radical polymerization
reactions. The polymerization process involves the
use of initiators to generate free radicals, which react
with monomers to propagate the polymer chain. By
controlling reaction conditions, it is possible to tailor
the properties of the resulting polymers for specific
applications.

In recent years, the growing scope and application of
synthetic polyelectrolytes, based on N-substituted
amides with ionogenic groups, across various
scientific, technological, biological, and medical
fields have significantly heightened interest in the
synthesis and formation mechanisms of these
polymers. Radical polymerization and
copolymerization of ionic monomers serve as a
prevalent and accessible method for obtaining such
polyelectrolytes. Investigating the characteristics of
radical polymerization for new ionogenic monomers
holds value from both fundamental and practical
perspectives, as  controlling the radical
polymerization and copolymerization processes of
these monomers enables the regulation of polymer
composition, structure, and molecular weight 4.

Globally, extensive research is conducted on the
formation and physicochemical characteristics of
stimulus-responsive polymers, focusing on several

key areas: exploring the kinetics and mechanisms
involved in  producing  stimulus-responsive
polymers; examining and controlling their pH and
temperature-sensitive attributes; devising targeted
delivery methods for medicinal compounds; and
developing innovative technologies for isolating and
purifying biologically active substances 1%,

For the first time, new monomers belonging to the N-
substituted acrylamide series, derived from hydroxy
acids with ionogenic functional groups, have been
synthesized. The primary patterns of radical
polymerization for acrylamido-N-methylene lactic
and acrylamido-N-methylene glycolic acids were
examined, resulting in pH-sensitive, water-soluble,
and water-swellable polymers 114,

It has been determined that the pH level of the
medium and the ionic strength of the solution
significantly influence the radical polymerization
process of these monomers, thereby allowing for the
regulation of this process. It was discovered that the
acrylic monomer, in which the substituent is
connected to the vinyl group by an ester bond,
exhibits greater activity than the monomer that
involves the amide bond for the addition. The
reactivity difference between these monomers can be
attributed to the varying mobility of the substituent
at the double bond and the oxygen atom's higher
electronegativity compared to the nitrogen atom.
This results in a more pronounced reduction in

electron density at the vinyl group of the monomer
15-17

The physicochemical properties of the produced
polymers have been investigated, demonstrating the
potential for controlling the stimulus-sensitive
characteristics of copolymers based on their
composition.

The study's objective is to synthesize novel polymers
derived from natural hydroxy acids through the
radical polymerization of their N-substituted
acrylamides, explore the chemical transformation of
polyacrylamide, and investigate certain
physicochemical properties of the resulting
polymers. Additionally, the research aims to identify
promising applications for these polymers. Research
methods employed include modern theoretical and
experimental techniques, such as infrared (IR)
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spectroscopy, nuclear magnetic resonance (NMR),
viscometry, and elemental analysis.

Materials

In this research work, the following chemicals
(purchased from Bulgarian company) were used:

i. Lactic acid - hygroscopic powder or syrup -
|iG]Uid; T|iq=25—26°C; Tb0i|:103 OC; d418=1.2485
g/cm3; highly soluble in water, ethanol; slightly
soluble in diethyl ether. A 40% aqueous solution
of lactic acid was used.

ii. Glycolic acid (HA) - colourless rhombic leaves;
Tiig=79-80°C; soluble in water, ethanol.

iii. Acrylamide (AA) - M=71.08; colourless leaves;
Tii;=84-85 °C; soluble in water, ether.

Methods

In this research work, the following methods were
used:

Q) IR spectroscopic analysis was done by using
spectrometer Specord IR-75 in the area
4000 - 400 cm*(KBr) (German company
Analytik Jena).

(i) 'H NMR spectra were recorded on an NMR
Unity 400 plus (Varian) ICPS ASRUz (D,0)
spectrometer (United States).

(iii)  C NMR spectra were recorded with a
BRUKER 600 MG spectrometer in (D20) at
the NMR spectroscopy laboratory of the
University of Vienna (Austria).

(iv) The polymer solutions' viscosity was
measured using an Ubbelohde-type capillary
viscometer, with a water flow time of 106.4
seconds. To determine the intrinsic
viscosity, the Huggins equation was used to
plot a system of dependencies, specifically
the dependence of reduced viscosity on
concentration. The reduced viscosity was
calculated using the following ratios Egs. 1,

2 and 319%;
777'@[ = T/TO l
T
ﬂsp = T_o -1 2
Tsp
77177' C 3

iv. Formalin - M= 30.03; (40% aqueous paraform
solution), colourless liquid with a sharp irritating
odor; d,*=0.8153 g/cm?.

v. Azoisobutyric acid dinitrile  (AAB) was
recrystallized from a solution in ethanol before
use. All the reagents and solvents used in the
work were purified by known methods; the
physicochemical parameters corresponded to the
reference data.

Where 7 is the outflow time of the polymer solution,
1o is the outflow time of the pure solvent, C is the
concentration of the polymer solution 3,

(V) The polymerization rate was calculated by
Eq. 4:

V = Q x [M]/3600 x 100 4

Where, M is the monomer concentration, mol/l; Q is
conversion, % hour; V is total polymerization rate,
mol/l x sec +*.

In the field of polymer research, quantum chemical
analysis proves to be a crucial tool due to the way in
which a polymer molecule's structural properties
impact its performance. This study employs various
techniques to establish correlations between
molecular structure and chemical properties. To
conduct the quantum chemical analysis of selected
compound, this research utilizes the GAMESS-US
software with 6-21G basis sets, density functional
theory (DFT), and B3LYP (which incorporates the
three-parameter Lee-Yang-Parr correlation function
by Becke). For purposes of visualization and
analysis, wxMacMolPIt and Avogadro are utilized.

Experimental Part

Synthesis of Monomer

The synthesis of Acrylamide N-methylene lactic acid
(AA-N-MLA) involved placing 7.1 g (0.1 mol) of
acrylamide, 3 g (0.1 mol) of formalin, 9 g (0.1 mol)
of lactic acid, and 0.03 g (0.002 mol) of
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hydroquinone in a two-necked flask with a stirrer.
Hydroquinone was added during the synthesis of
Acrylamide N-methylene lactic acid to inhibit
polymerization. Acrylamide was dissolved in a
mixture containing formalin, lactic acid, and
hydroquinone. Carbon tetrachloride and chloroform
were used as solvents in the sequential extraction
purification process of the synthesized product
resulting in a yield of 70%. The mixture was stirred
at 60°C for 3 hours, and the resulting product was
subjected to water evaporation using a water jet
pump at the same temperature. The target product
was purified through sequential extraction via carbon
tetrachloride and chloroform, resulting in a yield of
70%.

The synthesis of the methacryloylglycolic acid
monomer (AA-N-MGA) was carried out in a 250 ml
three-necked flask, which contained 15.2 g (0.2 mol)
of glycolic acid, 100 ml of dioxane, and 44 ml (0.2
mol) of triethylamine. This mixture was cooled to
0°C, and with constant stirring, 18 ml (0.22 mol) of
methacrylic acid chloride were added dropwise.
After that, the temperature was raised to 333K and
maintained for 2 hours. The mixture was then
filtered, evaporated, and the residue about 50 ml

Results and Discussion

Molecular Interactions in Synthesis of Polymers

The choice of lactic acids as an object for obtaining
a monomeric compound from them is due to the fact
that the polymers of these compounds have
polyelectrolyte properties, are non-toxic and non-
immunogenic, and form CO; and H-O as a result of
metabolic transformations in the body. Therefore,
they are widely used in medicine for the manufacture
of suture surgical threads and for obtaining

was vacuum distilled at a temperature of 371 K and
a residual pressure of 10 mm. rt. Art. The resulting
product was a transparent viscous liquid with a
density of 1.0153 g/cm?® at 420 nm and a refractive
index of 1.4324 at 20°C. The yield of the product was
67%.

Synthesis of Polymers

Polymerization of the resulting monomers was
carried out in an agueous solution in glass ampoules.
After loading the ampoules with the required amount
of initial reagents, the ampoules were degassed in
vacuum to a residual pressure of 10 mm Hg, sealed
off and polymerized in a thermostat at a temperature
of 60°C. The monomer concentration was 5% and
the initiator concentration was 1% (Ration is
5(Monomer):1(Initiator). Azoisobutyric  acid
dinitrile was used as the initiator. The resulting
polymers were isolated by precipitation in isopropyl
alcohol and dried under vacuum in a desiccator to
constant weight’*. The radical polymerization of the
newly synthesized monomers: AA-N-MLA and AA-
N-MGA were studied by the method of chemical
initiation, using dinitrile of azoisobutyric acid
(DAA) as an initiator in an aqueous solution by the
dilatometric method, at 60°C*-12,

prolonged dosage forms. In the synthesis of
acrylamido-N-methylene-lactic acid (AA-N-MLA)
and acrylamide-N-methylene glycolic acid (AA-N-
MGA), it was used the Mannich reaction. In this
reaction, acrylamide interacts with formaldehyde, as
a result of which methylolacrylamide is formed, then
the latter interacts with a natural hydroxy acid, and
as a result of the release of water, the corresponding
N-substituted acrylamides of hydroxy acids are
formed according to the following Scheme 1:
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H,C COOH
\CH C——NH OH
| + CH,0 + Ho—cH — / \
Ca \ HC\\ H,C——C——COOH
Y CH
H,N o] 3 CH, CH,
: 2-hydroxypropanoic acid
acrylamide yEToRypToP 3-acrylamido-2-hydroxy-2-
methylpropanoic acid
PolymegpZation
C—NH
T H20—C—COOH
3-acrylamido-2-hydroxypropanoic acid
o)
H,C COOH \
X \C—NH OH
| + CH,0 + HOo—-cCH, — / \
S b e HC\ H,C——C——COOH
H2N/ \O 2-hydroxyacetic aci \CH
2
acrylamide
PolymepiZation
C—NH
C—C—COOH
HC
Schema 1. Synthesis of (a) acrylamido-N-methylene-lactic acid (AA-N-MLA) and
(b) acrylamide-N-methylene glycolic acid (AA-N-MGA).
1Q Analysis to the double bond and 1680 cm™ to the stretching

The chemical structure of the synthesized monomers
was identified using IR spectra, molecular refraction
(MR) calculations, and determination of the acid
number by potentiometric titration. IR spectra of
AA-N-MLA and AA-N-MGA are shown in Fig. 1
and Fig. 2. As can be seen from Fig. 1, in the IR
spectrum of AA-N-MGA, the absorption bands are
observed in the region of 1620 cm™, corresponding

vibrations of the -CONH- group of the monomer. An
intense absorption band in the region of 1345 cm
corresponds to —OH to the carboxyl group, and 1720
cm? to the carbonyl of the carboxyl group of the
hydroxy acid. At 3353 cm, an absorption band is
observed corresponding to hydroxyl groups linked
by hydrogen bonds, which indicates the dimerized
state of the monomer .
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Figure 1. IR spectrum of acrylamide-N-methylene glycolic acid (AA-N-MGA).

The IR spectrum of AA-N-MLA Fig. 2 shows
absorption bands in the region of 1650 cm? is
responsible for the double bond and 1700 cm™ shows
the stretching vibrations of the -CONH- group of the
monomer. An intense absorption band in the region
of 1445 cm is attribute for the presence of ~OH to
the carboxyl group, and 1680 cm to the carbonyl of
the carboxyl group of the hydroxy acid. At 3753 cm-
1 an absorption band is observed indicates hydroxyl
groups linked by hydrogen bonds, which indicates
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the dimerized state of the monomer. It can be seen
that the monomer is characterized by clear
absorption bands in the region of 3500-3000 cm™,
which are characteristic of both OH stretching
vibrations and amide groups, which makes accurate
identification difficult. However, intense bending
vibrations of the OH group was appeared around
1100 cm and stretching vibrations of the C=0 bond
of the carboxyl group was found in the region of
1210 cm, confirming the presence of carboxyl and
hydroxyl 1012,
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Figure 2. IR spectrum of acrylamide-N-methylene-lactic acid (AA-N-MLA).
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NMR Analysis

In the *H NMR spectrum Fig. 3 at a frequency of 400
MHz for a solution of AA-N-MGA in heavy water,
there are signal groups from an acrylic fragment at
6.18 ppm (2H) and 6.143 ppm (1H), as well as two
equivalent doublets with 14 Hz splittings belonging
to the protons of the NCH, group centered at 3.39
ppm (equivalent to 1H) and 1.98 ppm (axial 1H). The
signal at 4.88 ppm introduces the HD impurity into
D,0 for the proton. The proton signals of hydroxyl
groups and NH are not visible due to the exchange
for deuterium in the DO medium. Thus,
spectroscopic studies confirm the aforementioned
formula of the synthesized compound.

In the PMR spectrum at 400 MHz of a solution of
AA-N-MLA Fig.4 in heavy water, there are clusters
of signals from an acrylic segment at 6.15 ppm (2H)
and 5.703 ppm (1H), along with two corresponding
doublets with 14 Hz splittings attributed to the
protons of the NCH: group centered at 4.09 ppm

-£.186
-6.162
“6.143

.18

(equivalent to 1H) and 1.947 ppm (axial 1H). The
signal at 4.88 ppm brings the HD impurity into D20
for the proton. The proton signals of hydroxyl groups
and NH remain unseen due to the exchange for
deuterium in the D,O medium. Consequently,
spectroscopic  analyses verify the previously
mentioned formula of the produced compound 15,

In the 3C NMR spectra of the compounds Figs. 5 and
6, there are 20 ppm signals for the carbon atom of the
methyl group, 60 ppm signals for carbon atoms of the
hydroxyl group, 100-110 ppm signals for double
bond carbon, and 180 ppm signals for carbon atoms
of the carboxyl group. The presence of carboxyl
groups in the monomers was also confirmed by
potentiometric titration. Based on the literature data,
NMR spectroscopy, and potentiometric titration, the
reaction involving the interaction of acrylamide with
hydroxy acids can be represented by the following
scheme: where R=H is for a glycolic derivative, and
R=CHea is for a lactic acid derivative.
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Figure 3. *H NMR spectrum of acrylamide-N-methylene glycolic acid.
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Figure 4. 'TH NMR spectrum of acrylamide-N-methylene-lactic acid.
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Figure 5. *C NMR spectrum of acrylamide-N-glycolic acid.
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Figure 6. ®°C NMR spectrum of acrylamide-N-lactic acid.

Influence of Initiator’s Concentration in the Rate
of Polymerization

The radical polymerization of the newly synthesized
monomers: AA-N-MLA and AA-N-MGA were
studied by the method of chemical initiation, using
dinitrile of azoisobutyric acid (DAA) as an initiator
in an aqueous solution by the dilatometric method, at
60°C. In kinetic measurements, the conversion depth
was within 10%. The contraction of monomers was
calculated from the data on the polymer yield and
volume reduction in the reaction system in
homopolymerization and from the densities of
polymer and monomer solutions, the value of which
was AA-N-MLA-0.160 and AA-N-MGA-0.0676.
Preliminary experiments showed that spontaneous
polymerization of monomers does not occur under
these conditions. When studying the polymerization
kinetics, the concentration of the DAA initiator for
AA-N-MLA varied from 2.4x102 to 6x10° moll/l,
AA-N-MGA varied from 0.73x10° to 2.9 x103
mol/l, and the monomer concentration is in the range
of 0.15-0.6 mol/l. Figs. 7 and 8 show the kinetic
curves of the polymerization of PAA-N-MLA and
PAA-N-MGA obtained at different concentrations of
the initiator DAA.

C <)
BRUKER
o<
| .
3 2 1 o =1 -2 Ppm
Figure 7. Dependence of PAA-N-MLA

polymerization rate (V) on various initiator
concentrations (1) [M]=0.6 mol/l, T=333.

As observed from Figs. 7 and 8, the conversion of
monomers into a polymer increases with both the
concentration of the initiator and the duration of the
polymerization reaction. Based on the logarithmic
dependence of the polymerization rate on the initiator
concentration Figs. 7 and 8, the reaction orders
concerning the initiator were determined for each
monomer. The obtained data indicate that for all
studied monomers, the rate of polymerization in an
aqueous solution is proportional to the initiator
concentration raised to the power of 0.5+0.05. This
suggests that, under the examined conditions, the
polymerization of monomers in an aqueous solution
occurs under homogeneous conditions and is
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accompanied by bimolecular termination of growing
chains.

6-+lg[V]
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1 1,5 2
Ig[1]
Figure 8. Dependence of PAA-N-MGA
polymerization rate (V) on various initiator
concentrations (1) [M]=0.6 mol/l, T=333.
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Influence of Monomer’s Concentration in the
Pate of Polymerization

Figs. 9 and 10 present the results of investigating the
kinetics of polymerization of PAA-N-MGA and
PAA-N-MLA at various monomer concentrations.
From the presented data, it is evident that the rate of
polymerization of PAA-N-MGA and PAA-N-MLA
in an aqueous solution increases with a rise in the
concentration of monomers Figs. 9 and 10. Based on
the data in Figs. 9 and 10, the orders of the
polymerization reaction with respect to the monomer
for PAA-N-MGA and PAA-N-MLA are determined
as 1.89 and 1.37, respectively. The deviation in the
order of the reaction in the monomer from the
theoretical first, observed during the polymerization
of PAA-N-MGA and PAA-N-MLA, suggests an

association of these monomers, which is a
characteristic feature of carboxylic acids.
6-+le[V
| ]1:‘5 i
1.2 A
0.8 1
0.4 . . .
0.5 0.7 0.9 1.1
1+lg[M]
Figure 9. Dependence of PAA-N-MLA

polymerization rate (V) on various monomer
concentrations (M) [I1]= 6x10 mol/l, T=333.

6-+lg[V]
1.5
1 -
0.5 ]
D T T T 1l
0.4 0.6 0.8 1 1.2
lg[M]
Figure 10. Dependence of PAA-N-MGA

polymerization rate (V) on various monomer
concentrations (M) [I]= 1,76x10°mol/l, T=333.

Kinetics of Polymerization

After studying the kinetics of radical polymerization
of PAA-N-MGA and PAA-N-MLA in aqueous
solutions at a temperature of 333K, it was derived the
following general polymerization rate Egs. 5 and 6:

For PAA-N-MGA V, = K,,, X [1]%° x [M]*8¢ 5

For PAA-N-MLA V,, = K,,, x [1]1°° x [M]*37 6

The values obtained for m and n indicate that the
polymerization of PAA-N-MGA and PAA-N-MLA
in agqueous solutions, in the presence of DAA as an
initiator, follows the typical patterns observed in the
radical polymerization of acrylamides in solution.
The difference in monomer order from the
theoretical first order in the polymerization of
monomers, as previously noted in the polymerization
of acryloylglycolic acid, is explained by the
characteristic association of these carboxylic acid
monomers. Under the same conditions in radical
polymerization, the activity of monomers can be
arranged in the following order: PAA-N-
MGA>PAA-N-MLA, which is likely due to an
increase in the volume of substituents in the
monomers.

To determine the temperature dependence and total
activation energy of the polymerization of PAA-N-
MGA and PAA-N-MLA, it was studied their
polymerization at temperatures of 323, 333, and 343
K. An increase in temperature results in an increase
in polymer yield for both PAA-N-MGA and PAA-
N-MLA. The logarithmic dependences of the
polymerization rate of PAA-N-MGA and PAA-N-
MLA on reciprocal temperature are shown in Fig. 11.
Based on these data, we calculated the values of the
total activation energy of the process. The resulting
values of E, for PAA-N-MGA and PAA-N-MLA are
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given in Table 1, respectively. It can be seen that
these values correspond to the typical values

6-+lg[V]
1,1 -
1,05 :

1
0,95 -

0.9 -
0,85

2.9 3 31 32
3
1/T* 10
(a)

observed in the radical polymerization of vinyl
monomers.

6+l[V]
12
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0,6
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Figure 11. Logarithmic dependence of the polymerization rate on temperature for (a) PAA-N-MLA
and (b) PAA-N-MGA. (For PAA-N-MLA [M]= 0.6 mol/l, [1]=6x10° mol/l; for PAA-N-MGA [M]=0.3
mol/l, [11=2.9x107 mol/I.

The results of studying the effect of temperature on
the rate of polymerization of PAA-N-MLA and
PAA-N-MGA made it possible to calculate the value
of the total activation energy, which is about 70
kJ/mol (Table 1), which indicates a radical

mechanism of the polymerization reaction of PAA-
N-MLA and PAA-N-MGA. The data obtained
correspond to an increase in the polymerization rate,
approximately 2-3 times, with an increase in
temperature by 100 °C.

Table 1. Kinetic parameters of radical polymerization of PAA-N-MLA ([M]=0.6 mol/l, [1]=6x10"3
mol/l.) and PAA-N-MGA ([M]=0,3 and mol/Il, [11=2.9x10- mol/l,) in aqueous solution.

T K V%106 mol/lxsecond Ea, kd/mol
) PAA-N-MLA PAA-N-MGA PAA-N-MLA PAA-N-MGA
323 8.10 18
333 9.05 71 67.0 75.2
343 11.90 8.5

As is well-known®>#, ionizable monomers are highly
sensitive to changes in the medium during radical
polymerization and copolymerization in aqueous
solutions. This is due to the fact that they exhibit
additional factors  such as  dissociation,
complexation, and electrostatic interactions, which
have a significant influence on their reactivity in
radical addition reactions, the kinetics of the process,
and the mechanism of its elementary stages®°. Since
PAA-N-MLA and PAA-N-MGA contain ionic
functional groups, it becomes necessary to study the
effect of various factors on the polymerization
reaction rate, such as the presence of low molecular
weight salts and the pH value of the medium, which
can alter the dissociation ability of ionogenic groups.
Previous studies have shown a similar dependence of
the effect of pH on the polymerization rate, and it

was of interest to investigate whether a similar
pattern persists for acrylamide derivatives containing
acidic groups. Therefore, we studied the kinetics of
radical polymerization of these monomers in
aqueous solutions at various pH values and ionic
strengths using the dilatometric method. The pH
values of the solution medium were adjusted by
adding appropriate amounts of HCI and NaOH. The
results obtained showed an extreme dependence of
the logarithmic polymerization rate on the pH of the
medium, with a minimum observed at neutral pH,
Figs. 12 and 13.
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Figure 12. Dependence of the yield of PAA-N-
MLA polymerization rate on the pH of the
solution medium ([M]= 0.6 mol/l, [I]= 6x103
mol/l, T=333 K).
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Figure 13. Dependence of the yield of PAA-N-
MGA polymerization rate on the pH of the
solution medium ([M]= 0.29 mol/l, [I]= 2.9x10°®
mol/l, T=333 K).

To obtain new reactive polymers with stimulus-
sensitive properties, we studied the kinetics of radical
polymerization of acrylamido-N-methylene-lactic
and glycolic acids. The usual patterns observed for
vinyl monomers were observed in their radical
polymerization, and the reactivity of the monomers
increased in the series PAA-N-MGA>PAA-N-MLA,
depending on the nature of the bond between the
vinyl group and the substituent. The presence of

n_J/C

sp
08 -
07 -
086 -
05 -
04 -
03
02 |
01
3 T T 1
0 02 04 06

(@)

ionogenic groups in the monomers had a significant
effect on their reactivity, with the rate of radical
polymerization being higher in acidic and alkaline
media than in neutral. Addition of a neutral salt to
their aqueous solution also led to an increase in the
rate of polymerization. The observed effects were
due to an increase in the value of Ky/K, is 0.5,
indicating a change in the reactivity of the monomers
in the corresponding media and submission of the
process of polymerization to the theory of ion pairs
of Kabanov and Topchiev.

Viscosity of Polymer Solutions

PAA-N-MGA and PAA-N-MLA are white powders
that are soluble in water, methanol, ethanol, DMF,
DMSO, and some other polar solvents, but insoluble
in ethers, benzene, and hydrocarbons. The
physicochemical properties of polyelectrolyte
solutions differ from those of nonelectrolyte
polymers, with the presence of ionizable groups
having a strong effect on viscosity. lonization of the
macromolecule leads to repulsive forces between
like-charged groups, resulting in a significant change
in the conformation of macromolecules in solution
and deviation from the rectilinear dependence
Nsp/C=f(C). The reduced viscosity of aqueous
solutions of PAA-N-MLA and PAA-N-MGA as a
function of polymer concentration is shown in
Fig.14. Diluting aqueous solutions of PAA-N-MLA
and PAA-N-MGA leads to a significant increase in
reduced viscosity, which is characteristic of
polyelectrolytes and explained by the effect of
"polyelectrolyte swelling." As polyelectrolytes,
ionization of the carboxyl groups of PAA-N-MLA
and PAA-N-MGA increases when their aqueous
solutions are diluted, leading to swelling of the
polymer chains.

T]sp /C

[FCR L (=1
1 L L |

= = M
1 1

0 02 04 06
C%

(b)

Figure 14. Dependence of the reduced viscosity of aqueous solutions of (a) PAA-N-MLA and (b) PAA-
N-MGA on the polymer concentration.
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The Fuoss Eq.6 was used to process the data of
viscometric measurements of aqueous solutions
of PAA-N-MLA and PAA-N-MGA.

C 1 B

Zp = + Z\/E (6)

The reduced viscosity of polymer solutions is
typically linear with concentration, as shown in Fig.
14, but this is not the case for polyelectrolytes due to
the presence of ionizable groups. These groups create
repulsive forces between like-charged units, causing
a change in macromolecule conformation and
deviation from the linear relationship nsp/C=f(C).
The effect of polyelectrolyte swelling leads to a
significant increase in viscosity upon dilution, as
seen in the increased reduced viscosity of PAA-N-
MLA and PAA-N-MGA solutions in Fig.14. This
swelling is caused by additional dissociation of
carboxyl groups and electrostatic repulsion of
charged chain units, resulting in increased
macromolecule charge and swelling. However,
polyelectrolyte swelling can be mitigated by
introducing a neutral low molecular weight
electrolyte or maintaining a constant ionic strength
of the solution, as shown in Fig. 15.
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Figure 15. The dependence of the reduced
viscosity of poly AA-N-MLA in a 0.5 N solution of
KCI.

Fig.16 depicts the relationship between the intrinsic
viscosity of PAA-N-MLA and the concentration of
the initiator, monomer, and pH medium. Similar
viscosity measurements were obtained for PAA-N-
MGA. The figures demonstrate that the intrinsic
viscosity of the polymers decreases as the initiator
concentration increases, but increases with an
increase in monomer concentration. Additionally,
the intrinsic viscosity is symbiotic with the change in
polymerization rate at different pH values of the
medium. This symbiotic relationship provides
further evidence for the proposed mechanism of
radical polymerization of the studied monomers in
aqueous solutions.
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Figure 16. Dependence of the intrinsic viscosity of PAA-N-MLA on the concentration of the initiator,
monomer, and pH medium.

Quantum Chemical Analysis

In acrylamides, it was discovered that glycolic acid
is connected by a rigid amide bond, whereas in AA-
N-MGA and AA-N-MLA, the substituent is linked
through a more flexible, rotating ester bond.
Consequently, the steric hindrance in the
polymerization of AA-N-MLA is significantly lower
than that of AA-N-MGA, resulting in a higher
activity of the ester monomer. Furthermore, the
electron density of the double bond in the ester
monomer shifts more towards the substituent due to
its increased electronegativity, facilitating double
bond cleavage and enhancing reactivity?®2,
Quantum mechanical calculations corroborate our
findings regarding the superior reactivity of AA-N-
MLA in comparison to acrylamide monomers, as the
ester group withdraws electron density from the
double bond more effectively than the amide group?*
25

The proportional locations of functional groups,
heteroatoms, and basic chains of examined
monomers reveal the planar characteristic of the
chosen system. Figures 17a and 18a demonstrate that
the selected monomers form a more planar molecular
structure. This examination presents increased
negative and positive charged areas within the
optimized configuration. The charge values were
dispersed throughout the entire molecule because the
n-electron systems, heteroatoms, and highly active
functional groups primarily contribute to the charge
distribution?®?’, Furthermore, the polar architecture
affects the charge dispersion. It was discovered that
the nitrogen atoms within amino functional groups
possess a higher negative charge?-°,

The optimal electrophilic and nucleophilic centers
are determined through molecular -electrostatic
potential (MEP) evaluation. Figs.17b and 18b depict
the MEP of AA-N-MGA and AA-N-MLA, verifying
that the chosen molecule is a more nucleophilic
compound. The red and blue areas within this MEP
indicate electrophilic and nucleophilic centers.
Nucleophilic regions are accountable for chemical
interactions, whereas electrophilic regions facilitate
re-chemical interactions.

The electron allocation in HOMO and LUMO areas
was determined by the frontier molecular orbital
(FMO) examination. The HOMO and LUMO areas
primarily contribute to the electron transfer's
donation and acceptance performance, meaning that
the electrons of the substrate in HOMO areas AA-N-
MGA and AA-N-MLA, Figs. 17c and 18c are
conveyed to reactant vacant orbitals (Fe), while some
electrons in occupied orbitals of the reactant are re-
conveyed to the substrate LUMO areas (AA-N-
MGA and AA-N-MLA, Figs. 17d and 18d).
Coordination bonds are established during electron
transfer processes.

Various chemical parameters serve as valuable
indicators in describing chemical performance.
These parameters are calculated in relation to Egs. 7-
14, with the results displayed in Table. 2. The
energies of HOMO (ER5%,,) and LUMO (ERFT,
are utilized to compute different reactivity
parameters. The following conclusions were drawn
from the data observed in Table 2. The values in
dipole moment, electron affinity (A°*T), molecular

ionization potential (I°FT ), electronic negativity
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(xPFT ), global electrophilicity index (w”fT ), chemically soft molecules possess low charge states
electronic chemical potential (u°FT ), and  and exhibit strong polarizability**’,
nucleophilicity (¢?¥7") enhance the high reactivity of

s AEPFT — EDFT _ pDFT 7
the optimized AA-N-MGA and AA-N-MLA LUMO ~— “HOMO

molecules. The DFT outcomes corroborate the I°"T = —Effio 8
experimental research. The energy difference APFT = _gPIT 9
(AEPFTY between the HOMO and LUMO energies nPFT = L (JPFT _ 4DFT) 10
for the optimized AA-N-MGA and AA-N-MLA DFT 2y

molecules illustrates the chemical reactivity of the € = WPFT 11
structure. It was determined that the value in was —yPFT = yPFT — L (JDFT | 4DFTy 19
low, signifying that the chosen compound is more bFTys

reactive®®33, The values in chemical softness ( o?FT) WPl = (ZXT]TF)T 13
for this inhibitor are considerably higher than those pFT _ 1 14
in chemical hardness (m”*7), indicating that the 7 =5

selected compound is a softer molecule. Good

é

.1‘/ ﬁ .‘
v . "
Y

!

Figure 17. (a) Optimised structure, (b) MEP, (¢) LUMO and (d) HOMO of AA-N-MLA.
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Figure 18. (a) Optimised structure, (b) MEP, (c) LUMO and (d) HOMO of AA-N-MGA.

Table 2. Theoretical parameters for AA-N-MGA and AA-N-MLA (DFT, B3LYP and 6-31G(d) basis

sets).
Parameter Values (eV)
AAN-MLA AANVGA
Efoiro -178.071 -177.479
Efimo -25.471 -24.801
AEPTT 152.6 152.7
o 0.013 0.0131
@ 395.13 390.25
Mo 76.3 76.34
X 101.771 101.14
1 178,071 177.479
A 25.471 24,801
W 101771 10114
e’ 0.0025 0.00256
Dipole moment, D 2.392 2437
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Applications of Produced Polymer

Impact of AA-N-MLA on seed sprouting and
vegetative development of wheat saplings. Plant
growth enhancers are increasingly gaining
prominence. They aid in boosting the yield of diverse
crops and enhancing the quality of agricultural
produce. The economic advantage from employing
synthetic growth enhancers significantly surpasses
the expense of obtaining them. Many of these
enhancers have been practically applied. However,
their widespread distribution faces obstacles,
primarily due to the current situation where a drastic
decline in the production of numerous synthetic
substances, including plant growth enhancers, results
in scarcity, subsequently raising their prices.
Secondly, like all biologically active compounds,
growth enhancers necessitate cautious handling.
Overdosing such compounds may not only fail to
yield the anticipated effect but also lead to
contrasting outcomes. In this context, the
concentration scope of growth enhancers is typically
narrow and distinct for various plant development
stages, making the likelihood of overdose quite high.

Most importantly, the mechanism through which
enhancers impact plant growth processes remains
largely unclear, rendering it impossible to foresee the
effect on a living being (human or animal) of
agricultural goods cultivated using growth
enhancers. Table .3 demonstrates the impact of
assorted carboxylic acids, encompassing hydroxy
acids, on radish yield.

The impact of lactic acid polymer on wheat
productivity was investigated at the Tokhtaev Komil
Tokhtaevich farm, located in the Shahrisabz district
of the Kashkadarya region. The results obtained are
displayed in the table below. As evident from the
table, both lactic acid and its polymeric form
significantly influence seed germination and the
vegetative growth of wheat seedlings. For instance,
the germination rate of the "Sayhun™ wheat variety
increases from 10% to 15%, while the "Dostlik"
variety experiences an increase from 8% to 14%. The
table also highlights that as the concentration of the
polymer solution rises, the germination yield
correspondingly increases.

Table 3. Examining the impact of PAA-N-MLA on seed germination and vegetative growth of wheat
seedlings named Saihun (S) and Dostlik (D).

Concentration Wheat type Germination, Productivity
%
Control Under stimulator of selected
polymer
1x10"M S 10 22 24
D 8 23 25
1x10°M S 12 22 25
D 11 23 26
1x10°M S 15 22 26
D 14 23 27
Conclusion

The study's objective is to synthesize novel polymers
(acrylamide with methylene lactic and glycolic acid)
derived from natural hydroxy acids through the
radical polymerization of their N-substituted
acrylamides, explore the chemical transformation of
polyacrylamide, and investigate certain
physicochemical properties of the resulting
polymers. Additionally, the research aims to identify
promising applications for these polymers. As a
results, the following conclusions were found:
(i) To synthesize pH-sensitive hydrophilic
polymers, acrylamido-N-methylene glycolic
and acrylamido-N-methylene lactic acids were

created for the first time using natural hydroxy
acids as a foundation. The structures of these
synthesized monomers were identified through
IR spectroscopy and various physicochemical
analytical methods.

(i) The kinetics of radical polymerization for
acrylamido-N-methylene glycolic and
acrylamido-N-methylene lactic acids in
aqueous solutions were studied. It was
determined that the polymerization rate of the
examined monomers in an agueous solution, in
the presence of DAA, adheres to the standard
rules for radical polymerization of acrylamide
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monomers in solution. The differing reactivity
of these monomers is attributed to the distinct
mobility of the substituent at the double bond
and the oxygen atom's higher electronegativity
compared to the nitrogen atom, resulting in a
more significant reduction in electron density at
the vinyl group of the monomer.

(iii) An investigation into the pH solution's impact
on the kinetics of radical polymerization of
acrylamido-N-methylene glycolic and
acrylamido-N-methylene lactic acids revealed
an extreme dependence with a minimum in a
neutral medium.

(iv) By examining the effects of pH and temperature
on the viscosity of agueous solutions, as well as
the swelling and collapse kinetics of cross-
linked polymers and copolymers based on
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