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Abstract: A new copolymer poly(N-isopropylacrylamide-co-nbutylmethacrylate) was synthesized by free radical solu-
tion polymerization process using 2,2'-Azobis(2-methylpropionitrile) as an initiator in 1,4-dioxane at 70 °C. The structure
of the copolymer was characterized by Fourier Transform Infrared Spectrometer (FTIR), the proton nuclear magnetic res-
onance ("H NMR), and the ultraviolet-visible spectroscopy (UV-vis) method. Theoretically, density functional theory
(DFT) (B3LYP) was utilized to identify the molecular geometry and then examine the vibrational frequencies and elec-
trical characteristics of this molecule, with the 6-31G basis set in the ground state. In dichloromethane solution, UV-vis
spectra of the molecule were calculated using the Time-Dependent DFT method. '"H NMR chemical shifts have been cal-
culated with GIAO approximation, and the calculated results show good agreement with experimental chemical shifts.

Keywords: N-isopropylacrylamide, copolymer, HOMO and LUMO, density functional theory, infrared spectrometer.

Introduction

The development of macromolecular chemistry has made
functional polymers more attractive both commercially and
scientifically. Functional polymers, which can be obtained by
polymerization or copolymerization of monomers with desired
functional chains, can also be synthesized by chemical mod-
ification." Amide group-containing polymers are macromol-
ecules with good mechanical-thermal properties and high-
temperature process ability.” Functional poly N-isopropylacryl-
amide (PNIPAMs) are polymers with a wide range of appli-
cations.® Functional PNIPAMs have been synthesized and
employed in many fields. Nanotechnology, drug delivery sys-
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tems, purification, separation, and bio-nervous system are
some of the usage areas.”"” Free radical polymerization (FRP)
is a well-known method, and product design provides from
knowing the relative ratios of polymer reactions, as well as,
more importantly, the physics that governs these rates. FRP
continues over a chain mechanism. Polymerization consists of
four different types of reactions involving free radicals. FRP is
inhibited by the presence of oxygen or delayed from entering
the polymerization environment. Conventional radical polym-
erization is applied as bulk, solution, suspension, dispersion,
precipitation, and microemulsion.'” Charge transfer complexes
can be initiators of radical polymerization. These complexes
are structures in the property of an electron donor-electron
acceptor in which a partial electronic charge transfer takes
place from the donor to the acceptor molecule.""*
Quantum mechanical laws began to be applied to atoms and
molecules with the development of quantum theory. Quantum
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chemical calculations are computed using molecular modeling
programs to supplement experimental research or forecast out-
comes that can be reached without the need for experiments.
Theoretical computation approaches and associated fields of
study have exploded in prominence in recent years, and they
now serve a crucial role in determining a wide range of molec-
ular behaviors. When performing computational quantum
chemistry operations that include the ab initio calculation of
the electronic structures of many particle systems, the density
functional theory (DFT) is widely used. Furthermore, it is clear
from the literature that the DFT approach is used to accurately
calculate all of the molecular geometry, dipole moment, and
spectroscopic data, including NMR and NMR chemical shifts,
IR, and UV/Vis of organic and inorganic compounds.'**
This work is concerned with modeling the propagation and
chain transfer reactions in free radical polymerization of N-iso-
propylacrylamide (NIPAM) and n-butylmethacrylate (BtMA)
and in the study, firstly the P(NIPAM-co-BtMA) molecule was
synthesized, and then the spectroscopic and electronic char-
acteristics of POINIPAM-co-BtMA) were examined both exper-
imentally and theoretically. Theoretical calculations of the
investigated compound were made using the Gaussian 09W?
program and the DFT method. In the DFT calculations, the
B3LYP mixed functional was used, which is one of the most
widely used exchange-correlation functional and includes
Becke's three-parameter exchange functional and Lee, Yang,
and Parr's correlation functional®** All these calculations
were done using 6-31G basis set. The spectroscopic behaviors,
which find theoretically, were compared with some experi-
mental data and it has been determined that the experimental
data and the theoretical findings are very well congruent.

Experimental

Materials. Synthesis of poly(N-isopropylacrylamide-co-n-
butylmethacrylate) was achieved at the laboratory. NIPAM and
n-BtMA monomers were purchased and used as received by
Sigma-Aldrich, an American company. 2,2'-Azobis(2-meth-
ylpropionitrile) (AIBN) (Sigma-Aldrich, 98%) was used as
free radical initiator. All of the other chemicals used were of
analytical purity and used as received commercially.

Characterization Experiments. The characterization ana-
lyzes contained Fourier Transform Infrared (FTIR) and nuclear
magnetic resonance (NMR) spectroscopy. An FTIR spectro-
scopic way was utilized to get structural information on
poly(NIPAM-co-BtMA). It was recorded on a PerkinElmer
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Figure 1. Synthesis of poly(NIPAM-co-BtMA).

device. 'H NMR spectrometer (Bruker AVANCE III, 400
MHz) was used to obtain NMR-hydrogen spectroscopy par-
ticulars of the copolymer.

Synthesis of the Poly(NIPAM-co-BtMA). The poly(N-iso-
propylacrylamide-co-n-butylmethacrylate) was prepared by
free-radical polymerization in 1,4 dioxane. The synthesis of the
copolymer precursor was conducted at 50% w/w monomers.
In brief, NIPAM (1 g), n-BtMA (1 g), and 1,4 dioxane (20 mL)
were added in a polymerization tube followed by magnetic
stirring. The free-radical polymerization initiator AIBN was
added at 1% of the total monomer mass ratio. Argon gas was
passed through the solution in the tube for 30 min, and the
polymer reaction was continued in the oil bath for 8 h (Figure
1). The copolymer was precipitated into n-hexane and put in to
under vacuum for drying.

Theoretical Calculation Method. Computational approaches
have been increasingly popular in recent years for elucidating
and predicting molecular behavior. Molecule behavior can thus
be anticipated without the need for experimentation. In this
case, information on numerous qualities that cannot be obtained
empirically and corroborate experimental data is provided by
applying DFT, one of the theoretical calculations. All cal-
culations were performed using the GAUSSIAN-09W?> soft-
ware package and GaussView, Rev 5.0.8%° molecular
visualization programs. In the DFT calculations, the B3LYP
mixed functional, which is one of the most widely used
exchange-correlation functional, includes Becke's three-param-
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eter exchange functional”’ and Lee, Yang, and Parr's cor-
relation functional.®® The geometric optimization of the
molecule, its geometric parameters, and energy values was
derived using the DFT method with the base set 6-31G. Using
the same approach and basis set, NMR, UV, and IR spectra
were theoretically computed from optimized geometry. The
NMR chemical shift values of the compounds were deter-
mined using the gauge-independent atomic orbital (GIAO)
method,”** with TMS [tetramethylsilane, Si(CH;),] as a ref-
erence. This molecule's theoretically available spectroscopic
data were compared to experimental data.

Results and Discussion

Molecular Structure. Changes in the energy and other
properties of molecules are caused by structural and positional
changes. The molecule's approximate most stable structure is
obtained by geometric optimization. As a result, a stable, low-
energy molecule structure is found. Figure 2 shows the the-
oretical geometric structure of poly(NIPAM-co-BtMA), which
was determined by doing the necessary calculations for just
one unit.

HOMO-LUMO Analysis and Electronic Properties. The
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) energies are the most
well-known quantum chemical parameters. These orbitals,
which are also referred to as frontier molecular orbitals, are
crucial in determining both the electronic and optical prop-
erties of a molecule, particularly in chemical reactions. Figure

Figure 2. The theoretical optimized molecular structure.
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Figure 3. Three-dimensional representation of HOMO and LUMO
molecular orbitals of molecule and their energy values.

3 depicts the HOMO and LUMO surfaces and energies of the
investigated structure. The HOMO energy is a measure of a
molecule's ability to donate electrons and is related to its ion-
ization potential. Moreover, the ability of a molecule to gain
electrons is represented by LUMO energy, which is directly
connected to electron affinity. The energy difference between
HOMO and LUMO can be used to calculate a molecule's
chemical stability. As can be seen from the figure, the energy

Table 1. Electronic Structure Values of the Molecule

B3LYP/ 6-31G

Parameters eV
Eromo -6.195
Erumo -0.511
Ionization energy (I) 6.195
Electron affinity (A) 0.511
Energy gap (AE) 5.684
Electronegativity (¥) 3.353
Chemical potential (p) -3.353
Chemical hardness (1) 2.842
Chemical softness (s) 0.175
Electrophilic index (w) 1.977
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difference between HOMO and LUMO is 5.684 eV. The fact
that this energy range is wide implies that the molecule is in a
stable state. The HOMO and LUMO energies were also used
to compute electronegativity, chemical potential, chemical
hardness, and chemical softness. Table 1 lists these molecules
electrical characteristics. The molecule is extremely stable,
with negligible chemical reactivity and great kinetic stability,
as shown in Table 1.

Vibrational Frequencies. The vibrational energy levels
associated with chemical bonds in a sample are measured
using FTIR spectroscopy, which is one of the spectroscopic
methods. The peaks in the FTIR spectra correspond to specific
vibrations of chemical bonds or functional groups inside mol-
ecules.’’ The experimental and theoretical structure of the
poly(NIPAM-co-BtMA) copolymer system was determined by
FTIR spectroscopy in the region of 4000-400 cm™ and was
shown in Figure 4. The copolymer system has characteristic
absorption peaks; the band at 3300 cm™ are determined to the
stretch for the hydrogen-bonded N-H group, is strong peak at
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Figure 4. Experimental and theoretical FTIR spectra of poly
(NIPAM-co-BtMA).
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Table 2. The Calculated and Experimental Vibrational Frequencies
of the Copolymer

Calculated  Experimental
. . vibrational vibrational
Major assignments f . .
requencies  frequencies
(cm™) (cm™)
v N-H stretching vibration 3526 3300
v C-H aliphatic stretching 3123-3044 2950-2862
v C=0 stretching vibration (amit) 1691 1650
v C=0 stretching vibration (ester) 1667 1728
v C-H aliphatic bending 1469-1381 1455-1367
v N-H vibration of the amide 1586 1540

group (-CONH)

1650 cm™ assigned to (C=0) a stretching vibration, and at
1540 cm’ corresponds to N-H vibration of the amide group
(-CONH) in NIPA. In the nBtMA; Aliphatic C-H stretching
vibration at 2950-2862 cm™, methacrylate OC= O ester car-
bonyl at 1728 c¢m™, aliphatic C-H bending vibration at 1455-
1367 cm’, respectively. Theoretically, the stretch for the
hydrogen-bonded N-H group can be observed at 3526 cm”,
(C=0) a stretching vibration can be observed at 1691 cm™. The
aliphatic C-H stretching vibration appears at 3123-3044 cm,
the methacrylate -O-C= O ester carbonyl at 1667 cm™, the ali-
phatic C-H bending vibration at 1469-1381 cm™, respectively.
The results of calculated vibrational frequencies and exper-
imental data were given in Table 2. It can be observed that the
experimental and theoretical results are in agreement. How-
ever, utilizing a single unit in computations and viewing elec-
tron correlations as partial helps explain the discrepancies
between theoretical and actual data (particularly N-H stretch-
ing vibration and C-H aliphatic stretching states).

NMR Analysis. 'H NMR is a significant way used to
research the structure of materials, characterize and analyze

2 and is used to investigate all compounds.®

solid samples,’
Amine and amide-containing compounds are among the best
examples showing the effect of the solvent on N-H hydrogen
NMR chemical shifts.**** In our study, experimental and the-
oretical NMR data were compared. Functional groups of the
copolymer were obtained for '"H NMR chemical shift cal-
culations. The NMR chemical shift calculations in these
molecular structures were done theoretically using the Gauge-
Including Atomic Orbitals NMR attitude and the 6-31G base
set in the DFT approach. Table 3 shows the theoretical and
experimentally determined NMR chemical shifts of poly
(NIPAM-co-BtMA). The experimental '"H NMR spectrum of
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Table 3. The Experimental and Calculated (GIAO) 'H NMR
Chemical Shifts (concerning TMS, all values in ppm) of Poly
(NIPAM-co-BtMA)

Major assignments Exper{mental Calculated shifts
shifts
-NH-C=0 6.50-7.50 6.12
Ester carbonyl proton 39 3.69
Amid carbonyl proton 3.8 331
-CH, and -CH; protons 0.6-2.2 0.23-1.25
150 200 250 300 350
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Figure 5. Experimental and theoretical UV-vis spectra of poly(NIPAM-
co-nBtMA).

copolymer showed the significate bans at §; -NHC=0 in NIPA
units were observed at 6.50-7.50 ppm, at 3.8 ppm for protons
next to the amide in NIPAM, CH,- bound to ester carbonyl in
n-BMA units at 3.9 ppm protons signal, at 0.6-2.1 ppm for
-CH, and -CHj; protons in the polymer chain. When the the-
oretical and experimental chemical shift results in Table 3 are
compared, the experimental data and the findings of the the-
oretical calculations are found to be in good agreement. The
poly(NIPAM-co-BtMA) compound's theoretical and experi-
mental 'H chemical shift values are compatible, indicating that

the theoretically discovered molecular structure is accurate.
Because the correct theoretical calculation of chemical shift
values is contingent on the molecular structure being correctly
determined.

UV-Vis Absorption Analysis. UV-vis spectroscopy of poly
(NIPAM-co-BtMA) was investigated both experimentally and
theoretically. Experimental UV-vis spectrum of poly (NIPAM-
co-BtMA) was recorded in the range of 150 and 350 nm in
dichloromethane solution with PerkinElmer Lambda 45 UV/
VIS spectrometer. In terms of theoretical calculations, time-
dependent density functional theory (TD-DFT) is the most
common method for predicting electrically excited states and
explaining UV-Vis spectra. In this case, the TD-DFT approach
was used to calculate oscillator strengths, vertical excitation
energy, and wavelengths of our calculated results of the title
molecule. A solvent effect is particularly significant in ana-
lyzing UV-vis spectrum data because the solvents might link
together in hydrogen bonds, leading to strong inter- or intra-
molecular interactions. Theoretical calculations for UV-vis
were performed using TD-DFT/B3LYP with 6-31G basis set
in dichloromethane solution. Both experimental and theoretical
computed UV-vis spectra of poly (NIPAM-co-BtMA) are
shown in Figure 5. The strong absorption maxima for poly
(NIPAM-co-BtMA) were determined at 241nm and 243nm
experimentally and theoretically, respectively, as shown in Fig-
ure 5.

Conclusions

The structural and spectroscopic properties of the P(NIPAM-
co-BtMA) molecule were determined utilizing FTIR, UV-Vis,
and "H NMR experimental methods in this study. The molec-
ular structure, vibrational frequencies, and chemical shift val-
ues were computed with the B3LYP/6-31G level and compared
to the experimental data to back up the findings. As a result,
the theoretical and experimental values are found to have good
coherence. 'H NMR spectra were obtained, and the results
were compared to experimental data. Using the TD-DFT
approximation, electronic absorption spectra were determined.
The calculations were done using an isolated single molecule
in the gas phase. Experimental data, on the other hand, is
derived from the solid state of matter, and these measurements
include intermolecular interactions. Theoretical calculations
and experimental measurements differ slightly as a result.
Despite these differences, the computed results showed that the
theoretical approximation was accurate.

Polym. Korea, Vol. 46, No. 5, 2022
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