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ABSTRACT: The discharge of industrial effluents, such as phenol, into aquatic
and soil environments is a global problem due to its serious negative impacts on
human health and aquatic ecosystems. In this study, the ability of
polyvinylpolypyrrolidone (PVPP) to remove phenol from an aqueous medium
was investigated. The results showed that a significant proportion of phenol (up
to 74.91%) was removed using PVPP at pH 6.5. Isotherm adsorption
experiments of phenol on PVPP indicated that the best-fit adsorption was
obtained using Langmuir models. The response peaks of the hydroxyl groups of
phenol (OH) and the carboxyl groups (i.e., CO) of PVPP were altered,
indicating the formation of a hydrogen bond between the PVPP and phenol
during phenol removal, as characterized using 1D and 2D IR spectroscopy. The
resulting complexes were successfully characterized based on their thermody-
namic properties, Mulliken charge, and electronic transition using the DFT
approach. To clarify the types of interactions taking place in the complex
systems, quantum theory of atoms in molecules (QTAIM) analysis, reduced density gradient noncovalent interaction (RDG-NCI)
approach, and conductor-like screening model for real solvents (COSMO-RS) approach were also successfully calculated. The
results showed that the interactions that occurred in the process of removing phenol by PVPP were through hydrogen bonding
(based on RDG-NCI and COSMO-RS), which was identified as an intermediate type (∇2ρ(r) > 0 and H < 0, QTAIM). To gain a
deeper understanding of how these interactions occurred, further characterization was performed based on adsorption mechanisms
using molecular electrostatic potential, global reactivity, and local reactivity descriptors. The results showed that during hydrogen
bond formation, PVPP acts as a nucleophile, whereas phenol acts as an electrophile and the O9 atom (i.e., donor electron) reacts
with the H22 atom (i.e., acceptor electron).

1. INTRODUCTION

Water pollution is of great concern to society, especially in urban
areas.1 Water is a basic necessity of life and is essential to all
living organisms.2 It is a critical factor that contributes to
agricultural, socioeconomic, industrial, and technological
development throughout the world, especially in developed
countries.3 Although water is extremely important for life, the
rapid development of household product manufacturing,
petroleum refining, organic synthesis, pharmaceuticals, and
agricultural industries across the world has contributed to
increase levels of pollutants being discharged into the aquatic
environment.4 The presence of various pollutants in water,
including phenol, negatively impacts the ecosystem owing to
their lethal effects.5

According to Anku et al.,1 the global phenol product market in
2018 was worth USD 20 billion and is expected to increase to
USD 28.4 billion by 2023. This scenario will indirectly increase

the amount of phenol discharged into aqueous systems as
pollution. Phenol (C6H5OH) is an aromatic organic compound.
It has been highlighted as one of the top 16 pollutants of concern
discharged by the abovementioned industries by scientists and
various policymakers (United States Environmental Protection
Agency and the European Union). It is a concerning pollutant
because it has both short-term and long-term toxicity effects in
humans and animals when they are exposed to it via air, water, or
direct contact. In addition, phenol easily dissolves in water,
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which enables its wider application throughout the industry
compared to other hydrocarbons.
Excessive phenol in the aquatic environment is not only

undesirable and prohibited but also dangerous to humans and
wildlife.6 Accordingly, researchers have developed a number of
wastewater treatment techniques to treat effluent wastewater
before it is discharged into the aquatic environment.7−9 Several
methods have been used to remove phenol from wastewater.7,8

However, its adsorption based on polymers such as PVPP has
received considerable interest because this method is easy to
design and operate, is stable, and the surface of the polymer
structure can be modified to increase the adsorption capacity
and selectivity toward phenol pollutants.10−12 The manner in
which PVPP reacts with (or binds to) phenol in water is critical
to understand because the interaction between functional
groups affects the adsorption process during phenol removal.
In this respect, a theoretical estimation of the strength and
nature of these interactions will help in explaining the
mechanisms that result in experimental observations and
could lead to the design of future PVPP-based adsorbents.13

Density functional theory (DFT) is one of the most common,
efficient, and versatile tools in computational and theoretical
chemistry for describing molecular interactions such as
hydrogen bonding and van der Waals forces.14 Bai et al.15

reported the successful use of DFT in the analysis of hydrogen
bond interactions during the removal of dimethylbenzoquinone
from the atmosphere and aqueous environments using TiO2.
Most previous PVPP research has focused on removing phenol
from food and beverages.16 However, to our knowledge, no
studies have investigated and integrated theoretical (RDG,

COSMO-RS, and DFT) and experimental (adsorption kinetics
and isotherms, one-dimensional (1D) and two-dimensional
(2D) infrared (IR) spectroscopy) approaches in explaining the
adsorption mechanism of phenol removal from water systems.
Therefore, the objective of this research was to study and
evaluate the mechanism by which phenol adsorbs onto
crospovidone and the efficiency of crospovidone in removing
phenol from a water system by using spectroscopy and
theoretical approaches.
In this study, phenol was chosen as the pollutant pollution of

interest due to its substantial impact on the environment and
human beings.1,6 The potential of PVPP as a phenol removal
approach was, therefore, evaluated in a batch process using the
adsorption isotherm and kinetic methods. To investigate and
clarify the types of interactions involved and those which
significantly contributed to the phenol adsorption efficiency of
PVPP, several theoretical calculations were performed. DFT
calculations using Gaussian 09 (Gaussian, Inc., USA) were used
to identify the mode of hydrogen bond formation between the
PVPP and phenolic compounds. Potential energy curves were
also calculated to obtain the ideal conformation of the PVPP−
phenol complexes. All of the structures were then optimized to
investigate the conformations developed during hydrogen bond
formation. Chemical properties of the complex formed, such as
its thermodynamic characteristics, Mulliken charge, and
electronic transitions occurring in the system, were further
characterized using the DFT approach. The quantum theory of
atoms in molecules (QTAIM), conductor-like screening model
for real solvents (COSMO-RS), and reduced density gradient
noncovalent (RDG-NCI) plots were also used to investigate and

Figure 1. Phenol adsorption on PVPP at pH 6.5: (a) adsorption kinetic, (b) Langmuir isotherm, and (c) Freundlich isotherm.
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identify the types of interactions in the PVPP−phenol
complexes. In addition, global reactivity descriptors such as
the highest occupied molecular orbital (HOMO), lowest
occupied molecular orbital (LUMO), chemical potential,
electronegativity, electrophilicity index, hardness, softness, and
charge transfer were used to determine the relative stability and
reactivity of PVPP and the phenolic compounds. Local chemical
reactivity descriptors such as the Fukui function, local softness,
and local hardness were further calculated to determine the
active site of atoms (i.e., nucleophilic and electrophilic sites for
hydrogen bond formation) in PVPP−phenol complexes.

2. RESULTS AND DISCUSSION
2.1. Adsorption Experiments. 2.1.1. Effect of pH

Solutions. The pH of the solution plays a critical role in the
removal of phenol from a water system because it can affect the
charge of the adsorbent surface.17 The removal of phenol by
PVPP was evaluated in solutions of pH 3.5 and 6.5, while the
initial concentration of phenol ions, contact time, and adsorbent
amount were kept constant at 0.50 mg/mL, 90 min, and 2.5 mg,
respectively. The effect of PVPP on the water quality could be
seen through color changes in the samples; the PVPP-treated
and control samples (0.5 ± 0.01 mg/mL phenol concentration)
were clear and brown, respectively. The color change from
slightly brown (before centrifugation) to white (PVPP-treated)
suggested that the PVPP bound the phenol compounds.24 The
results indicated that PVPP treatment significantly (p < 0.05)
removed the phenol from the aqueousmedium. Greater removal
efficiency of phenol was recorded at pH 6.5 (74.91 ± 0.53%)
than at pH 3.5 (66.54 ± 0.41%). By optimizing the pH, the
percentage of phenol removal can be improved. As pH 6.5 is
close to the neutral condition of pH 7, an electrostatic
interaction occurs between positive ions on the PVPP surface
and phenolate ions, increasing the sorption.18 These findings
were consistent with the results reported byWei;17 these authors
found that the pH of the medium can alter the charge
distribution of both adsorbates and adsorbents. These
alterations will subsequently affect the hydrogen bond
interactions that contribute to the adsorption capacity.
2.1.2. Adsorption Kinetics. Figure 1a shows the kinetics

curves for phenol adsorption on PVPP. The phenol adsorption
rate was rapid until 20 min, flattened between 20 and 50 min,
and finally reached the equilibrium state after 50 min. This
behavior can be attributed to a high surface area generated due
to the foam conformation of the phenol−PVPP complexes. To
gain a better understanding of the possible reaction mechanism
of phenol on PVPP, the pseudo-first-order (PFO) model of eq 3
and pseudo-second-order (PSO) model of eq 4 were evaluated
and compared. It is noted that from the determination
coefficients (R2) and lower values of average relative errors
(ARE), the PSO fits the experimental data better than the PFO
for the adsorption period of phenol, which are PSO (R2: 0.9925
and ARE: 3.34%) and PFO (R2: 0.9026 and ARE: 9.57%).
Therefore, the sorption of phenol by PVPP follows the second-
order reaction kinetics, which supports the basic assumption in
the model that chemisorption plays a major role in this
adsorption system.18

2.1.3. Isotherm Study. In order to elucidate the adsorption
mechanism of phenol removal using PVPP, the adsorption
equilibrium was calculated based on two proposed isotherm
models, the Langmuir and Freundlich models. The Langmuir
isotherm model describes a monolayer adsorbent containing a
finite number of adsorption sites with a homogeneous surface. In

contrast, the empirical Freundlich isothermmodel supposes that
the adsorbent involves no uniform sorption and that the
sorption of adsorbate occurs under a heterogeneous adsorption
system.19 Figure 1b,c shows the Langmuir and Freundlich
isotherm graphs. Based on the results in Table 1, the Langmuir

model gave a higher value for the correlation coefficient (R2:
0.9905), which better described phenol adsorption onto PVPP
compared to the Freundlich isotherm model (R2: 0.9850). In
this regard, based on the review study by Issabayeva et al.,20

many studies of phenol adsorption reported good fits of the
phenol adsorption data in both isotherm models, indicating a
mixed adsorption behavior.
In addition, the adsorption of phenol followed both models

since the experimental equilibrium data showed a satisfactory fit
to both models, and the values of data for each parameter
obtained from the Freundlich isotherm model were found to be
only slightly lower than those from the Langmuir isotherm
model. Therefore, both parameters can fit the model isotherm,
which signify that the phenol adsorption process on PVPP can
be relatively heterogeneous.21 The uptake of phenol ions by
PVPP was maximized at a concentration of 0.95 mg/g. The
obtained value of q demonstrates that the PVPP can be used as
an effective adsorbent for the removal of phenol from aqueous
solution. The value of n is less than 1, showing that the sorption
capacity is only decreased at lower equilibrium concentrations.
The monolayer sorption model can be explained by a
dimensionless constant RL as being irreversible (RL = 0),
favorable (0 < RL < 1), linear (RL = should be greater than 1), or
unfavorable (RL > 1).

20 Based on the separation factor RL (Table
2), this method presents a favorable sorption condition for the

phenol ions, with RL values of 0.0531−0.0111 at pH 6.5. It can
be simplified that by increasing the concentration of adsorbates,
a higher adsorption capacity can be achieved.

2.1.4. 1D IR Analysis of the PVPP−Phenol Complex, PVPP,
and Phenol. We investigated the main interaction that
contributes to phenol removal by using 1D IR spectroscopy.
Hydrogen bond interactions were identified as the main
noncovalent interactions that contributed to PVPP−phenol
complex formation during phenol removal. The two main
functional groups involved during the hydrogen bond formation

Table 1. Langmuir and Freundlich Model Constants for
Adsorption of Phenol onto the PVPP at pH 6.5

model parameters values

Langmuir q (mg/g) 0.2025
b (mL/mg) −18.1964
R2 0.9906

Freundlich Kf (mg/g) 6.28 × 103

n 0.3473
R2 0.9850

Table 2. RL Value of the Langmuir Isotherm from the
Adsorption of Phenol on the PVPP at pH 6.5

C0 (mg/mL) separation factor RL

0.5 0.0531
1.0 0.0273
1.5 0.0184
2.0 0.0138
2.5 0.0111
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are the hydroxyl (O−H) group and the carbonyl group (CO)
in phenol and PVPP, respectively. Figure 2a shows the IR

spectra of the PVPP−phenol complex, PVPP, and phenol. The
IR spectra of the monomers (phenol and PVPP) show
absorption peaks at 3237 cm−1 (phenol) and 1674 cm−1

(PVPP), which were assigned to hydroxyl and carbonyl groups,
respectively. However, in the IR spectrum of the PVPP−phenol
complex, the wavenumbers of both absorption peaks (O−H and
CO)were changed from 3237 to 3295 cm−1 and from 1674 to
1630 cm−1, respectively. This indicated the presence of a
hydrogen bond interaction in the formation of the PVPP−
phenol complex. The wavenumber of the hydroxyl group
(phenol) peak was increased due to the O−H group becoming
an electron acceptor, while that of the carboxyl group (PVPP)
was decreased due to the CO group becoming an electron
donor. This result is in agreement with Hook’s law and the
finding of He et al.,22 which states that as the mass in the system
increases, the wavenumber decreases and vice versa.23

2.1.5. 2D IR Correlational Analysis of the PVPP Complex.
The temperature-dependent dynamic IR spectra of the PVPP−
phenol complex were obtained at temperatures from 50 to 120
°C at 10 °C intervals. This was carried out due to the ability of
2D IR to identify chemical classes that are altered during thermal
perturbation. As illustrated in Figure 2b, all of the spectra were
overlaid and baseline corrected in the region of 3600−1600

cm−1. The peak intensities and wavenumbers of the hydroxyl
and carboxyl groups (at 3295 and 1630 cm−1, respectively) were
sensitive to thermal perturbation when heat was applied. Figure
2b shows that the intensities at 3295 and 1630 cm−1 were
decreased when the temperature was increased. This is
explained by the disruption of the hydrogen bond interaction
that had formed in the PVPP−phenol complex. These results are
supported by those of Popescu et al.24 and Sun et al.25 who
respectively reported that the decreasing intensities of OH with
CH and OH with CO were due to disrupted hydrogen bond
interactions.
Two-dimensional correlation analysis allows overlapping

spectral features that are not obvious in 1D spectra to be
visualized because spectral resolution is enhanced by character-
izing the dynamic variables of the data related to external
perturbation.26 Figure 3a,b shows the synchronous and

asynchronous spectra of the 2D IR spectroscopy. The hydrogen
bond stretching pattern for the PVPP−phenol complex can be
observed in the 3600−1600 cm−1 region; each distinct carbonyl
group and hydroxyl group in the PVPP−phenol complex causes
a single stretching band at a certain wavenumber. The
synchronous spectrum (Figure 3a) shows a cluster of 2D
peaks (angle pattern) comprising two positive auto-peaks (1630
and 3295 cm−1) and two negative cross-peaks (1630, 3295)
cm−1 and (3295, 1630) cm−1. An auto-peak (a peak along the
diagonal axis) shows the vibrational self-correlativity of certain
functional groups at the same wavenumbers, and these two auto-
peaks in the spectrum (1630 and 3295 cm−1) were assigned to
OH and CO, respectively. Cross-peaks (off-diagonal peaks)
show the vibrational correlativity between two different
functional groups,27,28 and they indicate that a hydrogen bond
had formed. This is in accordance with the 1D IR spectroscopy
results, where slight changes of the wavenumber (ascending and
decreasing) occurred in the PVPP−phenol complex spectrum.

Figure 2. (a) 1D IR spectra of the PVPP−phenol complex, PVPP, and
phenol and (b) absorption spectra of the PVPP−phenol complex from
3600 to 1600 cm−1 regions under different temperatures (50−120 °C).

Figure 3. 2D IR spectroscopy of the PVPP−phenol complex in the
region 3600−1600 cm−1: (a) synchronous and (b) asynchronous.
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Figure 3b shows the asynchronous spectrum in 2D and 3D
maps. The 2D asynchronous spectra are asymmetric with
respect to the diagonal line in the correlation map. Unlike
synchronous spectra, only off-diagonal cross-peaks, which can
be negative or positive, are present in asynchronous spectra. The
intensity of the asynchronous spectra (Ψ(ν1, ν2)) portrays
sequential changes of spectral intensities obtained at ν1 and
ν2.29 The sign of the cross-peaks in the asynchronous spectra
(two positive and two negative) gave important information
about the order of reorientation for various transition dipole
moments. In Figure 3b, the positive cross-peak26 is located in the
lower-right section (rule 2), and the negative cross-peak is
located in the upper-left section (rule 3). According to Noda’s
rule,29 this shows the transition dipole moment at the lower
wavenumber ν1 (1630 cm−1) reoriented before the transition
moment at ν2 (3295 cm−1). Thus, the following sequence of
spectral intensity changes was obtained: 1630 cm−1 > 3295
cm−1.
2.2. Theoretical Results. 2.2.1. Potential Energy Curve

(PES). In order to elucidate the interaction energy in the PVPP−
phenol complex, a PES, which is a first-step optimization was
carried out to aid and determine the correct orientation of the
molecular geometry (lowest minima energy).30 Figure S1
presents the PES of the hydrogen bond formation between
phenol and PVPP. With the broadening and appearance of an
asymmetrical single minimum, the PES of hydrogen bond (O−
H) reveals a formation of a strong hydrogen bond (O9---H22-
O23) between PVPP and phenol. This result was supported by
analyzing the shape of the curve; the strong hydrogen bond
curve did not have a barrier that could block a proton from
crossing between the donor and acceptor group during
hydrogen bond formation.30,31 When the bond distance
between the hydrogen of the hydrogen bond donor and the
oxygen of the hydrogen bond acceptor fell below 1.7 Å, which is
well within van der Waals contact for hydrogen and oxygen, the
interaction energies rose sharply, as expected. We found that the
interaction energy became higher when the bond distance
became smaller (1.5, 1.6, and 1.7 Å gave−67.977, −68.949, and
−69.291 kcal/mol, respectively). The repulsive part of the
“electrostatic force” is caused by the Pauli exclusion principle
when the atoms are pushed together too much, distortion of the
orbitals will result in the electrons being “squished” out of the
region between the atoms. The strong electrostatic repulsion
between the two positively charged nuclei then pushes the atoms
apart.32 The minimum bond distance for the lowest interaction
energy (−69.329 kcal/mol) was 1.7 Å. At this distance, the
stabilization energy of the hydrogen bond was at the minimum
because this conformation was the most stable conformation for
this interaction. When the bond distance increased above 1.8 Å,
it entered the vibration section and possessed high entropy
energy. Subsequently, the dissociation energy increased because
breakage of the hydrogen bond interaction required a high
energy to overcome the bond’s attractive energy.33

2.2.2. Molecular Geometry Optimization (Phenol and
PVPP Monomers). Quantum chemical calculations have been
shown to be outstanding predictors for determining the
molecular structure of the inorganic and organic systems.
These calculations are also useful for analyzing the noncovalent
interaction especially the hydrogen bond. Thus, this study aimed
to calculate the molecular geometry of a single isolated phenol
and PVPP and the interactions between them in the solvent
phase using a DFT/B3LYP method. In this study, the structures
of the monomers (PVPP and phenol) and complex (PVPP-

phenol) from the PES result were optimized. The optimized
geometries of (a) PVPP, (b) phenol, and (c) the PVPP−phenol
complex are shown in Figure S2. Selected comparative DFT-
calculated bond angles and distances, measured during the
formation of hydrogen bonds between PVPP and phenol
groups, are given in Table S1. The effect of hydrogen bonding
interactions on PVPP−phenol complex formation was inves-
tigated by comparing geometric parameters (bond distance and
bond angle) for selected atoms in the monomers, PVPP, and
phenols, with the atomic PVPP−phenol complex. The bond
lengths of C2O9 (monomer PVPP) and O21−H22
(monomer phenol) increased in the complex compared with
those in the isolated molecules (Table S1). The bond lengths of
C2O9 (monomer PVPP) and O21−H22 (monomer phenol)
were increased from 1.22 and 0.96 Å to 1.24 and 0.99 Å
(complex), respectively. Interestingly, as shown in Table S1, the
bond lengths C2−C4, N1−C2, and C11−O21, which are
located adjacent to the atom involved in hydrogen bond
formation, decreased in the complex compared with those in the
isolated molecules (PVPP and phenol). The bond lengths of
C2−C4, N1−C2, and C11−O21 were shortened from 1.52,
1.39, and 1.37 Å to 1.51, 1.37, and 1.32 Å, respectively. In most
cases, the bond length of the bond located adjacent to the atom
will be shortened upon the formation of an intermolecular
hydrogen bonding interaction.34 These results are consistent
with those of Al-Ahmary et al.,35 who reported an increment in
the bond length of the bond involved in hydrogen bond
formation and a shortening of the bond neighboring it.
It can be clearly seen in the optimized PVPP−phenol complex

geometry (Figure S2c) that there has been an increase in the
angles of C4−C2O9 (PVPP monomer to complex) and C2−
O12−H13 (phenol monomer to complex) from 126.75 to
126.99° and 110.787 to 111.75°, respectively, as the angles are
facing each other. By contrast, the N1−C2O9 angle decreases
from 124.17° (PVPPmonomer) to 124.38° (complex) owing to
the increase in the C4−C2O9 angle. In our opinion, the
hydroxyl group (O12−H13) in the phenol monomer is
responsible for pushing the O9 atom (PVPP monomer) toward
the N1 atom (PVPP monomer) and, subsequently, increasing
the C4−C2O9 angle (PVPP monomer). In this study, the
hydroxyl groups that belong to the phenol moieties are brought
close together during the formation of hydrogen bonds, and
there is an associated cost in energy caused by overlapping
electron clouds (Pauli and Born repulsion). This situation
changes the conformation shape (angle) of the PVPP and the
phenol monomer. In other words, this phenomenon is defined as
a steric effect.36 The bond length and angle of the hydrogen
bond (O9---H22-O21) are 1.72 Å and 175.17°, respectively.
The hydrogen bond interactions in the optimized structures

of phenol, the PVPP monomer, and the PVPP−phenol complex
(belonging to the minimum potential energy curve or the most
stable one), were verified by calculating the second derivative
matrix (Hessien). This intermolecular hydrogen bonding
interaction (EH bond) was measured by defining the discrepancy
in energy between the complex (containing the isolated
monomer) and the BSSE value.37 The BSSE value must be
calculated in order to identify the actual interactions of a
hydrogen bond.38 According to geometrical, energetic,
thermodynamic, and functional properties, the hydrogen bond
strength is classified into three categories: weak (<4 kcal/mol),
moderate (4−15 kcal/mol), and strong (>15 kcal/mol).39

Therefore, based on Table S2, the interaction energy of this
hydrogen bond (O9---H22-O21) is categorized as moderate
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(10.114 kcal/mol). In this study, the electrons involved in the
formation of a hydrogen bond were transferred from an excited
state (high potential energy) to a deeper potential well
(potential energy = 0) to obtain the most stable conditions for
this interaction.
2.2.3. Thermodynamic Properties. The thermodynamic

properties and relative energy values were calculated to analyze
the chemical processes taking place in the PVPP−phenol
complex. At 298.15 K and 1 atm pressure, the calculated
thermodynamic parameters for the thermal, vibrational, and
zero-point energies of the complex were −164.76, 162.982, and
157.261 kcal mol−1, respectively (Table S3). The effect of
temperature from 100 to 1000 K on the complex was also
calculated using the B3LYP/6−311++G (d,p) level. Quadratic
formulae were used to fit the correlation equations between heat
capacity (C0

p,m), entropy (S0m), and enthalpy (H0
m) changes

and temperatures, with the corresponding fitting factors given by
R2. Eqs 1−3 and fitting factors are as follows:

C T T R4.03611 0.20166 7.460 10 (

0.9983)

0
p,m

5 2 2= − + − × ×

=

−

(1)

H T T R155.656 0.01408 6.0828 10 (

0.9993)

0
m

5 2 2= + + × ×

=

−

(2)

S T T R57.30609 0.1877 2.8932 10 (

0.9994)

0
m

5 2 2= + − × ×

=

−

(3)

The results (Figure 4 and Table S4) show that the heat
capacity, enthalpy, and entropy all increase with the increasing

temperature.40,41 The entropy and enthalpy of the complex
changes demonstrated that the compound possesses more
flexibility in changing its own thermodynamic system with the
influence of temperature.42 These results clearly showed that the
temperature strongly affects the chemical reactivity as well as the
stability of the PVPP−phenol complex.
2.2.4. TD-DFT. The PVPP−phenol complex was further

characterized using the time-dependent (TD)-DFT method.
The results showed comparable experimental and theoretical
spectra (Figure 5), indicating that the anticipated complex

formation is in good agreement with experimental results.
Further characterization was performed to analyze the types of
electronic transitions, excitation energy, and assignments that
occurred in the system, as shown in Table 3.43 In the
experimental results, the PVPP and phenol absorbance peaks
were observed at 278 and 289 nm, respectively. Theoretical
calculations found that the peaks occurred at 280 and 269 nm,
with contributions of 73.3% (HOMO−LUMO + 1) with
assignment of the n−π*, π−π* interactions for PVPP and 82.4%
(HOMO− LUMO) with assignment of the n−π, π−π*
interactions for phenol. The absorbance peak for the complex
shifted to high wavelengths in both experimental (328 nm) and
theoretical (325 nm) results, indicating that an interaction
formed in the system caused by PVPP removing the phenol. The
calculated result showed that 99% of the major contributions of
the complex are from the HOMO−LUMO with its electronic
transitions assigned as n−π* and π−π*.

2.2.5. Charge Distribution Using Mulliken Atomic Charge
(MAC) Analysis. To further study the interaction nature
between the PVPP and phenol, charge analysis was calculated
using the Mulliken method. The MACs calculated for the
studied molecules (PVPP, phenol, and the PVPP−phenol
complex) using the DFT/B3LYP 6-311++G (d,p) polarized
continuum model (PCM) method are shown in Figure S3; the
atomic charge densities of the most significant variations are
presented. Based on this study, the formation of an O9---H22-
O21 hydrogen bond (Figure S2) in the PVPP−phenol complex
tends to increase the Mulliken atomic charges of selected
involved atoms in complexed PVPPmore than in the monomers
(PVPP and phenol). When the PVPP−phenol complex is
formed, the Mulliken atomic charge for atoms in PVPP and the
phenol monomers increased for C4 (−117.73 to −88.28 kcal/
mol), C11 (−591.49 to −320.25 kcal/mol), O21 (−369.39 to
−362.99 kcal/mol), and H22 (260.50−359.28 kcal/mol).
However, the Mulliken atomic charge decreased in monomer
atoms for N1 (−30.08 to −38.54 kcal/mol), C2 (178.76−22.32
kcal/mol), and O9 (−383.63 to −376.16 kcal/mol). This
indicates that the Mulliken atomic charge is influenced by the
length of the bond that forms between the atoms.44 The shorter
the hydrogen bond distance, the higher the Mulliken atomic
charge and vice versa.45 In addition, the O9 atom led to a more
negative Mulliken atomic charge than O21 and C2, whereas
H22 led to a more positive charge than N1 and C4, which may

Figure 4. Correlation graph between thermodynamic variables and
temperature.

Figure 5. Experimental and calculated of UV spectra for the PVPP−
phenol complex, PVPP, and phenol
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be attributed to differences in electron polarizability. The
Mulliken atomic charge of theO9 atom is larger than that of H22
and has a more easily polarizable electronic cloud, making
electron donation from O9 to H22 more efficient for hydrogen
bond formation. In this study, we focused on the amount of
energy associated with the Mulliken atomic charges of atoms
involved in the hydrogen bond formation.
2.2.6. Hydrogen Bond Interaction Analysis. 2.2.6.1. QTAIM

Analysis.The quantum theory of atoms in molecules (QTAIM)
is a useful tool to identify the intra- and intermolecular hydrogen
bond and to study the bond structure of molecular systems.46 In
this analysis, the nature of interactions such as covalent, weak
electrostatic, etc. between the atoms can be characterized
through several topological parameters like electron densities
(ρr) and their Laplacian (∇2ρ(r)), the local potential electron
energy density (Vr), kinetic electron density (Gr), and the total
electron energy densities (Hr) at the bond critical points
(BCP).47,48 At BCP, the nature of the hydrogen bond can be
classified by this hypothesis: (i) values of (∇2ρ(r)) < 0, H < 0,
are associated with a strong hydrogen bond; (ii) values of
(∇2ρ(r)) > 0,H < 0, signify intermediate-type hydrogen bonds;
(iii) values of (∇2ρ(r)) > 0, H > 0, are associated with weak
hydrogen bond interactions; where H(r) is also known as the
summation of G(r) + V(r).46,47 The molecular graphs of PVPP
and phenol using the AIMAII program is shown in Figure S4. It
was identified that the interacting atoms of the hydrogen bonds
happened between C2O9--O21H22. Thus, the topological
parameters of these interacting atoms are listed in Table 4. Based
on the parameters, it can be indicated that the hydrogen bond
between PVPP and phenol is intermediate-type hydrogen bonds
since∇2ρ(r) > 0,H < 0, [(∇2ρ(r)) = +0.0952 a.u.,H =−0.0099
a.u.]. Meanwhile, the electron density (ρ) and the Laplacian of
electron density ∇2ρ(r) of the intermolecular interaction
C2O9--O21H22 are +0.0381 a.u. and + 0.0952 a.u., respectively;
the positive Laplacian indicates that the interactions exhibit a
closed-shell interaction.
2.2.6.2. RDG-NCI Approach. RDG-NCI analysis is one of the

modeling methods to investigate the type of noncovalent
interactions that occurred in the system. The interactions
predicted to be involved during the removal of phenol from the
aqueous mixture were evaluated and characterized using the
RDG-NCI program. As shown in Figure 6a, there are three types

of noncovalent interactions involved during PVPP−phenol
complex formation, namely, steric effects (red; λ2 > 0), hydrogen
bonds (blue; λ2 < 0), and van der Waals bonds (green; λ2 = 0).
However, hydrogen bonding interactions (an intermolecular
interaction) play the primary role in phenol removal. These
interactions occurred between the C=O (PVPP) and OH
(phenol) groups (Figure 6b). This interaction was computed
from the most stable PVPP−phenol complex taken from the
optimization result. The other interactions, namely, steric effects
(in the PVPP and phenol ring) and van der Waals interactions
(between CH2 and CH2N in PVPP, i.e., intramolecular) can be
seen in Figure 6b. This finding supported the DFT results, which
confirmed that the hydrogen bond interactions play a primary
role during phenol removal from the aqueous mixture.

Table 3. Experimental and Calculated Electronic Transitions, Excitation Energy, and Their Assignments for the PVPP−Phenol
Complex, PVPP, and Phenol

experimental theoretical

compound λ max (nm) excitation Energy (eV) λ max (nm) excitation energy (eV) major contribution (<20%) character

PVPP−phenol complex 328 3.78 325 3.81 99% (HOMO-LUMO) n−π*
π−π*

PVPP 278 4.46 280 4.43 73.30% (HOMO−LUMO + 1) n−π*
π−π*

24% (HOMO−LUMO) n−π
π−π*

phenol 289 4.29 269 4.61 82.4% (HOMO−LUMO) n−π
π−π*

Table 4. Topology Analysis of the PVPP−Phenol Complex (Electron Density (ρBCP), Laplacian of Electron Density ∇2ρ(r),
Kinetic Energy Density G(r), Potential Energy Density V(r), and Total Energy Density H(r)) at the Bond Critical Point (BCP)a

interactions BD ρ(r) ∇2ρ(r) G(r) V(r) H(r) DI (A, B)

C2O9--O21H22 1.72 +0.0381 +0.0952 +0.0336 −0.0435 −0.0099 +0.0834
aρ(r), ∇2ρ(r), G(r), V(r), and H(r) in a.u. and V(r) in brackets (kJ/mol).

Figure 6. (a) NCI-RDG scatter diagrams of the PVPP-phenol complex
and (b) color-mapped RDG isosurface graph.
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2.2.6.3. COSMO-RS Approach.COSMO-RS is a method that
can be used to predict and identify the molecular interaction
during phenol removal using PVPP. The interaction mechanism
between PVPP and phenol can be explained using a σ-profile and
a σ-potential. Based on the COSMO-RS theory, the σ-profile
and the σ-potential are divided into three types of interaction
regions, which are the hydrophobic (−0.0084 e/A2 > σ < 0.0084
e/A2) and hydrogen bond donor (HBD; σ < −0.0084 e/A2)
and hydrogen bond acceptor (HBA; σ > 0.0084 e/A2).49

Furthermore, the σ-potential can be used to evaluate the affinity
of the molecules toward solvents in aqueous solution based on
their hydrogen bonding and polarity. Typically, the negative and
positive values of the σ-potential (1/A2) illustrate the stronger
affinity and repulsion, respectively, of a molecule toward the
solvents.50 In this study, COSMO-RS has been used to elucidate
the interaction mechanism during the phenol removal by using
the PVPP adsorbent. In Figure 7a, PVPP has a small peak in the

HBA region, while phenol has a peak in the HBD region. These
indicate that during the phenol removal, the PVPP and phenol
act as an electron donor and electron acceptor pair during the
intermolecular hydrogen bond formation, respectively. The
peaks of PVPP in the σ-profile are attributed to the oxygen atom
in the carbonyl group, while the peaks in the phenol belong to
the hydrogen atom in the hydroxyl group.

Figure 7b shows the σ-potential of the PVPP−phenol
complex. Based on the figure, the PVPP and the phenol have a
negative σ-potential in the HBA and HBD regions, respectively.
The electron donor, PVPP, has a strong affinity toward the
electron acceptor, phenol, which forms the intermolecular
hydrogen bond. Both molecules also show repulsive behavior in
the hydrophobic region due to the positive σ-potential in the
mixed solution. This result is supported by and aligned with the
NCI plot findings, which show that the hydrogen bonding is the
main intermolecular interaction that contributed to the removal
of the phenol by using PVPP. Meanwhile, hydrophobic
interactions only occurred within the PVPP and phenol.

2.2.7. Molecular Electrostatic Potentials (MEPs). The MEP
is calculated based on electrostatic potential of themolecule. It is
one of the informative tools to predict the reactive site for
nucleophilic and electrophilic attack23 during the hydrogen
bonding interaction between cropovidone and phenol. In this
study, MEP surfaces were computed and derived from B3LYP/
6-311++G (d, p) in PCM method calculations using Gaussian
09W and visualized in Gaussian View 5.0. These surfaces
corresponded to an isodensity value of 0.001 a.u. The
noncovalent interactions (hydrogen bonds) occurring on the
molecular surface of the PVPP−phenol complex are notable.
In Figure S5, the red and blue in color represent the most

nucleophilic and electrophilic regions in the PVPP−phenol
complex. In the hydrogen bond formation model, the hydrogen
bond was formed between atom O9 (PVPP) and atom H13
(phenol). This is because atom O9 is naturally high in
electronegativity (red) compared to H13, which has low
electronegativity (blue). Here, the H13 atom tended to accept
a nucleophile and the O9 atom tended to receive an electrophile.
However, in addition to O9 (PVPP) and H13 (phenol), other
parts were also highly nucleophilic and electrophilic. In these
cases, the interactions must follow the hard and soft acids and
bases (HSAB) principle before the PVPP−phenol complex can
form.

2.2.8. Chemical Description. 2.2.8.1. Global Reactivity
Descriptors. The HOMO and LUMO of the PVPP−phenol
complex is an indicator used to predict the noncovalent
interactions that probably occur in the complex. Ideally, the
HOMO and LUMO should come from opposite molecules so
that the interaction is favorable. Based on Figure 8, we
determined that the HOMO and LUMO of the PVPP−phenol

Figure 7. (a) Sigma profile and (b) sigma potential of the PVPP and
phenol.

Figure 8. HOMO-LUMO of (a) phenol, (b) PVPP, and (c) PVPP−
phenol.
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complex were located mainly on the PVPP and phenol,
respectively. The HOMO−LUMO band gap energy is an
important parameter for comparing the reactivity of the phenol
with PVPP; the lower the band gap energy of a molecule, the
more reactive the molecules are and vice versa.51 The gap
between them is the energy required to excite an electron from
the HUMO to the LUMO and is equal to the chemical hardness.
The larger the energy gap of a molecule, the lower its
polarizability.52 Based on Table 5 and Figure 8, PVPP (0.164
a.u.) has a higher reactivity than phenol (0.182 a.u.).
The absolute hardness (η) and softness (S) are important

parameters in the measurement of a molecule’s stability and
reactivity.54 A hard molecule has a large energy gap, whereas a
soft molecule has a smaller gap. Soft molecules are more reactive
than hard molecules because they can easily donate electrons to
an acceptor. As presented in Table 5, phenol (0.091 a.u.) has a
higher value of η than PVPP (0.082 a.u.) does, whereas PVPP
(6.099 a.u.) has a higher S value than phenol (5.948 a.u.). These
results are consistent with the band gap energies of PVPP and
phenolmolecules that have a lower band-gap energy will be
more reactive (i.e., they tend to donate electrons).
Chemical potential energy (μ) can be defined as the tendency

and ability of an atom, molecule, or functional group to attract
electrons (electron density) toward itself to react; in other
words, the higher the value of μ, the harder it is for the molecule
to interact. Electronegativity (χ) is the chemical potential energy
that describes the tendency of an atom to attract electrons to
become anionic; in other words, it is a measurement of the
reactivity of a component. The higher the value χ of an atom, the
more electrons that are attracted toward it.53 The electro-
philicity index (ω) is a measure of the ability of a monomer to be
electrophilic.51 Based on the values of μ, χ, and ω in Table 5,
PVPP is more reactive than phenol. This is because the values of
μ, χ, andω for PVPP are 0.230,−0.230, and 0.325 a.u. compared
to the values for phenol, which are 0.257,−0.257, and 0.403 a.u.,
respectively.
Charge transfer is important in hydrogen bond formation.

Therefore, the maximum charge transfer (ΔN) for PVPP and
phenol was measured to determine the selectivity of a monomer
to act as an electron donor or electron acceptor. ΔN was
calculated according to eq 4. The electrophilic charge transfer
(ECT) is defined as the difference between ΔNmax values of
interacting molecules.54 The ECT for each monomer (PVPP
and phenol) was calculated based on eq 5, and the results were
compared to determine the behavior of the monomer, that is, to
determine whether it is nucleophilic or electrophilic. The
calculated ECT value was less than zero (−0.155 a.u.) for
reactant molecules PVPP (1) and phenol (2), indicating that
charge flows from PVPP (1) to (2). Referring to eqs 6 and 7
below, it can be stated that PVPP undergoes nucleophilic
substitution by donating electrons to phenol to form a hydrogen
bond (ECT value < 0).

N /2μ ηΔ = − (4)

N NECT ( ) ( )max(1) max(2)= Δ − Δ (5)

/ / 01
2

1 2
2

2μ η μ η− < (6)

/ / 01
2

1 2
2

2μ η μ η− > (7)

where eq 6 states that the negative charge has transferred from
monomer PVPP (1) to phenol (2) and monomer (1) acts as a
nucleophilic, and eq 7 states that the negative charge has moved
from monomer (2) to (1).

2.2.8.2. Local Reactivity Descriptors. Local reactivity
descriptors are important for determining the resulting product.
Table 6 shows the quantum chemical parameters for selected

atoms involved in the formation of the PVPP−phenol complex.
The terms f k

+, Sf k
+, f k

−, and ωf k
− are local descriptors that

represents the favored regions in which a chemical species will
alter its electron density when the number of electrons is
changed. Therefore, they indicate the propensity of the
electronic density to distort at a certain position upon donating
or accepting electrons.55,56 As discussed for the global reactivity
descriptors, PVPP and phenol are prone to act as a nucleophile
and electrophile, respectively. However, the tendency of atoms
in PVPP and phenol to undergo nucleophilic and electrophilic
molecule adsorption is in the orders O9 >C15 >H16 andH13 >
C1 > C3, respectively. The higher the f k

− and Sf k
− values, the

higher the percentage of atoms that are nucleophilic, and the
higher the f k

+ and ωf k
+ values, the higher the percentage of

atoms that are electrophilic. According to the Fukui function,
the proposed mechanism of phenol removal begins with the
formation of the PVPP−phenol complex through hydrogen
bonding that occurs between the highest nucleophilicity atom
(O9, PVPP) and the highest electrophilicity (H13, phenol)
atom. This result is in agreement with the HSAB principle,
which explains that hard and soft acids prefer to coordinate with
hard and soft bases, respectively.57,58

3. CONCLUSIONS
In conclusion, at pH 6.5, PVPP was successfully used to remove
phenol from an aqueous mixture. The results from the
adsorption isotherm indicated that its fit corresponds best to

Table 5. Calculation of Quantum Chemical Parameters Based on DFT Methods B3LYP 6-311++G (d,p) of PVPP, Phenol, and
PVPP−Phenol Complex Samples

structure E HOMO (a.u.) E LUMO (a.u.) η (a.u.) μ (a.u.) ω (a.u.) χ (a.u.) S (a.u.) HOMO-LUMO gap (a.u.) ΔN
PVPP (1) −0.312 −0.149 0.082 0.230 0.325 −0.230 6.099 0.164 1.412
phenol (2) −0.348 −0.166 0.091 0.257 0.403 −0.257 5.948 0.182 1.567
PVPP−phenol complex (3) −0.330 −0.185 0.073 0.258 0.458 −0.258 6.849 0.145 1.767

Table 6. Calculated Quantum Chemical Descriptors for the
Electrophilic ( f k

−1 and Sf k
−) and Nucleophilic ( f k

+ andωf k
+)

Attacks for the Monomers (Phenols and PVPP)

function atom f k
− Sf k

−

electrophilic attack PVPP
O9 0.147 0.897
C15 0.140 0.854
H16 0.092 0.561

nucleophilic attack phenol
H13 0.407 0.164
C1 0.328 0.132
C3 0.326 0.131
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Langmuir models and follows second-order reaction kinetics.
The interactions formed between PVPP and phenol were
successfully experimentally characterized using 1D and 2D IR
spectroscopy by showing a shift in the wavenumbers of the
functional group involved in the interaction. These groups were
the carboxyl group of PVPP and the hydroxyl group of phenol.
The types of interactions that contributed to the adsorption
efficiency of PVPP in phenol removal were successfully
investigated and identified. A theoretical calculation found
that the chemical reactivity and stability of the complex are
temperature-dependent, as calculated by the DFT approach. As
shown by QTAIM, RDG-NCI, and COSMO-RS analyses,
removal of phenol by PVPP occurred due to the hydrogen
bonding interaction that formed in the complex, which was
successfully identified as an intermediate type of hydrogen
bonding (∇2ρ(r) > 0 and H < 0). The adsorption mechanism
that occurs in the system is due to PVPP acting as a nucleophile,
whereas phenol acts as an electrophile. During hydrogen bond
formation, the O9 atom (donor electron) reacts with the H22
atom (acceptor electron), as calculated based on its global and
local reactivity descriptors. All experimental and theoretical
results were in good agreement in terms of the types of
interactions involved in the system and confirmed that the
adsorption efficiency of PVPP in phenol removal was up to
74.91%.

4. EXPERIMENTAL AND THEORETICAL SECTION
4.1. Reagents and Chemicals. PVPP (C6H9NO)n, Folin−

Ciocal̂teu (Folin reagent), sodium carbonate (Na2CO3), gallic
acid (C6H2(OH)3COOH), citric acid-1-hydrate ((COOH)-
CH2COOH·H2O or C6H10O8), monobasic sodium phosphate
(NaH2PO4), hydrochloric acid (HCl), and phenol (C6H5OH)
were bought from Sigma, Malaysia.
4.2. Purification of PVPP. The use of purified PVPP is

essential in removing phenol from an aqueous medium. PVPP
may contain traces of metal ions and vinylpyrrolidone monomer
as it is commonly produced in beverage processing. PVPP was
purified by boiling it in 10% (v/v) HCl for 10 min and then
washing with glass-distilled water until free of chloride ions. The
purified PVPP then was dried and stored.16

4.3. Total Phenolic Content. The total phenolic content
was measured using the Folin−Ciocal̂teu assay with some minor
modifications.59 Briefly, 1 mL of treated sample was added to 0.5
mL of Folin reagent; after 3 min, 0.5 mL of 1 M Na2CO3 was
added. The tube was shaken and left to stand for 1 h, after which
absorbance was measured at 725 nm. The concentration of total
phenol in the sample was determined from a gallic acid standard
graph and expressed as micrograms of gallic acid. Total phenolic
content was further used in eq 8 to calculate the percentage of
phenol removal from the aqueous medium

C C
C

removal (%) 100o e

o
=

−
×

(8)

where Co and Ce are the initial and equilibrium (mg/ml) of
phenol, respectively.
4.4. Adsorption Assay. The adsorption of phenol by PVPP

was conducted according to themethods reported by refs 60 and
61 with minor modifications. The phenol was prepared at a
concentration of 0.5 mg/mL in 10 mL of two buffer solutions: a
50 mM citrate−phosphate buffer with pH 3.5 and a 50 mM
phosphate buffer with pH 6.5. Phenol was continuously stirred
and heated at a moderate temperature until the mixture was

homogeneous. The interaction of PVPP and phenol was
evaluated by adding 0.25 mg of PVPP to the sample mixtures.
The ratio by weight of phenol to PVPP was 2:1 w/w. The
samples were incubated at 25 °C with stirring at a certain time
range (0−120 min, with a 10 min interval) to allow binding of
the phenol to the PVPP; the mixtures were then centrifuged at
4500 rpm (HermLe Z 323K, Germany) for 25min at 25 °C. The
treated samples (those with added PVPP) were passed through
filter paper (Whatman, no. 54) to remove the PVPP−phenol
complexes. The supernatant and precipitate were then collected
and stored at 4 °C until further analysis.

4.4.1. Adsorption Kinetic Analysis. The kinetics studies were
carried out with 2.5 mg of adsorbent in phenol solution with an
initial concentration of 0.50 mg/mL at pH 6.5 and pH 3.5 and at
25 °C.60 The phenol concentration was measured at 10 min set
time intervals until 120 min by spectrophotometry at 725 nm.
The adsorption capacity at time t (qt) was calculated by eq 9:

qt
C C V

m
( )o t=

−
(9)

where Co is the phenol initial concentration in the liquid phase
(mg ml−1), Ct is the phenol concentration in the liquid phase at
time t (mg ml−1), m is the amount of adsorbent (mg), and V is
the volume of the solution (mL).
In order to test the validation of data, PFO and PSO models

were applied using the following equations, eqs 10 and 11,
respectively:

q q q
k

tlog( ) log
2.303e t e− = −

(10)

where qe is the quantity of phenol uptake at equilibrium (mg/g),
qt is the quantity of phenol uptake at time t (mg/g), k1 is the rate
constant (min−1) for the plot of log(qe− qt) against t. By plotting
the log(qe − qt) against t, a straight line was obtained. The slope
and intercept values were used to calculate log qe and k1 for the
adsorption of phenol, respectively:

t
qt k q q

t
1 1

2 e
2

e

= +
(11)

where k2 (g/mgmin) is the second-order rate constant and slope
(1/qe) and intercept (1/k2qe

2) were determined from the linear
plot of t/qt versus t.

4.4.2. Adsorption Isotherms. The adsorption equilibrium of
phenol onto PVPP was elucidated by using the batch-adsorption
method. This method was carried out by changing the initial
concentration of phenol ions from 0.5 to 2.5 mg/mL using 25
mg of PVPP of phenol solution at pH 6.5 with a 90 min contact
time at 200 rpm. The effect of the phenol ion concentration on
PVPP was also examined using eqs 12 and 13.61,62 The
separation factor, which is important for the Langmuir isotherm
characteristic, is determined using eq 14

q
q K C

K C
Langmuir:

1e
max L e

L e
=

+ (12)

q K
n

CFreundlich: log log
1

loge f e= +
(13)

where qe is the quantity of phenol ions captured by unit mass of
PVPP, Ce is the amount of phenol ions in the residual solution at
equilibrium, KL is the Langmuir constant, and Kf is Freundlich
constant.
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R
K C

1
(1 )L

L i
=

+ (14)

where Ci is the concentration of phenol ions before adsorption.
The parameter RL indicates the shape of the isotherm
accordingly: RL > 1, unfavorable; RL = 1, linear; 1 > RL > 0,
favorable; RL = 0, irreversible.
4.5. Statistical Analysis. All phenolic content data, both

with treatment (PVPP) and without treatment (control), were
obtained in triplicate and expressed as mean ± standard
deviation (SD). Comparison and statistical significance (p <
0.05) of mean between the control and treatment data were
performed using one-way analysis of variance (ANOVA) and
Tukey’s test, respectively. All statistical analysis was done using
JMP Pro 13 (SAS Institute Inc., USA).
4.6. 1D and 2D IR Analysis. FTIR analysis was carried out

using a PerkinElmer FTIR equipped with 2D IR using KBr
pellets. This analysis was conducted to determine the functional
groups of compounds present in the mixture aqueous medium.
The spectra of 1D spectroscopy were recorded from 4000 to 600
cm1. The 2D IR spectra were recorded from 50 to 120 °C at 10
°C intervals with correlation analysis software created by
Tsinghua University, Beijing, China.63

4.7. QTAIM Analysis. The electronic structure of the
PVPP−phenol complex was further explored using QTAIM
methods using the B3LYP/6-311++G (d,p) basis to obtain
deeper insights into the hydrogen bond interactions. The
QTAIM analysis was performed using AIMAII professional
software (version 19.10.12).46,47

4.8. RDG-NCI Analysis. The optimized structure of the
PVPP−phenol complex was analyzed by RDG-NCI with
NCIPlot 3.0, and the isosurfaces were graphed with Visual
Molecular Dynamics. The graph enables the 2D visualization of
the noncovalent interaction peaks in the reduced density
gradient (RDG) at low densities.14,64

4.9. Conductor-like ScreeningModel for Real Solvents
(COSMO-RS) Calculation.The PVPP (C6H9NO)n and phenol
(C6H5OH) structures were taken from the PubChem database
(CID: 996 and 6917). In this study, the Becke−Perdew-86
(BP86) functional and the triple-zeta valence potential basis set
were employed to optimize and calculate the continuum
solvation COSMO of the PVPP and phenol structures. Next,
the COSMO file, which contains the screening charge density on
the surface of each molecule, was generated. All quantum
chemical calculations were carried out using the Amsterdam
Density Functional package.65

4.10. DFT Calculation. DFT is an effective theoretical
method that can be used to determine the interactions between
PVPP and phenol. However, because of the computational cost
of optimizing the PVPP and phenol structures, the current study
focused on the monomer of PVPP (N-vinylpyrrolidone)66,67

and phenol.54,68 Three-dimensional structures of PVPP and
phenol were taken from the PubChem database. The PES of the
PVPP−phenol complex was obtained either by keeping all the
atoms fixed except for the proton in the hydrogen bridge or in a
nonadiabatic way where the structure was optimized for
particular OH distances that were kept constant. For the
intermolecular hydrogen bonds, the outcome of the two
methods was the same. These results show that a nonadiabatic
PES was produced for OH (O9H22-O21) distances that
changed from 1.5 to 5.1 Å with 0.1 Å steps, using the semi-
empirical PM6 method in the Gaussian suite 09.

All the investigated 3D structures (PVPP, phenol, and PVPP−
phenol complex) were fully optimized using DFT B3LYP 6-
311++G (d,p) in the PCM using the Gaussian 09 suite of
programs due to the efficiencies of these programs.69 B3LYPwas
used to determine the energy of intermolecular hydrogen
bonding interactions (Eint). B3LYP is a hybrid functional, a
combination of the gradient functional proposed by Beckee70

and the Hartree−Fock local exchange function71 was used to
determine the energy of intermolecular hydrogen bonding
interactions (Eint). The Eint that formed during PVPP−phenol
complex formation was calculated according to eq 15 and by
defining the energy differences between the complex, the
isolated monomers,66 and the basis set superposition errors
(BSSEs)

E E E E( ) BSSEint (PVPP phenol) (PVPP) (phenol)= − [ + ] −−
(15)

where E(PVPP−phenol) is the energy of PVPP−phenol complex
formation, E(PVPP) is the energy of PVPP formation, and E(phenol)
is the energy of phenol formation.
The structural properties of charge distribution, HOMO

energies (EHOMO), LUMO energies (ELUMO), bond length,
electron affinities, quantum chemical descriptors of the electron
affinity, hardness, ionization potential, electrophilicity, chemical
potential, local softness, thermodynamic parameters, MEP, and
Fukui function were calculated directly from the orbital energies
of the optimized geometries.72,73 In addition, the electronic
transition for PVPP−phenol was calculated based on TD-DFT
using the B3LYP/6-311++G (d,p) basis sets. All the above
calculations were carried out using Gaussian09 software.
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