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ABSTRACT: 2,2'-bis(4-hydroxyphenyl) propane (BPA) and its
metabolites 4-methyl-2,4-bis(p-hydroxyphenyl)pent-2-ene (M-1)
and 4-methyl-2,4-bis(4-hydroxyphenyl)pent-1-ene (M-2) are com-
mon in drinking water and hard plastics and thus pose serious health
hazards. These are also known as endocrine disrupting chemicals
(EDCs). In this paper, we discuss the surface-mediated adsorption
mechanism and subsequent changes in the electronic structure of
EDCs. This is in view of their separation from environment and
possible photodecomposition. Computational investigation based
on density functional theory and ab initio molecular dynamics was
performed on bisphenol compounds (BPA, M-1, and M-2) as guest
and affinity-based separation media as substrate. Static properties (at
0 K) and conformational dynamics upon physisorption (at T = 300
K) depict the potential of 2H-MoS, surface for reversible
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adsorption/desorption and selective isolation of these EDCs. In contrast, layered graphene supports very strong surface
adsorption and assures complete removal of EDCs. In particular, optical response of the EDCs gets tuned upon surface
adsorption. Hence, understanding the surface adsorption and modulation of the electronic structure would reveal possible means

for extraction and photodegradation of a major class of environmental pollutants by specific choice of surface.
KEYWORDS: bisphenol A, separation, removal, photo decomposition, computational, DFT, AIMD

B INTRODUCTION

Micropollutants classified as endocrine disrupting chemicals'
(EDCs) cause severe human health risk, for example, disorder
in reproductive,2 immune,3 hormonal,4 and nervous systems.5
BPA and its derivatives belong to this category of EDCs, which
are commonly found in surface water, drinking water, and the
commercial plastic products used in our day-to-day life. Over
the last decade, there have been several efforts toward detection
of these environmental pollutants.” There is also a deep
concern for the removal of these contaminants from water.”*
As a matter of fact, traditional processes such as coagulation
and flocculation are ineffective in this regard.”'® Treatment
with the chemical oxidants is also limited due to the possibility
of formation of even more toxic oxidation products.'’ There are
few studies using reverse osmosis and nanofiltration as tools."”
However, these techniques are economically unfeasible. In
reality, both the water and wastewater treatment plants are not
properly designed to remove micropollutants. In this scenario, a
new technology is needed that would be abundant, efficient,
and feasible. A composite of activated carbon fiber and Ce*'-
TiO, treatment has been accepted as an efficient strategy for
the removal of hydrophobic micropollutants.'”'* However, this
approach is reserved for drinking water treatment. Moreover,
recyclability of this material needs regenerative oxidation of
absorbed BPA, creating inconvenience for practical applica-
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tions. Thus, absorption—desorption kinetics is crucial to design
a functional component with better synergy in terms of
reusability of the material. Apart from the strategy for physical
separation, detectable response upon EDC adsorption is an
important factor for recognition of such micropollutants. Very
recently, Huang et al. have shown that oxidation product of
BPA could effectively quench the fluorescence of graphene
quantum dots (GQDs)."> The quenching of photolumines-
cence intensity of GQDs can give the quantitative estimate of
concentration of BPA."> But there is irreversibility in the
process, as the redox process driving the quenching cannot be
recyclable. We seek two-dimensional (2D) layered materials (in
contrast to QDs) with high surface area for efficient surface-
adsorption.

BPA, M-1, and M-2 are termed as EDCs throughout this
paper (see Figure 1). Discussions in this article are divided into
two parts. In Part I, we discuss whether the EDCs can be
detected and singled out with the help of the matrix. In Part II,
we focus on photoinduced changes in electronic structure and
photoabsorption property of EDCs in the presence of 2D
matrices. The reason behind the photostability'®"” of such
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Figure 1. Molecular structures of BPA and its metabolites (M-1 and
M-2) are shown. Bonds, dihedrals (DH) are assigned as A: 4—6 (M-
1); B: 4=5 (M-1), C: 4-5 (M-2); D: 4—6 (M-2), DH-1:3—2—4—6
(M-1); DH-2:1-2—4—5 (M-2) (presented in Table 2).

organic molecules has also been discussed. We ask the question
whether the molecular electronic states and vibration modes
can be tuned using suitable matrix, which in turn would
influence the optical response and, hence, possibly photo-
dissociation of adsorbed molecules.

We selected BPA as model micropollutant because of its
widespread exposure.'® Additionally, these molecules are
difficult to biodegrade.19 BPA undergoes metabolism where
two metabolites, namely, 4-methyl-2,4-bis(p-hydroxyphenyl)
pent-2-ene (M-1) and 4-methyl-2,4-bis (4-hydroxyphenyl)
pent-1-ene (M-2), form. The toxicity of these metabolites is
even higher than the parent BPA molecule.”® So, rapid, simple,
and economically feasible removal of contaminated BPA and its
derivatives in water deserves urgent attention. There are some
endeavors 1n this regard based on photochemlcal electro-
chemical,”” and other advanced oxidation””** processes.
However, here, we propose a new mechanism. Functional
membrane containing few layers of pure graphene and 2H-
MoS, were considered. Surface-mediated interaction mecha-
nism of EDCs with two types of membranes was analyzed
critically. We also quantified the interactions present in
molecular self-assembly as well as molecular solvation. We
select graphitic material as membrane due to its extended &
delocalization. For evaluation of the adsorption capacity, we
maintain a particular adsorbent concentration of ~180 mg/g
for BPA-adsorption on monolayer graphene. This critical
concentration corresponds to the experimental value in
previously reported literature™ at 172 mg/g, which was
among the highest values obtained in case of graphene,
compared to other carbonaceous adsorbents. Considering the
Brunauer—Emmett—Teller surface area of the adsorbents, the
high affinity of graphene to BPA was even more obvious.
Therefore, graphene was an excellent BPA absorbent in
wastewater treatment. Recently, graphene—TiO, composite
was studied for the removal and mineralization of a few
pollutants.”**” However, MoS, is promising because of its low
friction properties as well as robustness against dilute acids and
aerial oxygen. In fact MoS, is widely used as a solid
lubricant.” We considered 2H-MoS,, whlch is the most stable
form among all the polymorphs of MoS,.” In addition, being
p-type material, it helps the electron-donating species to stick
on the surface. 3132 Thus, graphene and MoS, represent two
different classes of surfaces, which were scrutinized to obtain
insight into the rigidity of the bonding between substrates and
the EDCs as guest molecules.

B COMPUTATIONAL DETAILS

First-principles calculations are based on both the density functional
theory (DFT) and ab initio molecular dynamics (AIMD) methods.
DEFT calculations for periodic systems were performed using the GPW
formalism with Perdew—Burke—Ernzerhof (PBE) functional in the

Quickstep module of the CP2K set of program.> We use GTH
(Goedecker, Teter, and Hutter)** pseudopotential, and the valence
electrons are handled using triple-{ valence (TZV) basis set. The van
der Waals (vdW) corrections (DFT-D2 and D3) as prescribed by
Grimme®*® were employed for noncovalent interactions. It is
noteworthy that D3 correction becomes very crucial to capture the
strong adsorption feature, particularly on graphene surface. A realistic
model for the specific surface adsorption of BPA, M-1, and M-2 at
dilute concentration was achieved by adopting a large super cell (8 X
8) matrix (192 atoms for MoS,; 384 atoms for bilayer graphene)
compared to small adsorbed molecule (the intermolecular distances
between two adsorbed molecules were kept more than 10 A away,
mimicking very dilute situation). Geometry optimizations were
performed using the Broyden—Fletcher—Goldfarb—Shanno (BFGS)
minimization algorlthm,37 38 with the convergence threshold of 1 X
10~* Hartree for energy and 1 X 10~* Hartree/Bohr for force. All the
pseudopotential calculations are performed with the plane-wave cutoff
of 40 Ry. The charge density cutoff was set at 480 Ry. Adsorbent/
adsorbate potential energy surface directs the dynamics of adsorbed
molecule. We also perform a set of calculations for monolayer
graphene and Mo$, through Quantum espresso suite of programs.®”
To maintain the concentration of ~180 mg/g for BPA adsorption on
monolayer graphene, we consider (6 X 6) supercell matrix with 141
atoms, which is applied for MoS, surface too. We employ the PBE
functional and augmented-wave method* along with consideration of
scalar relativistic effects for d-electrons of molybdenum. Plane-wave
basis was truncated with energy cutoffs of 40 Ry in representation of
wave functions, and density cutoff was fixed as 320 Ry. k-meshes (S XS
X 1) are used to sample Brillouin zone integration for structural
optimization. We find that the CP2K results agree well with the
findings through Quantum espresso. All the adsorption energy values
shown in the Figure 2 in main text (for monolayer, 6 X 6 supercell),
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Figure 2. Equilibrium adsorption configurations with corresponding
AE (kcal mol™") values for BPA (upper), M-1 (middle), and M-2
(lower) on bilayer matrices; (I) graphene, (II) MoS,. Spheres of color
white: H, cyan: C, red: O, yellow: S and pink: Mo atoms.

were calculated with Quantum espresso. For bilayer as well as at the
dilute limit of adsorption (with significantly larger number of atoms, 8
X 8 supercell), we employ CP2K-based calculations. Since the
modeling of real microfaceting requires the consideration of the
thermal motion as well as various conformations of the adsorbed
molecule on the surface, we perform AIMD simulations coupled with
DEFT calculations. Characterization of the dynamical fhysrsorptlon on
MoS, surface was investigated with AIMD simulation™ at 300 K and 1
atm pressure using same package with the same level of theory.
Simulations were run at 300 K using Nose-Hoover thermostat. The
time step of 0.5 fs was used to integrate the equations of motion. The
S ps trajectory was generated for analysis. For AIMD study, we freeze
the matrix due to negligible geometrical perturbation in surface after
molecular adsorption. Mulliken population analysis was done to assess
the sharing of charges between the guest molecule and the host matrix.
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Relative stabilization (RE) of M-1/M-2 on different matrices was
characterized using the following equation.

RE = Ep 1 @Matix — EM-2@Matrix (1)

We calculate the adsorption energy (AE) of guest molecules on matrix
(either graphene or MoS,) using the following equation.

AE = Ey Mo @Matrix — Eatix = Emo1/M-2 2)

where E stands for total energy (with dispersion correction) for the
respective species mentioned in the subscript, and Eyp1/p2@matix i the
energy of the combined species of M-1 or M-2 with matrix.

Time-dependent density functional theory (TDDFT) calculations,
as implemented in Gaussian 09, were performed with three different
levels of theories including Hartree—Fock (HF),** DFT with hybrid
functional (B3LYP)**** at B3LYP/6-311+G(d,p) level, and DFT with
dispersion correction (DFT-D)* method at wb97xd/ 6-311+G(d,p)
level. Quantitative description of noncovalent interactions is highly
sensitive to the choice of level of theory and computational method.
For validation of the methodology and the appropriateness of the level
of theory, we compared our results with the observed (see ref 47)
wavelengths and relative intensities of 4,4’-methylene bisphenol (see
computational details in Supporting Information, Figure S1). Wave-
lengths and intensities predicted with the @wb97xd/6-311+G(d, p)
method in the presence of implicit solvent model (¢ = 80) agree
satisfactorily with experimental findings.*” The same level of theory
was used for all TDDFT calculations. The TDDFT calculations, which
is impossible for periodic system, were performed only for molecule at
surface-adsorbed state, since the electron transfer between surface and
adsorbate molecules (BPA, M-1, and M-2) remain very weak. Thus,
the geometrical changes due to dispersive interaction would give rise
to changes in optical properties without the change in electron count
in the molecule. Thus, it is well-accepted to consider the geometrical
changes in the molecule upon surface adsorption. Hence, we
performed the TD-DFT calculations on the molecule after removing
the surface. Minimum-energy structures are verified by frequency
calculations. Nature of the chemical bondin§ is discussed on the basis
of natural bonding orbital analysis (NBO).** Natural transition orbital
analysis* was performed for orbital interpretation of electronic
excitation. Hence, orbital transformation helps to provide a description
of occupied natural transition orbital paired with a single unoccupied
orbital. One specific transition is weighted with the appropriate
eigenvalue (1).

B RESULT AND DISCUSSION

I. Surface-Mediated Interaction of Bisphenol A, M-1,
and M-2. Molecular adsorption of all the three BPA
compounds (see Figure 2 and Figure S4 in Supporting
Information) on graphene surface occurs very strongly (AE =
60 kcal mol™"). According to our ab initio results, based on
both the static calculation through DFT and considering the
conformational dynamics through AIMD, we find the flattening
of the molecule resulting in strong molecular adsorptions on
the defect-free graphene surface. This result is in contrast with
the adsorption on activated carbon. Additionally, enthalpy of
phenol adsorption also shows weaker surface affinity and the
dependence on the pore diameter of carbon nanotube, which
changes from —23.9 to —18.1 kcal/mol with increasing pore
diameter from 9.4 to 18.8 A and approaches the AH value of
—14.7 kcal/mol.** So, BPA shows a strong adsorption at
pristine graphene surface, whereas the functionalized graphene
surface shows lesser adsorption affinity. For BPA, the
adsorption energy (depending on adsorption site and molecular
orientation) is in the similar range as found for the phenol on
Ni(111) surface” (0.64—0.91 eV). In both the cases, the
carbon ring lies parallel to the surface at an equilibrium distance
of ~2.0 A. The presence of surface functional group such as

hydroxyl, carbonyl, or carboxylic acid in the oxidized graphene
restricts the possibility for direct attachment of the BPA with
graphene surface. Instead, there is favorability for adhesion of
molecule on the surface through H-bonding interaction as
evidenced in previous experimental study.”> We emphasize the
fact that the clean graphene surface triggers exceptionally strong
adhesion and assists removal of the BPA. However, carbona-
ceous materials such as activated carbon, carbon nanotubes,
porous carbon, and graphene oxide have large specific surface
areas with abundant pore size distributions, but all of them have
lesser strength for surface-adhesion.

Between two conventional models for adsorption kinetics
(pseudo-first-order and pseudo-second-order) the pseudo-
second-order kinetic model fits the adsorption of BPA on
graphene.” Importantly, the pseudo-second-order model
includes all the steps of adsorption including external film
diffusion, adsorption, and internal particle diffusion. The
magnitude (>1) of Freundlich constant supports favorable
adsorption. These experimental findings™> compare fairly well
with the outcome from our molecular dynamics study. Our ab
initio results support highly negative standard free-energy
change. Negative standard entropy change reflects the
decreased randomness at the solid—liquid interface during the
adsorption of BPA on graphene for the spontaneous absorption
process. Interestingly, irreversibility is associated with the
strong surface affinity that supports complete removal of the
BPA from environment, while pristine graphene plays the role
of surface.

Decisively, strong w—n stacking and C-H/O-H =#
interactions leads to such irreversible surface adsorption,
which is evidenced from the analysis on IR stretching frequency
as discussed later. EDCs consist of two terminal —OH groups
as well as two aromatic rings bridged via an aliphatic spacer
group. Only, the chemical nature of the aliphatic spacer group
varies from one to another (BPA, M-1, and M-2; see Figure 1).
Different spacer aliphatic groups for isomeric molecules (M-1/
M-2) and BPA have almost equal contribution to dispersive
interactions with graphene. This rules out the possibility of
selective isolation of M-1 and M-2. Hence, we conjecture that
the graphene layer would find application in removing the
EDCs completely. Mulliken electronic charge transferred from
molecule to the graphene sheet is 0.03 e upon absorption of
BPA on bilayer graphene. Nature of the wave function for the
conduction band minima (CBM) and valence and maxima
(VBM) at the y point supports the partial electron transfer from
adsorbed molecule to the sheet (see Figure 3). Since it is
difficult to do rigorous calculations to predict optical transition
in a periodic system; we looked at CBM and VBM wave
functions carefully. They indeed show opposite parity with the
functional we used. So, the transition dipole moment would be
nonzero between these two states. We find the optical band gap
(1.25 eV) at the y point upon strong absorption of BPA on
bilayer graphene, arising from the coupling of electronic states
to the asymmetric stretch mode. This is to say that the
electronic absorption would appear in near-infrared (NIR)
regime. Mobile 7-electrons, induced due to strong adsorbent-
surface affinity and weak electronic charge transfer from
molecule to matrix, lead to a strong NIR absorption as both
the states remain in the same k-point value. Thus, the response
can be detectable.

In contrast to the carbonaceous surface, EDCs get adsorbed
on the inorganic metal chalcogenide (MoS,) surface through
the attachment of only one terminal phenolic moiety (see
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Figure 3. ['-point VBM and CBM (frontier orbitals) for model surface
topologies. (a, b) Side view of VBM and CBM for BPA@bilayer-
graphene, respectively; (c, d) top view of the same. Isocontour value
used for orbital plots is 0.02 e bohr™.

Figure 2 and, in Supporting Information, Figure SS). Other tail
of the adsorbed molecule remains far from the surface. This
confers significantly less adsorption energy (AE = 10—17 kcal
mol™"). We also performed a set of calculations and found that
adsorption of BPA on 1T-MoS, is thermodynamically
disfavorable with highly positive AG value. The other analogue
of MoS,, MoSe,, also shows similar feature like 1T-MoS,.
Hence BPA-adsorption is specific for 2H-MoS, especially.
Notably, structural relaxations associated with locally modified
charges on adsorbed molecule results in conformational
dynamics (see Figure 4). Adsorption energy for M-1 molecule
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Figure 4. RE (see eq 1) vs time (left) and charge fluctuation (right)
due to electronic charge transferred from molecule to the p-type
surface MoS, triggered by conformational dynamics.

(—16.30 keal/mol) is the highest among all three (BPA: —10.45
and M-2: —11.28 kcal/mol see Figure 2). Thus, at the
optimized conformation of adsorbed state, we find M-1
becomes more stable (RE = —5.10 kcal/mol) than M-2, on
MoS, surface. Note that, in isolated states as described in our
previous work™’ and for the strong surface-absorbed state (on
graphene surface) isomeric M-1/M-2 are equally stable.
However, adsorption energy of water on MoS, surface varies
(3.65—4.33 kcal/mol) depending on various possible adsorp-
tion sites. Now, the selection for adsorption on the surface
appears to be in the order of M-1 > M-2 = BPA > H,0. For
the desorption process, the trend gets reversed (H,0 > M-2 =
BPA > M-1). Thus, MoS, surface serves the purpose of a
stationary adsorbing medium analogous to the chromato-
graphic technique and leads to a facile surface-induced isolation
of EDCs. In conclusion, graphene surface is efficient due to the
strong affinity but at the cost of irreversibility, whereas MoS,
surface is facile in terms of relatively more reversible nature of
adsorption as well as selective isolation.

There are two kinds of adsorbent—adsorbate interactions.
One main interaction is the z—7x interaction between the

benzene rings of BPA and the surface planes. The other is the
hydrogen bonding between the oxygen-containing groups as
well as C—H group (aromatic and or aliphatic) contained in
BPA and respective surfaces. Importantly, structural changes in
the adsorbed molecule can give rise to alteration of bond
strengths and, thus, IR stretching frequencies of the specific
modes participating in the interaction. To confirm the
adsorption mechanism further, we performed the IR studies
on the molecular structure (see Table S1 in Supporting
Information) as it was in its adsorbed state over graphene and
MoS,. Such analysis, in fact, helped in identifying the presence
of different interaction patterns between BPA and graphene.”

Emergence of new peaks at 2800—3000 and 400—1800 cm ™"
are in accordance with the peaks from the Fourier transform IR
spectrum of BPA as found experimentally, which indicates that
BPA molecules were adsorbed on the surface of graphene.
These new peaks originate from (i) skeletal vibrational modes
(ii) aromatic C—H bonds as well as 7-aromatic ring vibration in
the low-energy regime. Furthermore, the stretching frequency
of the O—H group in BPA gets shifted from 3700 to 3500
cm™!, which can be ascribed to hydrogen bonding between
hydroxyl groups in BPA and s-electronic cloud on the surface.
The peak at 1640 cm™ is associated with the skeletal vibration
of aromatic C=C bonds, which also shifts 30 cm™" and gets
widened after adsorption, confirming the 77—z interaction®'
between the benzene rings of BPA and the graphene planes,
which is less (=23 cm™') for MoS, surface. After comparative
analysis between two different surfaces and their adsorption
affinity, it is clear that 7—x interaction between the benzene
rings of BPA and the graphene planes force strong
chemisorptions as evident in the significantly higher shifting
of the vibrational frequency of aromatic C=C bonds. Because
of the added forces from the interaction between BPA and
graphene layers, two significant changes can be expected to
happen compared to pristine graphene. These are alterations in
Raman spectra: (1) splitting of the 2D peak and (2) shift in the
G-mode, which originates due to the control over in-plane
vibration after surface adsorption.

To determine the selectivity/separation of solvated EDCs,
we considered water as solvent media for water-soluble EDCs.
Hence, we focus on the subtle interplay among the possible
interactions such as surface—molecule, surface—solvent, sol-
vent—molecule, and the intermolecular self-assembly. Adsorp-
tion energy of water on MoS, surface is in the range of 4—35
kcal/mol. This value is negligibly small compared to surface
affinity of EDCs on MoS, Surface (~15 kcal/mol). It also
corroborates with the report on the weak interaction of water
with defect-free MoS, surface.”” ™" Less interaction energy
discards the possibility of competitive surface coverage by water
that might cause limitations for accessibility of the desired
molecule on the surface. In the context of molecular solvation,
we find strong hydration energy for the EDCs. Typical H-
bonding interactions are present between phenolic O—H and
water. There is existence of H-bond varying within a range of
1.7—2.0 A. Water molecules can act either as a bridge (H-bond
distance: 1.63 and 2.10 A) between two molecules or being
associated with a single molecule by forming H-bond at ~1.82
A. Quantification of the adsorption energy of solvated dimer
(along with 14 solvent molecules) turns out to be —31.4S,
—23.57, and 22.29 kcal/mol for M-1, M-2, and BPA,
respectively. We find M-1 shows more surface adsorption
affinity (7.88 kcal/mol) than M-2 in its solvated state too. In
fact, through solvated dimer (along with 14 solvent molecules),
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we consider intermolecular (e.g, M-1--M-1), solvent—mole-
cule, as well as solvent—solvent interactions. Considering the
whole system on the surface, there appear two more interaction
modes: surface—solvent and surface—-molecule, which can
possibly affect the surface adsorption of the molecule in their
solvated state. Also, we found the adsorption energy of a single
unsolvated M-1 molecule to be ~16 kcal/mol. Hence, dimer in
the solvated state exhibits the surface affinity almost twice the
value of the same for an isolated molecule. Basically, it proves
that, the molecular solvation and surface adsorption are not
competitive. Rather, there is a cooperative interplay between
two types of interactions. In addition, surface affinity for solvent
(~4 kcal/mol) and for EDCs (~15 kcal/mol irrespective of the
state of solvation) confirms that the surface affinity of EDCs
does not get affected while they are in solvated or in assembled
state. However, adsorption affinity of water on the surface is
much less and cannot compete with the EDCs (4—S5 kcal/mol).
As we want the extraction of EDCs from their water-
contaminated state, we examine whether the solvation of the
EDCs will hamper their sorption property on the surface. The
surface-adsorption affinity (>22 kcal/mol) for all the solvated
EDC dimers (BPA, M-1, and M-2) was found to be also high;
we conclude that the surface adsorption does not get affected,
while the EDCs are solvated. However, the solvation energy of
BPA, M-1, and M-2 lies in the range from —3.5 to —3.8 kcal per
water molecule. Therefore, solvation energy does not overcome
of the strength of surface affinity of EDCs. Although relative
affinity difference is in the order of water adsorption energy, we
should point out that it is the absolute strength of the surface
affinity for EDCs that eventually matter. Moreover, energetics
reveal that the solvated complex gets more strongly bound to
the surface when the water comes and solvates the EDCs. Thus,
there is no possibility to wash out the EDCs from surface by
water, which further supports the MoS, surface to act as an
ideal matrix to extract the EDCs.

Although the effective area of contact between the EDCs and
surface is less due to their nonlinear chain framework, the
adsorption energy is in the order of electronvolt (see Figure 2).
This needs a detailed understanding of the existence of effective
surface-mediated mechanisms and charge transfer. We find the
adsorption of BPA, M-1, and M-2 on both of these model
surfaces (graphene and MoS,) are dominated by the vdW
interactions. This corroborates with the smaller charge-transfer
interaction (see Figure 4). Combined classical charge
modulation and quantum calculations indicate that dynamical
behavior of the adsorbents regulates the electrostatic interaction
(e transfer may vary from 0.003 to 0.06). In particular,
collective behavior results in small electron transfer (~0.03e),
and a molecule diffuses laterally along the surface maximizing
the interaction between polar H in molecule and S atoms on
MoS, matrix. Through consideration of conformational
dynamics of adsorbed EDCs at 300 K, we find that RE can
fluctuate in the range from —3 to —7 kcal/mol (see Figure 4).
Thus, conformational dynamics triggers in the interplay
between electrostatic and dispersive interactions in physisorbed
EDCs.

To understand the adsorbent—adsorbate interfacial inter-
action, zeta potential is a physical parameter quantifying the
surface electrical potential of the solid particle and the stability
of liquid dispersions. We find that the partial electron transfer
from BPA to the sheet (~0.03 e/BPA) results in excellent
stability of graphene dispersions that originate from the mutual
electrostatic repulsion among graphene sheets. This indicates

the graphene sheets are negatively charged. In fact, the zeta
potentials of graphene measured in aqueous solutions of BPA
were observed to be negative,” which reached —46 mV for pH
10.0 implying sufficient mutual repulsion® and ensured the
stability of the dispersion.

As shown in Figure 2, OH is more likely to stick with
bending mode where H takes part in interaction. Importantly,
OH groups are not prone to be dissociated as revealed from
frequencies of the OH stretching modes (from the MD
trajectories). We can account these surface-mediated inter-
actions for broadening and shifting of the stretching mode of
hydrogen-bonded hydroxyl groups. Accordingly, dispersive
interaction is attributed to the interaction of surface-S lone
pair with z-aromatic-ring, aromatic H atoms, polar O—H
bonds, and 7-cloud at spacer group. S ions also provide weak
Lewis acidic (electron-acceptor) nature to the MoS, surface for
BPA, M-1, and M-2 adsorption. These types of interactions can
vary due to a subtle difference in 7-cloud orientation in spacer
group, which actually arises between M-1 and M-2. Thus, a
difference in interaction energy is found for two isomers
providing a way of isolation through surface-mediated
couplings. Thus, loading the specific substances and then
releasing them on the MoS, matrix can occur through diffusion-
controlled mechanisms, without erosion of the matrix.

Il. Optical Responses of Bisphenol A and Its
Metabolites (M-1 and M-2). Computed absorption spectra
(see Figure S) reveal predominant UV absorption for EDCs.
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Figure 5. Computed absorption spectra of BPA, M-1, and M-2 as
isolated molecules (represented by solid lines) and the matrix-
adsorbed state (dotted lines) using TD-DFT corresponding two
lowest absorption maxima (4,,,) values (P-1 and P-2) are given in
Table 1.

Absorption maxima get slightly shifted (A, ~ 2 nm) by
changing the dielectric constant of solvent media, that is, the
nature of solvent molecule’s coordination mode (see Table 1).
So, probing the solvent dielectric media and structural
identification of EDCs are insensible through direct inves-
tigation of the absorption spectra in different solvent media.
To understand the aspect of photodegradability of such
EDCs, we focus on their photoresponse and subsequent
chemical changes. We search for two major aspects upon
illumination: whether (i) irreversible change in molecular shape
happens or not; (ii) any site or bond becomes prone to the
radical reaction or fragmentation. The natural transition orbital
(NTO) shows the orbital involved in optical transition (see
Figure 6). Two lowest-energy intense absorptions appear to be
7 to m*. For the lowest-energy excitation, the final state turns
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Table 1. Prominent Absorption Peaks (lower energy) for M-
1 and M-2, Computed Using TDDFT/@wb97xd/6-311+G(d,

p)*

absorption wavelength (peaks at nm)

solvent
environment BPA M-1 M-2

gas phase (& =46.7) 214, 242, 245 216,244, 248,256 212,230, 244, 249
DMSO (e = 46.7) 215,243,246 216, 246,248,256 213,234, 244, 250
water (¢ = 80) 214, 242, 245 214, 240,245,253 211,236, 242, 250
explicit solvation 212,237,240 211, 234,240,248 208, 233,237, 246

“Different dielectric constant of the medium (implicit solvent model)
as well as explicit solvent model (four H,O molecules are coordinated
to terminal O—H bonds) show different spectral features.
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Figure 6. Dominant natural transition orbital pairs for the first two
excited singlet states of BPA, M-1/M-2, and BPA/M-1/M-2@MoS,
are given. Initial state is on the left; the final state is on the right.
Associated eigenvalues are (a) 0.6057, (b) 0.5889, (c) 0.4896, (d)
0.5065, (e) 0.8604, (f) 0.9195, (g) 0.7475, (h) 9034 (i) 0.8399, (j)
09367, (k) 0.8408, (1) 0.8679.

out to be an antibonding orbital, the predominant contribution
to which comes from C=C in the spacer group as well as
aromatic ring. So, optical transition reduces the bond orders of
the C=C in both the terminal aromatic rings and middle
spacer part, which is common for z-delocalized systems.
Interestingly, the second-lowest optical transitions are also
shown to be aromatic-H assisted z-to-z* transition. Rotation of
the aromatic ring about C—C (C4—CS and C4—C6 for M-1
and M-2, respectively) bond is found to separate the charges in
atoms to minimize the electron—electron repulsion. In case of
M-1 and M-2, internal electron transfer occurs, where 7-
electrons get transferred from middle aliphatic moiety to
terminal aromatic groups. Optimum bond distances lengthen
by 0.07 A for first (A, = 249 nm; 244 nm found as shoulder in
Figure 4) two lowest excitation, whereas lengthening of 0.05 A
occurs with the third excitation (1, = 230 nm). Moreover, from
NBO analysis we confirm that the bond length alterations (see
Table 2) upon illumination become significant for M-1 and M-
2 but not for BPA. So, spacer aliphatic moiety (absent in BPA)
plays an important role in photochemistry of bisphenol
compounds. Importantly, partial equalization of consecutive
single and double bonds occurs in M-1 and M-2 through
electronic redistribution. The middle spacer group in between
two terminal phenyl groups tends to align in different plane

Table 2. Bond Orders (“Wiberg bond index”) of Specific
Bonds (A, B, C, D) for M-1 and M-2 (as shown in Figure 1)
in Ground State (GS) and Optically Excited (1st and 2nd)
States (ES)

bond order
M-1 M-2
state A B DH-1 C D DH-2
GS 1.828 1.025 40.63 2.120 1.012 —42.11
ES-1 1.715 1.034 9.72 1.766 1.019 —=7.35
ES-2 1.713 1.027 13.29 1316 1.011 —6.40

(see the dihedral angle changes in Table 2). M-1 exhibits the
most significant geometric rearrangements followed by M-2
and BPA. Basically, m-electron in aliphatic spacer group
contributes to such changes, and because of its absence BPA
exhibits the less structural distortion (less electronic redis-
tribution throughout the molecular framework due to optical
transition). Thus, optical excitation creates concomitant shape
rearrangements of different extents for different EDCs.
However, such geometrical changes upon photoexcitation are
reversible. This was confirmed by our AIMD study. We find
that, within ~500 fs, the photoexcited state conformation of M-
1 relaxed back to the ground-state configuration. Thus, the
photodecomposition due to the irreversible shape changes in
the EDCs (BPA, M-1, and M-2) becomes impossible. However,
in the surface-absorbed state, terminal aromatic ring becomes
electron-rich and susceptible for electrophilic attack (e.g, by
OH?"; see nature of the orbital in Figure 7D,E). This would give
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Figure 7. Molecular orbital representation of M-2 in the presence of
various perturbing influences: (A) ground state; (B) directional static
electric field (0.018 au); (C) uniform static electric field (0.018 au);
(D) optically excited state (1st); (E) adsorbed (physisorption) on
MoS, matrix.

rise to the decomposition of aromatic ring and, hence, might
facilitate photodecomposition. So, a possibility for surface-
assisted photodegradation was found, which is in accordance
with our molecular orbital analysis.

Thus, the preceding discussion reveals that BPA metabolites
(M-1and M-2) are photoresponsive, but in the UV absorption
region. However, shifting of absorption spectral range from UV
to visible is desirable for efficient solar-energy absorption. We
find EDCs can also absorb much lower wavelength (A4 =~ +50
nm) solar radiation (see Figure 5 and Table S2) after surface
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Table 3. A, B, C, D, E Dictates Optimized State in Presence and Absence of Various External Perturbing Influences As

Described in Figure 6

structural parameters A(G) A(W) B

M-1
length (A) 11.49 11.46 12.14
A (A) 135 135 1.37
B (4) 1.51 1.51 1.52
DH-1 (deg) 40.63 39.92 26.18

M-2
length (A) 13.07 13.17 12.69
C (A) 1.34 1.34 135
D (A) 1.52 1.52 1.53
DH-2 (deg) —42.11 —40.56 —26.80

C D E(MO) E(GR)
12.15 11.27 11.77 12.03
1.36 141 135 135
1.52 1.52 1.52 1.52
—33.06 9.72 28.59 30.26
12.22 13.25 13.11 12.73
1.37 1.41 135 135
1.55 143 1.51 1.52
34.58 =735 —20.16 9.06

“Within parentheses: A(G): gasphase; A(W): water dielectric medium; B: directional static electric field (0.018 a.u.); C: uniform static electric field

(0.018 a.u.); D: Optically excited state (1st); E(MO): adsorbed on MoS, surface; E(GR): adsorbed on graphene surface.

absorption. This is attributed to the extended delocalization
through terminal aromatic and aliphatic moiety in spacer group.
In fact, adsorptive surfaces also help to gather EDCs, as
discussed in Part I, then drive the photoexcitation/degradation
processes. Hence, we propose the utilization of surface coating
on photocatalytic surfaces (such as TiO,) with graphene and
MoS,. Because of the specific surface (on graphene, MoS,)
adsorptions of M-1 and M-2, red shifting of low-energy
absorption peaks (see Figure 5 and Table S2) occurs. Higher-
energy (lower 1) peaks do not get much affected in the
presence of the matrix. But, lowest-energy peaks get broadened
and split into two (see Figure S and Figure S2 in Supporting
Information) due to coupling between the surface and
adsorbed molecule.

Indeed, the spectral shift is attributed to the perturbing
influence of the matrix on z-electronic cloud in transition
orbital (see Figure 6 and Figure S3 in Supporting Information).
As a result, surface induces conformational changes and
subsequent electronic redistribution of the z-electronic cloud
in the spacer group of adsorbed molecule in its excited state.
Particularly interesting is the 7-electronic cloud in spacer group,
which dictates different extent of stabilization to each of the
states involved in transition. In fact, this has great importance in
case of surface-induced spectral shifting. This understanding
decisively brings out the possibilities for alteration of
absorption-spectral region of EDCs through appropriate choice
of matrices.

Next, we look for the basic difference in the impact of electric
polarization and optical pulses on each of these molecules of
interest. In presence of electric polarization, M-1 and M-2
undergo a conformational change without major changes in
bond order (at less electric field strength <0.26 V/A).*
Switchable stereocontrol of M-2 associated with O—H bond
reorientation was elaborated in our earlier study.’® However,
the threshold value of uniform electric field was found to be
0.93 V/A to induce bond order alteration. This static electric
field strength creates redistribution of electron density and
intramolecular charge transfer. In contrast, when exposed to
specific wavelengths of light (see Table 2), optical field distorts
the ground-state (GS) optimized geometry by elongating C=
C and shortening the C—C bond, hence, resulting in a
structural transformation (see Table 2 and Figure 7) to arrive at
the other degenerate ground state.

In this section, we discuss the influences of various
perturbing influences to utilize them as a tool for removal
and photodegradation of EDCs. The changes in electron
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delocalization pattern are also reflected in their structural
parameters (see Table 3). Hence, the perturbing efficiency,
reflected through several structural parameters, is dependent on
the directional feature of the electric field. We find that there
are clearly visible changes, including large shifts of charge
density from one end of the molecule to the other due to both
the optical and electric field-induced perturbation. But, the
estimation of the electric field strength required for such
changes is quite high (~1.0 V/A). However, optimization of
the optically excited state would give rise to similar structural
perturbation, which can be achieved upon irradiation with UV
radiation (250 nm), which is less abundant in solar spectrum.
These drawbacks associated with electric field and optical
excitation drove us to search for other options. We find
capturing of EDCs can easily be achieved by surface adsorption,
but the electronic states (highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital in
particular) do not change drastically upon surface adsorption.
Only a slight modification in the orbital representations reflects
the changes in molecular electronic structure, which is
governed by little conformational changes. Actually, there is
no signature of catastrophic structural breakdown as evident
from the structural parameters in Table 3. Thus, surface
adsorption appears to be perfectly reversible in nature (for
MoS, as substrate). Importantly, as we always look for
reversibility to achieve a recyclable isolation process, the
perturbation should not be very strong as found in case of
graphene surface. Hence, MoS, surface proves its superiority.
We assessed the reactivity of the adsorbed species based on
the electronic structural feature of the molecule in its isolated
and surface-adsorbed states. To be more precise, we looked to
see whether the orbital representation changes and whether the
changes can give rise to reactivity in the adsorbed species. What
we find is as follows, irrespective of the state, whether it is
surface-adsorbed or an isolated molecule, two terminal rings
possess more electron density, which indicates that the terminal
aromatic rings will be prone to electrophilic attack. In presence
of surface, the process can be facilitated due to easy exposure of
the reactive sites to the electrophile. Electron density
redistribution throughout molecular structural framework
occurs due to surface adsorption. For isolated state, two
terminal aromatic rings possess homogeneous electron density,
whereas inhomogeneity occurs after surface adsorption. As a
result, one terminal ring is found to have more electron density
than the other. Moreover, relative reduction in the electron
density for occupied statess (HOMO-1 and HOMO) in
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surface-adsorbed state reflects that molecules can support the
electron injection (nucleophilic attack) too. Thus, surface
adsorption facilitates molecular accumulation on the surface
and creates appropriate sites for both the electrophilic and
nucleophilic attacks, which may lead to structural fragmenta-
tion.

B CONCLUSION

In summary, Mo§, surface exhibits optimum surface—molecule
affinity and hence is perfect for reversible extraction of EDCs
from environment. Surface adsorption is dominated by
dispersive interaction, which is sensitive to the nature of the
spacer aliphatic group of EDCs. Thus, different EDCs, on the
basis of varying spacer groups, can be isolated selectively. The
charge transfer from EDCs to the surface is negligibly small and
gets tuned (from 0.00S to 0.06 e) by conformational dynamics.
However, graphene bilayer matrix results in very strong
adsorption of EDCs with a detectable response at NIR regime.
Associated results are of value in designing graphene surface for
complete removal and graphene—TiO, composite for degrada-
tion of bisphenol-based EDCs. The separation efficacy for both
the matrices (graphene and MoS,) is not affected at the
solvated state of the molecules. These microscopic details
demonstrate the superiority of the membrane in cleaning water
by affinity-based separation of such pollutants. In the context of
the optical responses of EDCs, we find that only dielectric
constant of the medium cannot confer significant changes in
spectral feature. Interestingly, carbonaceous substrate (bilayer
graphene) and metal dichalcogenide (MoS,) as matrices cause
significant red-shifting (~40 nm) of absorption spectra,
covering a broad spectral range. Because of photoexcitation,
internal electron transfer occurs from #-system to C=C
antibond, decreasing the bond order. Prominently, terminal
phenyl rings of EDCs become prone to undergo radical
reaction at surface-absorbed (on MoS,) state. Thus, surface-
assisted photodegradation of BPA metabolites seems to be
appropriate due to the bond-dissociative internal electron-
transfer mechanism, triggered by optical transition. We
conjecture that surface-assisted degradation of the EDCs in
the presence of external perturbation is very much plausible.
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