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Bisphenol A (BPA) is a chemical used in a variety of materials
and has adverse effects on endocrine system. The substitutes
of BPA have been developed to produce BPA-free plastics.
Fluorene-9-bisphenol (BPFL), has anti-oestrogenic effects, is one
of those substitutes used in ‘BPA-free’ bottles. In this study, the
physical, electronic and vibrational properties of BPFL molecule
are investigated using density functional theory (DFT) calcu-
lations at B3LYP/6-311G (d, p) basis set. Bond distances, Fourier
transform infrared (FT-IR) spectra, natural atomic charges,
solvation energies, dipole moments and vibrational frequencies
were carried out. The calculated bond distance for the
optimized geometry of BPFL obtained from DFT calculations

1. Introduction

Endocrine disrupting-chemicals (EDCs) are synthetic chemicals
that can mimic or block endocrine functions.!" They may alter
various hormonal processes resulting perturbed reproductive,
metabolic and developmental effects and therefore they are
defined as a health threat to human and wild life population.??
Insecticides, herbicides, fungicides, organochlorides, synthetic
hormones, some pharmaceutical drugs, various industrial
chemicals, plasticizers such as phthalates and bisphenols are
the common groups with endocrine activity.*”

Bisphenols are widely used plasticizers providing flexibility
to polycarbonate and epoxy resin plastics and known as
endocrine disrupting chemicals due to their binding ability to
human nuclear receptors.”’ This group of chemicals consist of
two phenol rings and a linker atom that is usually carbon.” Its
phenyl group mimics estrogen which resulting in estrogen
receptor binding.”” Every people are being exposed to those
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were compared with the measured results. Structural properties
like radial distribution function (RDF) and probability distribu-
tion depending on coordination number have been calculated
for the molecule. Ultraviolet-visible (UV-Vis) spectra character-
istics and the electronic features, such as absorption wave-
lengths, frontier orbitals, excitation energies and band gap
energy of BPFL were also recorded using time-dependent (TD)
DFT approach based on optimized structure with different
solvent environments. Finally, we investigated the effects of
solvents on structural, electronic and vibrational frequencies of
BPFL molecule.

chemicals as they are frequently in use since the industrial
revolution.®® Bisphenol A (BPA) is a well-studied EDC and
classified as reproductive toxicant amongst bisphenols. It was
synthesized in 1905, has been used in the manufacturing of
polycarbonate (used for water bottles), epoxy resins (used for
construction materials and canned food) and thermal paper.*'”
Its estrogenic activity was reported firstly in 1936."" Due to the
continuous exposure, BPA can be detected in human tissue
and body fluids such as placental tissue, serum, breast milk,
urine."”>™ It is commonly used in toys, dental products, plastic
baby bottles, and food and beverage packages and thus has
direct contact with consumed foods and believed to be
leached from them.'? Therefore, its usage in children products
is being limited in recent years, which has led to the develop-
ment of the alternatives of BPA. BPA alternatives, which are
mostly analogous of BPA such as Bisphenol S (BPS), Bisphenol F
(BPF), are frequently preferred in the production “BPA-free”
materials since they are considered safer than BPA."¥ BPS and
BPF are used for many industrial applications such as
production of cleaning products, thermal paper, industrial
floors, adhesives, water pipes, dental sealents, and food pack-
ages. It have also been detected in food, personal care and
paper products." However, the effects of BPA alternatives on
health are still unclear and those alternatives are being
suspected to have similar toxic effects."

Fluorene-9-bisphenol (BPFL) is a kind of bisphenol fluorene
with cardo skeleton. It is mostly exploited for the production of
polyarylates, polyesters, polyethers, polycarbonates, polyur-
ethanes and epoxy resins since its cardo rings provide unique
characteristics. Due to these cardo polymer features such as
high transparency, thermal stability, insulation and high-
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refractive index, BPFL has been preferred in industrial applica-
tions."”'® The structure of Fluorene-9-bisphenol, which consists
of a cardo unit connected with two phenolic groups, is akin to
the structure of BPA (see Figure 1). Hence, BPFL is used as a
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Figure 1. (Colour online) Different views of optimized ground state geometry
of BPFL molecule with atom numbering calculated by B3LYP/6-311G (d, p).

substitute of BPA in the production of “BPA-free” plastics." The
estrogenic activity of BPA and its substitutes are known to
cause various reproductive and metabolic disorders such as
obesity, type-2 diabetes mellitus.”**" However human exposure
to BPFL and its effects is not yet clear. Recently, Fluorene-9-
bisphenol, which has been preferred frequently in production
of moulded matrices, epoxy floor coatings, insulation materials,
and milk and baby bottles, has been found to be released from
them and can be detected in serum of exposed female mice.
Additionally, those mice were determined to have low uterine
weights and less estrogen-related gene expressions. Thus, it
was shown that BPFL has strong anti-estrogenic activity."”

The solute-solvent interactions are crucial to understand
molecular behaviour as solvent effect may lead significant
changes.”? With the help of the new methodologies allowing
the detection of solvent effect, solute-solvent interactions were
found to be responsible for the significant changes in the
chemical and physical characteristics of the solute in going
from gas phase to solvent phase. Therefore investigating the
effect of the solvent is critical to understand the various
properties of molecules of interest.”? Correspondingly, the
importance of studying the effects of solvation relies on the
differences of the structure and reactivity of free molecules
from that in the solvent environment. Furthermore, solvent
effects are pivotal tools to design new drugs since the
properties of a drug such as absorption, release and transport
in the body are affected by them and are meaningful for the
future drug design attempts. The necessity of detailed exami-
nation of the interactions between the solute and the solvent
molecules makes it a difficult task.”™ Furthermore, the proba-
bility of theoretical estimation of solvent effects on the
characteristics of molecules is still a challenge in computational
chemistry as the most of the important chemical and biological
reactions occur in solution.??

To our knowledge, there have not been any reports about
the structural, electronic, spectroscopic and optical properties
of BPFL molecule using quantum chemical calculations. In this
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regard, we aim to investigate the physical, electronic and
vibrational features of BPFL molecule using density functional
theory (DFT) calculations at B3LYP/6-311G (d, p) basis set.
Finally, we investigated the effects of solvents on structural,
electronic and vibrational frequencies of BPFL molecule.

0.0 T T T T T

Energy (a.u.)

0 2 4 6 8 10 12
Optimization step

Figure 2. (Colour online) Process of geometry optimization of BPFL molecule.

2. Computational details

The geometrical, energetic, electronic and spectroscopic prop-
erties of BPFL were investigated using DFT® at the B3LYP
level 28 The 6-311G (d, p) basis set was used in the
calculations. In order to test the validity and reliability of our
calculations, CAM—B3LYP®? functional were also tested for
accuracy and efficiency of the calculations because B3LYP
actually underestimates HOMO-LUMO gaps and underestimate
excited-state energies.’*3? The calculations were performed
using the GAUSSIANO9 program package.® Various spin multi-
plicities were investigated and it was found that BPFL has spin
singlet in terms of the most stable structure with minimum
total energy. The structure was taken as the local minima on
potential energy surface having positive vibration frequencies.
After geometric optimization, TD-DFT method was utilized to
get maximum wavelengths, the highest occupied molecular
orbital (HOMO), the lowest unoccupied molecular orbital
(LUMO) and the frontier molecular orbital energy gap (HOMO-
LUMO difference in energy gap, E,) of BPFL. Optimized ground
state structure and process of geometry optimization of BPFL
with atom numbering calculated by B3LYP/6-311G (d, p) are
shown in Figs. 1 and 2, respectively.
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3. Results and discussion
3.1 Structural analysis

Playing a critical role in understanding different physical and
biological properties of molecules, the interactions between
the solute and solvent molecules are needed to be profoundly
examined since the structure of free molecules are very
different from that in the solvent environment. This section
elaborates on the solvent effects on the geometrical parame-
ters.

Initially, the reoptimized calculation was performed in
different solutions using the gas phase as starting points with
B3LYP/6-311G (d, p) and B3LYP/6-311+ +G (d, p) employing
the PCM model within SCRF theory. The selected bond lengths
of BPFL structure in gas phase and solvents are listed in Table 1.

Table 1. Solvation energies (AE; = E o - Egas in kJ/mol), solvation free
energies (AG, = G,,, - G, in kJ/mol), and dipol moments x (in Debye) of
BPFL in the gas phase and in different solvents.

Gas Ethanol Acetonitrile Water
(e=1) (e=24.5) (e=36.6) (e=80.1)
AE, 0.0 -38.59 -39.38 -40.69
AG, 0.0 -42.49 -43.31 -44.26
" 1.90 2,62 2.64 2.68

On the whole, the geometrical structures were influenced
by the solvent effects. As observed in the solid phase these
results showed geometric changes due to solvation. Even
though crystal phase are required to make a correct descrip-
tion, the theoretical calculations provide qualitative observation
into the solvent effects on equilibrium structures of the
molecule.

Computed geometrical parameters in the gas phase were
rather consistent with the experimental X-ray diffraction
results.®? (see Table S1 in the Supporting Information). Devia-
tion from the experimental data was within 0.0515 A at B3LYP/
6-311G (d, p) level, and 0.0517 A at B3LYP/6-311+ +G (d, p)
level. The optimized parameters obtained by applying the
B3LYP/6-311G (d, p) and B3LYP/3-311+ +G (d, p) levels were
almost similar. These results indicated that the values calculated
by B3LYP/6-311G (d, p) basis set were more concordant with
the experimental values with respect to those calculated by
B3LYP/6-311+ +G (d, p) method. Hence, only the results from
the B3LYP/6-311G (d, p) calculations were further discussed.

Table S2 in the Supporting Information presents the
changes in theoretical geometrical parameters of BPFL while
passing from the gas phase to solution. As a result of solvent
effects, calculated geometrical parameters of BPFL in various
media revealed some small but significant deviations.

The computed geometrical parameters of BPFL were
observed as changing gradually with the increasing dielectric
constant (¢) of medium. Changes in geometrical parameters,
though they were slight, were found to be significant while
passing from the gas phase to solution. For example, the O-H,
C-0 and C-C bond lengths changed slightly with the solvent
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polarity (Table S2 in the Supporting Information). The calculated
values at the B3LYP/6-311G (d, p) level were obtained as
follows: O-H bond length 0.962 A, C-0 bond length 1.366 A for
the gas phase. The experimental bond distance 0.840 A, and
1.367 A revealed a good agreement with the results of X-ray
diffraction experiment.

Analysis of calculation results showed that, ongoing from
gas phase to solutions, there was a slight change in the bond
lengths. For example, several bond lengths like C-C, C-H and
O-H were predicted to be shorter in the gas phase comparing
to those in the solvents, whereas C-O bonds were calculated
longer in the gas phase than those in solvent media.

The changes in the geometrical parameters of molecule
were regarded as a result of the electrostatic interactions
between the solute and the solvent.

3.2. Charge Distribution

The atomic charges in BPFL molecule in the gas and solvation
phases computed by natural population analysis (NPA) with
B3LYP/6-311G (d, p) level are demonstrated in Table S3 in the
Supporting Information. This calculation detailed the charges
of the every atom in the molecule. Distribution of positive and
negative charges is crucial to understand the increase or
decrease of the bond length between the atoms. Generally, the
presence of solvent surrounding may modify the electron
distribution of a molecule in gas phase. Thus, understanding
the chemistry of molecules in solutions is critical.®

The solvent effect caused drastic changes in the atomic net
charges for several atoms. Results in Table S3 in the Supporting
Information show that all oxygen atoms and carbon atoms are
negatively charged, C—O bond carbon atoms are positively
charged. The negative charges on carbon and oxygen atoms
increased with the increasing solvent polarity. The positive
charges on carbon atoms and hydrogen atoms increased with
the increase in dielectric constants of solvents.

These can be interpreted by the fact that the oxygen atom
is more negative than carbon and hydrogen atoms, and has
lone pair of electrons by which it easily interacts with the
solvents.

For instance, the largest negative charge (—0.670 e) was
localized on oxygen atom with increasing polarity, while the
positive charges on C26, C27, 4C and 5C atoms. It is also
observed slight drop in the charges of 4C (from 0.042 e to
0.037 e) and C26 and C27 atoms (from 0.333 e to 0.328 e).
Hence, we have concluded that the negative charge led to the
redistribution of electron density. On the other hand, the
positive charges increase from gas phase to solvation phase.
The calculated distribution of positive charges on all hydrogen
atoms were regularly increasing with the increasing dielectric
constant (e) of the medium. The maximum atomic charge was
observed on O atom comparing to other atoms in solvent
environments. Thus one can conclude that the charge distribu-
tions are sensitive to dielectric medium.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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3.3. Solvation energy, solvation free energy, and dipole
moment

Table 1 includes the calculation results for solvation energies
AE,,,, solvation free energies AG,,,, and dipole moments of
BPFL in the gas phase, and in different solvents predicted at
B3LYP/6-311G (d, p) level of theory.

The dipole moment is expected to be larger in solution
than the corresponding dipole moment in the gas phase. The
dipole moments increased from gas phase to solvation phase,
mainly due to major charge redistribution in the molecule, and
also by charges in the distances between the charge separa-
tions.®® The dipole moment of BPFL molecule was found out
as 1.90 Debye in the gas phase and 2.62, 2.64 and 2.68 Debye
in ethanol, acetonitrile (ACN), and water, respectively.

The energy of solvation is related with the dipole moment.
The large dipole moment means the stronger solvation
energy,®® thus it leads to larger stabilization in solution phase.
In addition, the solvation energies are usually not dependent
on strongly basis set or model.”” The solvent with larger
dielectric constant gave rise to larger stabilization energy for
polar species. Relatively, the stabilizing effect of water (¢ =80.1)
was greater than the ACN (e =36.6). The stabilization energies
increased on going from the gas phase to solution phase, and
the best solvation state was also the water due to its charge
and higher dipole moment value as given in Table 1. The
relative energies decreased while the solvation energies and
dipole moments increased with increment of dielectric con-
stant of solvent (Table 1).

The solvation free energy, AG,,,, which is the work needed
to transfer molecule from gas phase into solution, plays a
significant role in the understanding of the chemical and
biological behaviour of molecules in condensed phase.®
Calculated AG,,, of BPFL are listed in Table 1. It can be
observed that the AG,,, value increased with the increase of
the solvent polarity, and thus, the solvation of BPFL increased
with the polarity of the solvent. The value of AG,,q., Was more
negative than that of ethanol and ACN that means that the
solvation of BPFL in water was better than in other solvent. In
addition, the data of AG,,, value showed that the solvation of
the title molecule increased with the growing of the solvent
polarity. The solvation free energies could be explained by the
difference in polarity. The computed ordering of the solvation
free energies in several solvents was as follows: water > ethanol
> ACN. That is to say, BPFL molecule was more soluble in water
than in the less ethanol or ACN solvents. Our theoretical results
revealed that solubility of BPFL decreased in the order of
water > ethanol > ACN using PCM method.

Since it represents the desolvation cost of a ligand binding
to a receptor, solvation free energy is considered as an
important molecular characteristic in drug discovery studies.
Most of the recent developments in the estimation of solvation
free energy require the use of molecular mechanics and
dynamics calculations.
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3.4. Vibrational Frequencies and Infrared Spectra

Vibrational spectroscopy is very sensitive method to probe the
solute-solvent interactions. Solvent interaction has a major role
in the crucial biological reactions occurring in solution phase.?

This section presents and discusses the results, including
solvent effect on the vibrational frequencies and Fourier
transform infrared (FT-IR) spectra of BPFL in different phase.
Experimental (solid state) and theoretical FT-IR (in gas phase
and various solvents) spectra were plotted against the harmon-
ic vibrational frequencies of BPFL (see Figure 3). From Figure 3,
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Figure 3. (Colour online) Experimental (solid state) and theoretical (in gas
phase and various solvents) FT-IR spectra of BPFL molecule for different
solvents.

we note that the presence of a dielectric medium is not strong
influence on the calculated vibrational frequencies. The
changes in the calculated frequencies scaled by 0.9682“" on
going from the gas phase to media are tabulated in Table S4 in
the Supporting Information. All optimizations were carried out
at B3LYP/6-311G (d, p) level. Gas phase geometry was used as
starting structure in the further calculations.

Apparently, the frequencies of all bands were shifted from
gas phase to solution though most of the shifts were observed
as relatively small. The calculated IR intensities also changed
regularly with the increasing solvent polarity. In solution, the
modes 1, 64, 65, 112, 113, 128, 129 shifted to higher values
while the other vibrational modes shifted to lower values. The
C=C stretching vibration computed at 1603 cm™' (scaled value)
showed excellent agreement with FT-IR 1608 cm™' (strong)
bands. The bands at 1505 (very strong) and 1593 cm™ (strong)
in FT-IR spectrum were assigned to C—O stretching. The bands
observed at 3029 (weak) and 3018 cm™' (weak) in FT-IR were
assigned to C-H stretching vibrations of the phenyl rings. The
V(OH) stretching vibration is generally observed in the region
around 3600 cm~'.“" The band observed at 3471 cm™' (should-
er) was assigned to O-H stretching vibration. The theoretically
computed values at 813, 1096, 1155, 1209, 1251 cm™" were

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. The Computed absorption wavelength (4, in nm), excitation energies (E, in eV), absorbance and oscillator strengths of BPFL for gas phase and
different solvents.

Gas Ethanol Acetonitrile Water

A E f A E f A E f A E f
300.97 4.1 0.03 301.34 4.1 0.04 301.35 4.1 0.04 301.38 4.1 0.04
291.94 4.24 0.04 293.37 4.22 0.06 293.38 422 0.06 293.40 4.22 0.06
280.46 442 0.01 279.96 442 0.01 79.94 442 0.01 279.92 442 0.01

found to be good agreement with the experimental data by
B3LYP/6-311G (d, p) method (mode nos. 50, 74, 79, 85 and 86)
(see Table S4 in the Supporting Information).

3.5. Electronic properties

The absorption wavelength, excitation energies, absorbance
and oscillator strengths of BPFL molecule for different solvents
at B3LYP/6-311G (d, p) level of theory (in the wavelength range
230-320 cm™") are listed in Table 2. Figure 4 shows absorption
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Figure 4. (Colour online) UV absorbance plots vs. wavelength of BPFL
molecule for different solvents and functionals.

spectra of BPFL molecule ACN, ethanol, water and gas phase.
Absorption wavelengths were found to be nearly the same for
all solvent which calculated as 280, 292, 293 and 301 cm™' so
the molecule may not be affected the solvents. The energy
value for CAM—B3LYP functional (267 cm™") are found to be
significantly different than that of B3LYP functional (301 cm™).
We also plotted the absorption wavelength obtained from
CAM-B3LYP functional for ethanol in Figure 4.

3.6. Frontier molecular orbitals analysis

In a molecule, the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) are called
as frontier molecular orbitals (FMOs). While the HOMO energy
is related to the ionization potential, the LUMO energy is
related to the electron affinity.***¥ This is also employed by the
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frontier electron density to estimate the most reactive position
in m-electron systems and also explains various types of
reaction in conjugated system.”™ A small highest occupied
molecular orbital-lowest unoccupied molecular orbital (H-L)
separation, which is the outcome of an important degree of
intra-molecular charge transfer from the end-capping electron
donor groups to the efficient electron-acceptor group through-
7t conjugated path, is used to characterize the conjugated
molecules.” The energy gap between HOMO and LUMO is an
indicator of bioactivity as it shows the correlation between
biological systems and chemicals. The smaller value implies the
low stability for the molecule meaning higher reactivity in
chemical reactions."*”

The density of states (DOS or TDOS) is essentially the
number of different states at a particular energy level. DOS is
important, because the occupied and unoccupied molecular
orbitals can be seen on DOS spectrum. Using Mulliken
population analysis, we have plotted total density of state
(TDOS) spectrum (see Figure 5). The FMOs energy was calcu-

0 - 411 eV
AE=47 eV
54 TG HOMO - - N
— 581V
—_———
o —
)
z -10
2
L
-15 LUMO
e —HOMO
20 /7= r T ,
1 0 1 2 3

TDOS

Figure 5. (Colour online) The molecular orbitals and energy gap

(AE) between frontier HOMO and LUMO of BPFL molecule. Green and red
colours represent the positive and negative isosurfaces for HUMO and LUMO,
respectively.

lated by B3LYP/6-311+ +G (d, p) method for ACN, ethanol,
water solutions and gas phase: Eyono = —5.81¢€V, Ejypo =

—1.11eV Eiomoumo = 471eV for B3LYP functional. The
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calculated HOMO, LUMO and HOMO-LUMO energy gap with
CAM-B3LYP are found 7.48, 0.26 and 4.86 eV, respectively. The
energy gap which is energy difference between HOMO and
LUMO orbital is a crucial parameter in measuring the electron
conductivity. This value was calculated in four solvents and
presented in Table 3.

Table 3. The calculated HOMO (Ejopmo), LUMO (Eyyo) energies and energy
gaps (E,) (in eV) between HOMO and LUMO, chemical hardness (n),
electronegativity (), chemical potential (x) and electrophilicity index (o) of
BPFL for gas phase and different solvents.

Solvent Evomo  Eimo  Eg n X u ®

Acetonitrile -5.98 -1.27 4.71 2.36 3.63 -3.63 2.79
Gas -5.81 -1.11 4.70 235 3.46 -3.46 2.54
Ethanol -5.98 -1.27 4.71 2.36 3.62 -3.62 2.78
Water -5.99 -1.28 4.71 2.36 3.63 -3.63 2.80

The value of chemical hardness (n) was 2.36 eV in ACN,
ethanol and water solvents, it was decreasing 0.01 eV in gas
phase. Electronegativity and chemical potential were the same,
but the value of electrophilicity index was different in all
solvents.

3.7. Radial Distribution Function and Probability Density

To investigate the difference between carbon-carbon (C—C),
carbon-oxygen (C—0), carbon-hydrogen (C—H) and oxygen-
hydrogen (O—H), we plotted the radial distribution functions
(RDF) of C—C, C—O, C—H and O-H atoms in gas phase in
Figure 6. One can see that C—C had a narrower and higher
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Figure 6. Radial distribution functions (RDFs) for carbon-carbon (C—C),
carbon-oxygen (C—0), carbon-hydrogen (C—H) and oxygen-hydrogen (O—H)
atoms in gas phase.
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distribution. In addition, there was a slight difference between
C—C and C—H atoms. For C atoms, C—O was slightly shorter
than C-C, for H, O—H was shorter than C—H. Taking into
consideration all of the combinations, C—O had stronger
interactions than the other ones (especially interactions with
H). To study the influence of interactions of the atoms in the
molecule, we also performed the probability distribution
depending on the coordination number (Figure 7). The coordi-

0,6 .

Probablity distribution

0,2 .

0 1 2 3 4 5 6 7 8 9 10
Coordination number

Figure 7. Probability distributions of carbon-carbon (C—C), carbon-oxygen
(C-0), carbon-hydrogen (C—H) and oxygen-hydrogen (O—H) atoms in gas
phase.

nation number of C—H interactions decreased significantly O—H
hydrogen bonding interaction becomes weak due to lower
cohesive energy between C—H interactions. The overall C—C
coordination number also decreased from 1.60 to 0.12 due to
the different dimer effects.

4, Conclusions

In the present work spectroscopic and electronic properties of
BPFL molecule for different solvents were investigated using
DFT calculations in detail and compared with experimental
results in the literature. The calculated geometrical parameters
of BPFL molecule were showed small but significant deviations
in solvent environment and found to be consistent with
experimental results. The vibrational frequencies, solvent en-
ergies, dipole moments and charge distributions changed with
the increasing solvent polarity whereas the electronic proper-
ties were not affected in solvent media. Radial distribution
function and probability distribution were also searched. We
hope that this study will provide an insight for new studies on
physical properties of chemicals with estrogenic activities.

Supplementary data

Supplementary material related to this article can be found, in
the online version.
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