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ABSTRACT: Three symmetrical bis-aryl-α,β-unsaturated ketone
derivatives, 2,6-di((E)-benzylidene)-cyclohexan-1-one (DBC), 2,6-
bis((E)-4-chlorobenzylidene)cyclohexan-1-one (BCC), and
(1E,1′E,4E,4′E)-5,5′-(1,4-phenylene)bis(2-methyl-1-phenylpenta-
1,4-dien-3-one) (PBMP), have been prepared using the aldol
condensation approach toward ketones having two enolizable sites.
The structures of DBC, BCC, and PBMP have been resolved via
spectrometric methods. Moreover, the crystal structure of PBMP is
determined by the single-crystal X-ray diffraction (SC-XRD)
technique, which revealed that the PBMP molecular assembly is stabilized by the intermolecular C−H···O bonding and C−
O···π and weak T-shaped offset π···π stacking interactions. The Hirshfeld surface analysis (HSA) of the PBMP crystal structure was
performed as well, and the results were compared with the results of DBC and BCC. The density functional theory (DFT) study
results revealed that the longer conjugated molecule of PBMP has smaller but still quite significant HOMO−LUMO gaps compared
to the smaller molecules of BCC and DBC. The natural population analysis (NPA) and natural bonding orbital (NBO) analysis
were performed. Accordingly, the hydrogen bonding and dipole−dipole interactions stabilize the crystal structures of these
compounds. Additionally, the NBO analysis showed numerous high-energy stabilizing interactions for the PBMP compound due to
the presence of numerous delocalized and relatively easily polarizable π-electrons, thus implying its significant thermodynamic
stability. According to the global reactivity parameter (GRP) analysis, the compounds BCC and DBC are relatively stable in redox
processes and have high thermodynamic stability and relatively lower reactivity in general. The molecular electrostatic potential
(MEP) analysis results imply potential formation of the intermolecular hydrogen bonding and dispersion interactions, which
stabilizes the crystal structures of these compounds.

1. INTRODUCTION
In synthetic organic chemistry, selecting facile reaction
conditions together with a suitable precursor having the
qualities of nonhazardous nature, tranquil handling, and easy
accessibility has a vital role in the production of chemical
entities of valuable interest, especially in the production of
analytical reagents, pharmaceuticals, dyes, agriculture, and
natural products. Aldol reaction is a simple carbon−carbon
bond forming reaction for the production of valuable medicinal
compounds in a facile manner under acid- or base-catalyzed
conditions. Bis-aryl-α,β-unsaturated ketones are representatives
of the broad class of pharmaceutically significant chemical
architectures.1 These bis-aryl-α,β-unsaturated ketones are also
known as monocarbonyl curcumin because of the only
carbonyl functional group compared to the two carbonyl
functional groups of the natural curcumin of the zingiberaceae
family. These chemical building blocks, i.e., monocarbonyl
curcumin, could be obtained via a simple aldol condensation
approach that is a carbon−carbon bond forming a reaction
between two carbonyl compounds with at least one of them

having enolizable position.2 Bis-aryl-α,β-unsaturated ketones
have been reported to demonstrate numerous biological
actions, such as antimalarial,3 antitubercular,4 antiviral,5

antifertility,6 anticancer,7 antiparasitic,1a neuroprotective8

activities, etc. These compounds might exist in symmetrical
or unsymmetrical form, but both are appreciated from
medicinal perspectives.1a Besides the medicinal applications,
these chemical building blocks have been explored for their
photo-crosslinking properties, showing that these moieties
have potential to be used as leading candidates for UV filters
and sunscreens.9 The bis-aryl-α,β-unsaturated ketones could
be obtained through utilization of ketones having two
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enolizable positions in a well-known acid- or base-catalyzed
aldol condensation reaction (Figure 1).
Recently, computational studies have been playing a

fundamental role in understanding of structural stability,
reaction mechanisms, potential reacting sites, electronic
properties, etc. Theoretical studies can be used for the
exploration of nonlinear optical (NLO) properties,10 non-
covalent interactions (NCIs),11 natural bond orbital (NBO)
properties,12 molecular electrostatic potential (MEP), etc., of
different classes of organic compounds. In this study, we are
presenting our findings regarding the synthesis of the
symmetrical bis-aryl-α,β-unsaturated ketone derivatives DBC,
BCC, and PBMP (Figure 2), their SC-XRD and spectroscopy-

based structural details, and results of the DFT studies. The
compounds DBC and BCC are synthesized in a single step,
while the relative highly conjugated molecule, i.e., PBMP, has
been synthesized in two steps, where the first step is catalyzed
by an acid, while the second step is catalyzed by a base (Figure
3). Besides the medicinal importance of this class of
compounds, computational exploration of the electronic
properties will be a valuable addition in the field of
experimental and theoretical chemistry.

2. EXPERIMENTAL SECTION
2.1. General Procedure. All of the chemicals employed

were purchased from standard chemical companies and were

Figure 1. General acid- or base-catalyzed aldol condensation reaction for the preparation of bis-aryl-α,β-unsaturated ketones.

Figure 2. Symmetrical bis-aryl-α,β-unsaturated ketone derivatives considered in the study.

Figure 3. Preparation of the compounds DBC and BCC (a) and PBMP (b).
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used as received while solvents were purified by a simple
distillation procedure. The reaction progress was monitored
using precoated silica gel thin-layer chromatography (TCL)
plates. The 1H and 13C NMR studies were accomplished using
a Brüker AVANCE 400 spectrometer at 400 and 100 MHz,
respectively. The single-crystal data of PBMP were collected
on a Bruker KAPPA Apex-II diffractometer using APEX-II
software.13 The absorption correction was performed using
SADABS software.14 The structure was solved using SHELXT-
2015 software15 and refined by SHELXL 2019/2 software.16

ORTEP-III17 and Mercury 4.018 softwares were employed for
the graphical illustration of the SC-XRD results.
2.2. Preparation of the Compounds DBC and BCC.

The compounds DBC and BCC were prepared according to
the general procedure reported in the literature.19 According to
the procedure, a mixture of cyclohexanone, 6 and 12 mmol of
the appropriate aromatic aldehyde (benzaldehyde in the case
of DBC and 4-chlorobenzaldehyde in the case of BCC) in
ethanol (20 mL) was stirred at room temperature until both
reagents were dissolved. To this reaction mixture, a solution of
NaOH (14 mmol) in 20 mL of the water−ethanol mixture
(1:1) was added dropwise. The reaction mixture turned yellow
and solidified, next ice water (4 mL) was added, and the solid
residue was collected by filtration, washed with cold water, and
dried overnight (see Figure 3a).
2.3. Preparation of the Compound PBMP. Compound

PBMP was prepared in the two-step procedure. In the first
step, intermediate 3 was synthesized according to the general
literature-reported procedure20 (Figure 3b). According to the
procedure, an equimolar ratio mixture of benzaldehyde and 2-
butanone was placed in a 50 mL two-neck round-bottom flask.
Next, dry HCl gas was passed through the reaction mixture
until it was saturated, and the solution turned red. The reaction
mixture was stirred at room temperature for 6 h. The crude
product was diluted with toluene and washed with the
NaHSO3 solution. The organic layer was separated, dried
with the anhydrous Na2SO4, and evaporated in vacuum. The
residue was distilled under reduced pressure to give the pure
compound. In the second step, the compound PBMP was
prepared by reacting the intermediate compound 3 with
terephthalaldehyde under basic conditions [2b].
2.4. Characterization of the Compound 3 [(E)-3-

methyl-4-phenylbut-3-en-2-one]. The spectroscopic data
were found to be in correspondence with the literature data.21

Percent yield: 56%, 1H NMR (400 MHz, CDCl3) δH 7.52 (d,
1H, J = 4 Hz), 7.41 (m, 3H), 7.39 (m, 1H), 7.32 (m, 1H), 2.47
(s, 3H), 2.06 (d, J = 1.6 Hz, 3H); 13C NMR (100 MHz,
CDCl3) δC 129.7, 200.3, 139.7, 137.8, 135.9, 128.6, 128.5,
25.9, 12.9.
2.5. Characterization of the Compound DBC [2,6-

di((E)-benzylidene)cyclohexan-1-one]. The spectroscopic
data were found to be in correspondence with the literature
data.22 M.P = 115−116 °C, 1H NMR (400 MHz, CDCl3) δ
7.84 (s, 2H), 7.52−7.48 (m, 4H), 7.46−7.41 (m, 4H), 7.39−
7.35 (m, 2H), 3.00−2.93 (m, 4H), 1.86−1.78 (m, 2H). 13C
NMR (100 MHz, CDCl3) δ 190.41, 136.96, 136.21, 136.00,
130.39, 128.61, 128.41, 28.48, 23.03.
2.6. Characterization of the Compound BCC [2,6-

bis((E)-4-chlorobenzylidene)cyclohexan-1-one]. The
spectroscopic data were found to be in correspondence with
the literature data.23 M.P = 108−110 °C, 1H NMR (400 MHz,
CDCl3) δ 7.64 (d, J = 1.8 Hz, 2H), 7.35−7.23 (m, 8H), 2.86−
2.77 (m, 4H), 1.76−1.68 (m, 2H). 13C NMR (100 MHz,

CDCl3) δ 189.85, 136.42, 135.78, 134.62, 134.31, 131.60,
128.69, 28.38, 22.81.
2.7. Characterization of the Compound PBMP

[(1E,1′E,4E,4′E)-5,5′-(1,4-phenylene)bis(2-methyl-1-
phenylpenta-1,4-dien-3-one)]. M.P = 297−298 °C, 1H
NMR (400 MHz, CDCl3) δ 7.73−7.65 (m, 3H), 7.63−7.40
(m, 5H), 7.01−6.97 (m, 2H), 3.88 (s, 3H), 2.24 (d, J = 1.1 Hz,
3H). 13C NMR (101 MHz, CDCl3) δ 192.35, 160.02, 141.94,
139.05, 136.88, 136.62, 131.70, 128.69, 128.44, 122.87, 114.04,
55.36, 13.82. HRMS calc. for C30H27O2

+ [M + H]+ 419.2006,
found 419.2006. Also with sodium, C30H26NaO2

+ [M + Na]+
441.1830, found 441.1825 (Figure S10).
2.8. Computational Details. DFT studies were performed

with Gaussian 09 software24a and Gaussian 16 software24b

(note: we had to use two different computational facilities, in
Brazil and in Chile, due to the scarcity of computational
resources in the time of preparing the paper). Using as the
starting geometries the structures from the SC-XRD analysis,
we optimized the PBMP, BCC, and DBC molecules without
any symmetry constraints and then performed frequency
calculations to verify that the optimized structures are true
energy minima. We checked both the singlet and triplet
multiplicities for the molecules studied (vide inf ra). All
calculations were performed with the hybrid density functional
B3LYP25 and the triple-zeta split-valence polarized basis set 6-
311+G(d,p)26,27 (one set of diffuse functions on C, N, O, Cl
and two sets of polarization functions, both on hydrogens and
heavier atoms). This approach is furthermore referred to as
B3LYP/6-311+G(d,p). We did the computational studies and
all analyses listed below with the B3LYP/6-311+G(d,p)
approach and with the implicit effects from ethanol (dielectric
constant ε = 24.852) and methanol (dielectric constant ε =
32.613) taken into account, employing the self-reliable IEF-
PCM approach28 with the UFF default model as implemented
in Gaussian 09/16 software, with the electrostatic scaling factor
α = 1.0. Below, we compare the calculated structural
parameters, natural population analysis (NPA) charges, natural
bond orbital (NBO) interactions,29 and frontier molecular
orbital (FMO) for the three compounds studied. It should be
noticed that the results obtained in methanol were very close
to the results obtained with ethanol (see below discussion for
the relative energies of singlets and triplets); therefore, we
decided to focus only on the results obtained using ethanol.
Furthermore, we used the values of the energies of HOMO
and LUMO to compute the global reactivity parameter
(GRP)30−32 (see eqs 1−6). Eqs 1 and 2 were used to calculate
the values of the ionization potential (IP) and electron affinity
(EA)

EIP HOMO= (1)

EEA LUMO= (2)

For global hardness η and electronegativity X values, we used
eqs 3 and 4

E EIP EA
2 2

LUMO HOMO= [ ] =
[ ]

(3)

X
E EIP EA

2 2
LUMO HOMO= [ + ] =

[ + ]
(4)

And the global electrophilicity ω value was calculated by eq 5
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2

2

=
(5)

where E E
2

HOMO LUMO= + is the chemical potential of the
system.
Finally, the global softness σ value was computed with eq 6

1
2

=
(6)

The open GL version of Molden 5.8.2 visualization program
was used for the visualization of the structures and FMOs of
the title compounds.33 Avogadro, version 1.1.1, was used to
visualize the molecular electrostatic potential (MEP)
maps.34,35

3. RESULTS AND DISCUSSION
3.1. Single-Crystal Analysis. The Cambridge structural

database (CSD 2021.2) confirms the novelty of the crystal
structure of PBMP. The crystal structures of the compounds
DBC and BCC were already reported in the literature.23,36 The
experimental details of PBMP related to single-crystal analysis
are provided in Table 1, whereas the selected bond lengths and
bond angles determined experimentally are compared with
their values determined in the DFT study (Table 2).

In PBMP (Figure 4, Table 1), the asymmetric unit contains
half of the molecule, and the other half is generated by the
symmetry transformations with the symmetry code (i) (−x,
−y, 1−z). In the asymmetric unit (C1-C14/O1), the isoprene
group A (C1−C5), propionaldehyde group B (C6−C8/O1),
and benzyl group C (C9−C15) are planar with the root mean
square (RMS) deviations of 0.0135, 0.0862, and 0.0094 Å,
respectively. The central group B is oriented at a dihedral angle
of 24.3(8) and 46.6(7)° with respect to the groups A and C,
respectively. The selected bond lengths and bond angles are
listed in Table 2, which conforms the nature of bonds and
especially the double bond between the C6 atom and O1
atom. The molecular configuration is stabilized by the
intramolecular C−H···O bonding. The molecules are inter-
linked by the nonclassical H-bonding of the type C−H···O in
the form of dimers. As a result of dimerization, the R2

2(28) loop
is formed. C5 infinite chains are formed through the C−H···O
bonding that extends along a crystallographic axis (Figure 5).
No strong classical H-bonding is present in the crystal packing.
Very weak T-shaped π···π stacking interactions are present
between phenyl rings of the symmetry-related molecules (x, 1/
2 −y, 1/2 +z) with a distance of 5.0723(10) Å between the
rings, whereas the dihedral angle between the plane of the
interacting rings is 71.39(8)°. The further stabilization of the
crystal packing is due to the C−O···π interactions with the
O···π distances equal to 3.5116(13) Å as shown in Table 3.
The C−O···π interactions along with weak T-shaped π···π
stacking interactions interlink the molecules in the form of
stairs (Figure S1).
3.2. Hirshfeld Surface Analysis. Hirshfeld surface (HS)

analysis is a recently developed approach to explore the
noncovalent interactions in the single crystal.37 Crystal
Explorer version 21.538 was employed for the Hirshfeld surface
analysis. The Hirshfeld surface concept arises from an attempt
to divide the molecular electron density into small fragments to
integrate it. Hirshfeld surfaces are employed not only to
explore the H-bonding but also to explore the interactions
weaker than the H-bonding. Cambridge structure database
search provided two crystal structures: one with the reference
code LEBPAK (CCDC number 268269)36 and another with
the reference code QQQAQG02 (CCDC number 1433536)
that are closely relevant to the compound PBMP. The HS was
formed using the property dnorm to explore the short
interatomic contacts.39 In other words, this HS provides useful
knowledge about the H-bonding interactions. Red spots on the
HS plotted over dnorm are the representatives on the
interatomic contacts, where the distance between the
interacting atoms is less than the sum of their van der Waals
radii. White spots or regions represent the contacts for which
the distance between the atoms is equal to the sum of their van
der Waals radii (Figure 6a). Blue regions stand for the long-
distance contacts that have negligible strength. The Hirshfeld
surface formed using the shape index property was employed
for the recognition of the π···π stacking interactions in the
crystal packing (Figure 6b).40 The H-bond donors and
acceptors can be separately recognized by plotting the HS
over the electrostatic potential (Figure 6c). The H-bond
donors are represented by blue spots, whereas the H-bond
acceptors are represented by red spots on the HS.
The 2D fingerprint plot analysis is a way to elaborate on the

interatomic contacts in terms of their percentage contributions
in the crystal packing.41,42 We are going to compare the
important 2D fingerprint plots of PBMP with DBC (reference

Table 1. Single-Crystal Analysis Data of PBMP

crystal data PBMP

CCDC 2156053
chemical formula C30H26O2

Mr 418.51
crystal system, space group monoclinic, P21/c
temperature (K) 150 (2)
a, b, c (Å) 5.6973 (6), 35.358 (4),

6.1245 (6)
α, β, γ (deg) 90, 116.423 (2), 90
V (Å3) 1104.9 (2)
Z 2
density (calculated) g/cm−3 1.258
F(000) 444
radiation type MoKα

wavelength (λ) 0.71073
μ (mm−1) 0.077
crystal size (mm) 0.57 × 0.32 × 0.09

Data Collection
diffractometer Bruker APEX-II CCD

diffractometer
absorption correction multi-scan (SADABS;

Bruker, 2007)
no. of measured, independent and observed
[I > 2σ(I)] reflections

21929, 2179, 2024

Rint 0.024
theta range for data collection (deg) 2.304 to 26.018
index ranges −6≤ h ≤7, −43≤ k ≤43,

−7≤ l ≤6
(sin θ/λ)max (Å−1) 0.617

Data Refinement
R[F2 > 2σ(F2)], wR(F2), S 0.039, 0.087, 1.11
no. of reflections 2179
no. of parameters 146
H-atom treatment H-atom parameters

constrained
Δρmax, Δρmin(e Å−3) 0.18, −0.17
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code LEBPAK) and BCC (reference code QQQAQG02).
Figures 7a,e,i shows 2D plots for the overall interactions
containing the contributions of all of the possible interatomic
contacts for PBMP, DBC, and BCC, respectively. As the
crystal structure contains a higher number of H-atoms as
compared to other atoms, so the contribution of the H−H
contact toward the crystal packing is higher than the other
contacts in PBMP, DBC, and BCC. The percentage

contribution of the H−H contact was found to be 53.1% in
PBMP, 56.5% in DBC, and 33.7% in BCC. Like in PBMP, the
intermolecular C−H···O bonding is present in DBC and BCC
as well, so the contribution of the C−H and O−H contacts is
also larger as compared to other contacts except for the H−H
contacts. The percentage contributions of the C−H and O−H
contacts are 30.6 and 9.2% in PBMP, 31.8 and 8.8% in DBC,
and 27.2 and 6.9% in BCC. In BCC, the Cl−H contacts are

Table 2. Selected Bond Lengths (Å) and Bond Angles (deg) in PBMP

bond length XRD DFT bond angles XRD DFT

C4-C5 1.3321 (18) 1.347 C4-C5-C6 121.87 (12) 120.782
C5-C6 1.4831 (18) 1.485 C5-C6-O1 121.00 (12) 120.483
C7-C8 1.4999 (18) 1.506 O1-C6-C7 120.69 (12) 119.635
C7-C9 1.3430 (18) 1.355 C6-C7-C8 116.16 (11) 115.094
C7-C6 1.4950 (18) 1.498 C8-C7-C9 125.69 (12) 124.919
C6-O1 1.2269 (15) 1.233 C9-C7-C6 117.77 (12) 119.860

Figure 4. ORTEP diagram of PBMP drawn at a probability level of 50%. H-atoms are shown by small circles of arbitrary radii.

Figure 5. Packing diagram of PBMP representing C5 chains formed by the C−H···O bonding. Only selected H-atoms are shown for clarity.

Table 3. Hydrogen-Bond Geometry (Å, deg) along with the C−O···π Interactions in PBMPa

D−H···A D−H H···A D···A ∠(D�H···A) (deg)

C8−H8C···O1 0.98 2.40 2.8467 (17) 107
C8−H8B···O1i 0.98 2.71 3.6237 (18) 156
C−O···π C−O O···π C···π ∠(C−O···π) (deg)

C6−O1···Cg1ii 1.2269(15) 3.5116(13) 3.6820(15) 88.14(9)
C6−O1···Cg1iii 1.2269(15) 3.5116(13) 3.6820(15) 88.14(9)

aSymmetry codes: (i) x + 1, y, z; (ii) 1 + x, y, 1 + z; (iii) 1 − x, −y, 2−z. Cg1 is the centroid of phenyl ring (C10−C15).
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important as this contact contribution is greater than 21% but
the associated 2D fingerprint plot is not included in Figure 7 as
the other crystal structures have no chlorine atoms. In PBMP,
the contribution of the C−C contact (4.2%) is relatively
smaller than the contribution of the C−H and O−H contacts
as in the present case, the π···π stacking interaction is very
weak and also the contribution of C−O contact is nonzero
(2.9%) as there are the C−O···π interactions in the crystal
packing of PBMP.
The ability of a pair of chemical species (X, Y) to form

crystal packing interactions is determined by computing the
enrichment ratio. All of the contacts are not equally favored in
crystal packing. Short contacts are more favored than longer
contacts. H-atoms are more numerous in the crystal structure
as compared to other atoms; therefore, a large portion of the
interaction area of the Hirshfeld surface is covered by H-atoms
(73%, Table S1). The enrichment ratio is calculated by
dividing the proportion of the actual contacts by the theoretical
proportion of the random contacts.43 The values of the
enrichment ratio for all of the possible pairs of chemical species
are listed in Table S1. The C−O contact is the most favorable
contact in the crystal packing of PBMP with the enrichment
ratio 1.14. The other contacts that have a higher tendency to
form crystal packing interactions are O−H, C−H, and H−H
with the enrichment ratios of 1.04, 1.00, and 1.00, respectively.
The crystal packing environment of PBMP is further

elaborated in terms of finding the interaction energy of
molecular pairs. The calculations were performed using the
B3LYP/6-31G(d,p) model coupled with appropriate scale
factors for computing energies using the TONTO program
embedded in Crystal Explorer 21.5. To perform the
calculations of energy of molecular pairs, the cluster of
molecules within 3.8 Å distance of the reference molecule is
used. The molecule containing dark gray C-atoms is the
reference molecule (Figure 8a). The total interaction energy
between a pair of molecules is the sum of four energies named
as electrostatic, polarization, dispersion, and repulsion.44 The
scaled energies are listed in Figure S2. The energy values are
reported to a minimum value of 0.1 kJ/mol but the authors of
the Crystal Explorer program suggested that the reliability of
the calculations is up to the minimum value of 1 kJ/mol. The

major Etot energies (−60.2, −65, −51.2 kJ/mol) occur for the
side-by-side interactions. The electrostatic energy is mostly
attractive for the pair of molecules, but it may be repulsive for a
pair of molecules. In the present case, the electrostatic energy
is positive (1.3 kJ/mol) between a pair of molecules connected
by (−x, 1/2 + y, −z + 1/2) symmetry transformations. The
calculations infer that the dispersion energy is the major
contributor to the total attractive energy contribution. The
energy frameworks in terms of joining the centroids of the
interacting molecules by the cylinders are displayed in Figure
8b−d for electrostatic, repulsive, and total energy, respectively,
which are obtained using the interaction energy between the
molecular pairs.45 The radius of the cylinder is proportional to
the strength of the interactions. The cutoff energy is set to be 5
kJ/mol and the size of the cylinder is set to be 80 Å, and the
cluster of molecules within 1 × 1 × 1 unit cell is used for
generating the energy frameworks. The contribution of the
repulsive energy is greater than the contribution of the
electrostatic energy in defining the total energy as the radius of
a cylinder for the repulsive energy framework (Figure 8c) is
greater than the radius of the cylinder for the electrostatic
energy framework.
Every single crystal has mechanical strength. Some single

crystals have higher mechanical strength than the other single
crystals. The factor that greatly influences the mechanical
strength of the single crystals is the strength of the crystal
packing. For a single crystal, the higher the strength of the
crystal packing, the better the mechanical properties. To check
the strength of the crystal packing, the void investigation was
carried out for PBMP. The calculations were based on some
assumptions: all of the atoms are assumed to spherically
symmetric and electron densities of all of the atoms are added
up to compute the void volume in the crystal packing.46 Two
views of the voids in the crystal packing of PBMP are shown in
Figure S3. The void volume in PBMP is 85.14 Å3, and the
percentage space occupied by voids is just 7.7%, which
indicates that the molecules are strongly packed.
3.3. Energetics and Structural Features. First, let us

consider the relative energies of the singlet and triplet
structures of the three compounds (see Table S2). It can be
seen that the triplets are located very high in energy relative to

Figure 6. Hirshfeld surface plotted over (a) dnorm in the range −0.017 to 1.105 a.u., (b) shape index in the range −1 to 1 a.u., and (c) electrostatic
potential in the range −0.057 to 0.032 a.u.
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the singlets, as is common for organic compounds, by ca.
42.3−42.9 kcal/mol in both implicit solvents. The singlet−
triplet energy gap slightly increases from BCC to DBC and
further to PBMP. For BCC and DBC, this gap is slightly larger

in the implicit ethanol, whereas for PBMP, it is the same in
both implicit solvents.
Figure 9 shows the optimized structures of the three

compounds calculated at the B3LYP/6-311+G(d,p) level with

Figure 7. Important 2D fingerprint plots for (a−d) PBMP, (e−h) DBC, and (i−l) BCC.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c05441
ACS Omega 2022, 7, 39294−39309

39300

https://pubs.acs.org/doi/10.1021/acsomega.2c05441?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05441?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05441?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05441?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05441?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the implicit effects from ethanol, and in Table 2, the selected
bond lengths and bond angles obtained by the XRD and DFT
approaches are compared for the PBMP compound.
Furthermore, Table S3 in the Supporting Information provides
the calculated values of the selected dihedral angles for the
PBMP compound and Table S4 contains the calculated values
of the selected bond distances, bond angles, and dihedral
angles for BCC and DBC. Analysis of the data provided in
Tables 2, S3, and S4 shows the following. (i) In PBMP, the
calculated bond distances are generally slightly elongated
compared to the experimentally determined bonds by ca.
0.003−0.015 Å. (ii) In PBMP, the calculated bond angles are

either slightly smaller than the experimental bond angles by ca.
0.517−1.088° or slightly larger by 2.09° (∠C9-C7-C6). (iii)
The absolute values of the corresponding dihedral angles show
that the free PBMP compound molecule is not exactly
symmetric (Table S3). This is not surprising due to the lack of
restrictions existing in the crystal structure and quite high
flexibility of the free PBMP molecule due to the numerous
single C−C bonds. (iv) Both BCC and DBC molecules are
symmetric, and their corresponding bond distances, valence
angles, and dihedral angles are essentially the same or very
close for both compounds. In both compounds, the cyclo-
hexanone moiety is distorted, with the C1′ atom being out of

Figure 8. (a) Interaction energy between the molecular pairs falling in the range of 3.8 Å of the reference molecule for PBMP. Energy frameworks
for (b) electrostatic energy, (c) repulsive energy, and (d) total energy.

Figure 9. Global-minima structures of the PBMP (a), BCC (b), and DBC (c) compounds optimized at the B3LYP/6-311+G(d,p) level with the
implicit effects from C2H5OH. PBMP atom numbering scheme corresponds to Figure 4. Color coding: brown for C, red for O, light gray for H, and
bright green for Cl.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c05441
ACS Omega 2022, 7, 39294−39309

39301

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05441/suppl_file/ao2c05441_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05441/suppl_file/ao2c05441_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05441/suppl_file/ao2c05441_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05441/suppl_file/ao2c05441_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05441?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05441?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05441?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05441?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05441?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05441?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05441?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05441?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05441?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the plane formed by the atoms O1−C1−C2−C2′, as can be
seen from the values of the angles O1−C1−C1′ and C3−C2−
C10−C1′, which are noticeably different from 180°, and the
angle C2−C10−C1′−C10′, which is noticeably different from
0° (Table S3). Furthermore, the phenyl rings in both
compounds are tilted relative to the central part of the
molecule, as can be seen from the C9−C4−C3−C2 dihedral
angle values, ca. 27° in both compounds. The Cl-atoms in
BCC do not affect the molecular geometry compared to DBC.
(v) Comparison of the C�O bond distances for the
compounds PBMP, BCC, and DBC shows essentially no
difference (cf. Tables 2 and S4).
Thus, it can be seen that the DFT-optimized structure of the

PBMP compound is very close to the experimentally obtained
structure. Furthermore, both the BCC and DBC compounds
show symmetric structures, with no influence of the Cl-atoms
on the structure.
3.4. Frontier Molecular Orbital (FMO) Analysis. Figure

10 shows the plots of the HOMO and LUMO of the
compounds PBMP, BCC, and DBC, and Table 4 provides the
energies (eV) of their selected frontier MOs (HOMO − 2−
LUMO + 2) along with the HOMO/LUMO gaps and
TDDFT gaps (eV). Analysis of these results shows the
following. (i) The PBMP HOMO is contributed by essentially
the whole molecule, whereas the LUMO has stronger
contributions from the central part of the molecule and
smaller contributions from the outer phenyl rings (Figure 10a).
(ii) On the contrary, the HOMOs and LUMOs of both BCC
and DBC have contributions from the whole molecule. For
both compounds, the FMOs are very similar. The BCC
HOMO is stabilized compared to the PBMP HOMO by 0.10
eV, whereas the DBC HOMO is stabilized compared to the
PBMP HOMO by 0.08 eV. The BCC LUMO is destabilized
compared to the PBMP LUMO by 0.25 eV, whereas the DBC
LUMO is destabilized compared to the PBMP LUMO by 0.34
eV. Thus, as can be seen, the chlorine atom incorporation in
the BCC molecule significantly stabilizes its LUMO, whereas
the BCC HOMO is stabilized slightly. The combined Cl-atom
effect reduces the BCC HOMO/LUMO gap compared to the
DBC HOMO/LUMO gap. (iii) The HOMO/LUMO gap of

PBMP is quite large, 3.36 eV, which implies that this molecule
is harder, less polarizable, and therefore less reactive and more
stable. The TD-B3LYP calculated gap is noticeably smaller,
2.91 eV, although it can be still considered as quite significant.
The TD-ωB97XD-calculated gap is by 0.54 eV larger than the
TD-B3LYP-calculated gap and by 0.09 eV larger than the

Figure 10. Plots of the selected FMOs (HOMO and LUMO) of the PBMP (a), BCC (b), and DBC (c) compounds calculated at the B3LYP/6-
311+G(d,p) level with the implicit effects from ethanol (isosurface value = 0.01).

Table 4. Energies of the Selected FMOs (HOMO − 2−
LUMO + 2) of PBMP, BCC, and DBC (eV) along with the
HOMO/LUMO Gaps and TDDFT Gaps (eV), Calculated at
the B3LYP/6-311+G(d,p) Level with the Implicit Effects
from Ethanol

MOs
energy
(eV)

ΔE
(HOMO/LUMO)

(eV)
ΔE(HOMO/LUMO)

(TDDFT) (eV)

PBMP
LUMO −3.03 3.36 2.91/3.45a

HOMO −6.39
LUMO + 1 −2.35 4.31
HOMO − 1 −6.66
LUMO + 2 −1.67 5.07
HOMO − 2 −6.74

BCC
LUMO −2.78 3.71 3.11/3.41a

HOMO −6.49
LUMO + 1 −1.48 5.16
HOMO − 1 −6.64
LUMO + 2 −0.96 6.22
HOMO − 2 −7.18

DBC
LUMO −2.69 3.78 3.14/3.42a

HOMO −6.47
LUMO + 1 −1.31 5.31
HOMO − 1 −6.62
LUMO + 2 −0.69 6.42
HOMO − 2 −7.11
aTD-ωB97XD results.47 The ωB97XD functional is a functional from
Head-Gordon and co-workers, which includes empirical dispersion
using a version of Grimme’s D2 dispersion model.48
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HOMO/LUMO gap, thus being considered as significant. (iv)
The HOMO/LUMO gaps of the BCC and DBC are even
larger than the PBMP HOMO/LUMO gap by 0.35 and 0.42
eV, respectively, which implies that their molecules are harder,
less polarizable, less reactive, and more thermodynamically
stable. Furthermore, the TD-B3LYP-calculated gaps for these
compounds are larger as well by 0.20 and 0.23 eV. However,
the TD-ωB97XD-calculated gaps are somewhat smaller by
0.04 and 0.03 eV. Thus, the presence of Cl-atoms in the BCC
structure would make this compound somewhat more reactive
than DBC. It should be noticed that the TDDFT-calculated
gaps for both compounds are very close to each other. (v) For
PBMP, the gaps in the pairs HOMO/HOMO − 1 and
HOMO − 1/HOMO − 2 are relatively small, 0.27 and 0.08
eV, respectively, which implies that the MOs HOMO − 1 and
HOMO − 2 would be able to participate in the redox reactions
of the compound. On the contrary, the gaps in the pairs
LUMO + 1/LUMO and LUMO + 2/LUMO + 1 are relatively
large, 0.68 eV, which implies that the LUMO + 1 and LUMO
+ 2 are not likely to participate in the redox reactions of the
compound. (vi) For BCC, the gap in the pair HOMO/HOMO
− 1 is relatively small, 0.15 eV, whereas in the pair HOMO −
1/HOMO − 2, it is large, 0.54 eV, which implies that the
HOMO − 1 of this compound would be able to participate in
the redox reactions and the HOMO − 2 would be unlikely to
participate in those. The gaps in the pairs LUMO + 1/LUMO
and LUMO + 2/LUMO + 1 are significant, 1.30 and 0.52 eV,
respectively, which implies that the LUMO + 1 and LUMO +
2 are not likely to participate in the redox reactions of the
compound. For DBC, the gap in the pair HOMO/HOMO − 1
is also relatively small, 0.15 eV, whereas in the pair HOMO −
1/HOMO − 2, it is large, 0.49 eV, which implies that the
HOMO − 1 of this compound would be able to participate in
the redox reactions and the HOMO − 2 would be unlikely to
participate in those. The gaps in the pairs LUMO + 1/LUMO
and LUMO + 2/LUMO + 1 are significant, 1.38 and 0.62 eV,
respectively, which implies that the LUMO + 1 and LUMO +
2 are not likely to participate in the redox reactions of the
compound.
Thus, as can be seen, the longer conjugated molecule of

PBMP, as expected, has smaller (but still quite significant)
HOMO/LUMO and TDDFT gaps compared to the smaller
molecules of BCC and DBC. Furthermore, incorporation of
the Cl-atoms in the molecule, in the case of BCC, decreases its
HOMO/LUMO gap and TDDFT gaps due to stabilization of
both HOMO and LUMO. So far, we are not aware about any
experimental spectral studies of these three compounds;
however, such studies would be planned by the experimental
part of our research team, and the theoretical results obtained
might provide good guidance for these studies. Moreover, in
future research, more profound TDDFT studies could be
performed, which was not the goal of the current study.
3.5. Natural Population Analysis (NPA). Analysis of the

NPA charges provided in Table 5 shows the following. (i) In
the compound PBMP, the carbonyl oxygens of the molecule
bear significant negative charges, ca. −0.63e. The carbons
connected directly to these oxygens are significantly positively
charged, ca. 0.5e. The carbons of the phenyls connecting them
to the carbon−carbon chain, C3 and C10, carry relatively small
negative charges, ca. −0.09e, and the carbons C1 and C2 of the
central phenyl have quite noticeable negative charges, ca.
−0.15−0.18e. The carbons of the methyls bear quite significant
negative charges, close to the carbonyl oxygen charges, ca.

−0.62e. Finally, the carbons of the carbon−carbon chain vary
broadly within ca. −0.09 to −0.29e. (ii) In the compounds
BCC and DBC, quite similar NPA charges on the same atoms
can be seen. The more pronounced differences can be noticed
for the carbonyl oxygen, which in BCC has slightly lower
charge, by 0.005e, for the carbons connected to the Cl-atoms
(C7/C7′), which in BCC have much lower negative charge,
−0.031e compared to −0.196e in DBC, and for the C2/C2′
atoms, which in BCC have negative charge by 0.005e smaller
than in DBC. The chlorines in BBC carry surprisingly small
negative charges, merely −0.007e.
Thus, from the results of the NPA analysis, it can be seen

that molecules of the compounds under investigation carry
significant varying charges on their atoms, which implies, on
the one side, formation of the hydrogen bonding (cf. Table 3)
and dipole−dipole interactions stabilizing the crystal structures
of the title compounds, and, on the other side, would imply
quite significant interactions of their molecules with polar
solvents such as ethanol, methanol, water, etc. Moreover, these
charges might imply potential interactions of these compounds
with various electrophilic and nucleophilic species (see also
discussion below).
3.6. Natural Bonding Orbital (NBO) Analysis. The

NBO analysis allows us to obtain knowledge of orbital
interactions of different types, both intra- and intermolecu-
lar.2b,c,10,12,29,37,39,40,41c,42,49−61 Generally, the NBO analysis is
done by considering all possible interactions among the filled,
or donor, Lewis-type NBOs and empty, or acceptor, non-Lewis
NBOs. Their energetic contributions in interactions are
evaluated using second-order perturbation theory. These
donor−acceptor interactions result in the decrease of the
localized NBO occupancy in the idealized Lewis structure and
increase of the occupancy of the empty non-Lewis orbitals. As
a consequence, these interactions are referred to as
“delocalization” corrections to the zeroth-order natural Lewis
structure. The stronger donor−acceptor interactions have
significant energies of stabilization. The second-order stabiliza-
tion energy E(2) is computed using eq 7

E q
F( )

i
i j

j i

(2) ,
2

=
(7)

Table 5. NPA Charges, e, on the Selected Atoms of the
Compounds PBMP, BCC, and DBC, Computed at the
B3LYP/6-311+G(d,p) Level with the Implicit Effects from
Ethanol (for numbering, see Figures S4 and S5)

atom charge (e) atom charge (e) atom charge (e)

PBMP BCC DBC

O1 −0.629 O1 −0.638 O1 −0.643
C6 0.503 C1 0.525 C1 0.525
C5 −0.286 C2 −0.100 C2 −0.105
C4 −0.094 C3 −0.108 C3 −0.106
C3 −0.091 C4 −0.093 C4 −0.096
C2 −0.178 C7 −0.031 C7 −0.196
C1 −0.152 C10 −0.421 C10 −0.420
C7 −0.078 C1′ −0.370 C1′ −0.370
C8 −0.616 Cl1 −0.007
C9 −0.134
C10 −0.093
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In this equation, εi and εj are off-diagonal and Fi,j is the
diagonal elements of the NBO Fock matrix, qi is the donor
orbital possession, and E(2) is the energy of stabilization [29].
The representative values of the NBO analysis for the three

compounds studied are provided in Table S5, and the
numbering schemes are shown in Figures S4 and S5. Analysis
of the data in Table S5 shows the following. (i) For the
compound PBMP, the values of the stabilization energies vary
very broadly from ca. 10 kcal/mol up to ca. 3071 kcal/mol.
The donor−acceptor stabilizing interactions are represented by
the types π(C-C) → π*(C-C), σ(C-C) → σ*(C-C), σ(C-C)
→ σ*(C-H), σ(C-C) → π*(C-C), σ(C-H) → σ*(C-H), σ(C-
H) → π*(C-C), and LP(O) → σ*(C-C). Among them, the
following several interactions with most significant stabilization
energies, kcal/mol (given in red in Table S5), can be
highlighted: σ(C40-C43) → σ*(C16-H21), 407.00, respon-
sible for the interaction between the opposite sides of the
molecule; σ(C42-H44) → π*(C49-C50), 113.37, responsible
for the interaction within the same part of the molecule (the
methyl and phenyl ring); σ(C42-H45) → π*(C49-C50),
115.07, also responsible for the interaction within the same
part of the molecule (the methyl and phenyl ring); σ(C47-
C53) → σ*(C3-H8), 182.88, responsible for the interaction
between the opposite sides of the molecule; σ(C47-C53) →
σ*(C22-H25), 121.19, also responsible for the interaction
between the opposite sides of the molecule; σ(C47-C53) →
σ*(C27-H32), 590.76, responsible for the interaction between
the central phenyl and one side of the molecule; σ(C47-C53)
→ σ*(C28-C29), 177.22, also responsible for the interaction
between the central phenyl and one side of the molecule;
σ(C47-C53) → σ*(C49-C50), 210.55, responsible for the
interaction within the same part of the molecule; σ(C47-C53)
→ π*(C49-C50), 416.36, responsible for the interaction within
the same part of the molecule; σ(C52-C53) → σ*(C3-H8),
192.17, responsible for the interaction between the opposite
sides of the molecule; σ(C52-C53) → σ*(C3-H8), 133.44,
responsible for the interaction between the opposite sides of
the molecule; σ(C52-C53) → σ*(C27-H32), 573.20, respon-
sible for the interaction between the central phenyl and one
side of the molecule; σ(C52-C53) → σ*(C28-C29), 184.38,
responsible for the interaction between the central phenyl and
one side of the molecule; σ(C52-C53) → σ*(C49-C50),
206.95, and σ(C52-C53) → π*(C49-C50), 403.77, both
responsible for the interaction within the same part of the
molecule; σ(C52-H57) → π*(C49-C50), 120.47, responsible
for the interaction within the same part of the molecule;
σ(C53-H58) → σ*(C3-H8), 424.18, σ(C53-H58) → σ*(C5-
H10), 148.86, and σ(C53-H58) → σ*(C22-H25), 259.52, all
three responsible for the interaction between the opposite
sides of the molecule; σ(C53-H58) → σ*(C27-H32), 3071.17,
and σ(C53-H58) → σ*(C28-C29), 355.51, both responsible
for the interaction between the central phenyl and one side of
the molecule; σ(C53-H58) → σ*(C49-C50), 464.29, and
σ(C53-H58) → σ*(C52-H57), 137.71, both responsible for
the interaction within the same part of the molecule. (ii) On
the contrary, for BCC, the energies of the donor−acceptor
interactions collected in Table S5 are relatively low, varying
within ca. 10�23 kcal/mol. The donor−acceptor stabilizing
interactions can be classified just into three types: π(C-C) →
π*(C-C), σ(C-H) → σ*(C-H), and LP(Cl) → π*(C-C). (iii)
For DBC, the situation becomes different: the energies of the
donor−acceptor stabilization interactions vary within ca. 10�
55 kcal/mol, and the interaction types are σ(C-C) → σ*(C-

C), π(C-C) → π*(C-C), π(C-C) → π*(O-C), σ(C-H) →
σ*(C-C), σ(C-H) → σ*(C-H), and LP(O) → σ*(C-C). Two
stabilization interactions with the largest energies can be
highlighted, σ(C2-C38) → σ*(C36-C38), 39.62 kcal/mol,
σ(C38-H39) → σ*(C36-C38), 55.25 kcal/mol, both respon-
sible for the stabilization of one of the phenyls.
Thus, the NBO analysis shows numerous high-energy

stabilizing interactions for the PBMP compound due to the
presence of many delocalized and relatively easily polarizable
π-electrons, thus implying its significant thermodynamic
stability. Furthermore, for two other compounds, the NBO
analysis also shows the presence of stabilizing interactions,
however, less numerous and with noticeably lower energies,
especially for the compound BCC. This, in turn, might imply
their somewhat lower stability or higher reactivity.
3.7. Global Reactivity Parameter (GRP) Analysis. The

global reactivity parameters�ionization potential (IP), elec-
tron affinity (EA), global softness (σ), global electrophilicity
(ω), global hardness (η), global electronegativity (X), and
chemical potential (μ)�were computed using the FMO
energies (Table 4) according to eqs 1−6 (see Computational
Details) [30−32], and the computed values in eV are
presented in Table 6.

Analysis of the GRP data given in Table 6 shows the
following. (i) The IP and EA values of the PBMP compound
are significant, 6.39 and 3.03 eV, respectively, which implies
that this compound should be stable in the oxidation processes
but might attach electrons in the reduction processes. This is
also supported by the PBMP delocalized structure, which
would mean that the charge attained could be easily
delocalized over the molecule, thus stabilizing the anion
formed. The global electronegativity X along with global
electrophilicity ω has significantly high values, 4.71 and 6.602
eV, respectively, which would imply higher reactivity of the
compound in reduction reactions. The significant negative
value of the chemical potential, −4.71 eV, implies noticeable
thermodynamic stability of the compound. A relatively low
value of the global softness σ, 0.298 eV, along with a more
significant value of the global hardness η, 1.68 eV, would also
imply lower reactivity of this compound. (ii) The IP and EA
values of BCC and DBC are also significant, the IP values
being higher than the PBMP IP value and the EA values being
lower than the PBMP EA value. This implies that these two
compounds should be even less prone to both oxidation and
reduction processes and thus more stable in the redox
environment compared to the PBMP compound. Further,
the global electronegativity X and global electrophilicity ω
values for BCC and DBC are lower than those for PBMP,
4.635 and 4.58 eV, respectively, vs 4.71 eV, and 5.791 and
5.549 eV, respectively, vs 6.602 eV. This would also imply
lower reactivity of these two compounds in redox processes.

Table 6. Calculated GRPs for the PBMP, BCC, and DBC
Compounds (eV)

IP EA gap X η μ σ ω
PBMP

6.39 3.03 3.36 4.71 1.68 −4.71 0.298 6.602
BCC

6.49 2.78 3.71 4.635 1.855 −4.635 0.270 5.791
DBC

6.47 2.69 3.78 4.58 1.89 −4.58 0.265 5.549
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The chemical potentials of both BCC and DBC have quite
significant negative values, −4.635 and −4.58 eV, respectively;
however, these values are somewhat smaller than the PBMP
value, which might imply somewhat lower thermodynamic
stability of these two compounds. Relatively low values of the
global softness σ, 0.270 and 0.265 eV, respectively, vs 0.298 eV
for PBMP, along with even more significant values of the
global hardness η, 1.855 and 1.89 eV, vs 1.68 eV for PBMP,
would imply noticeably lower reactivity of these two
compounds compared to PBMP.
Thus, the GRP analysis shows that all three compounds

should be relatively stable in the redox processes, especially
BCC and DBC, and also should have quite high thermody-
namic stability and relatively low reactivity in general.
3.8. Molecular Electrostatic Potential (MEP) Mapping.

The MEP plots of the PBMP, BCC, and DBC compounds
provided in Figure 11 show the following. (i) In PBMP,
accumulation of the negative potential, as indicated by the red
color, can be seen at the carbonyl oxygen and, slightly, in the
middle parts of the phenyls. The accumulation of the positive
potential, as indicated by the blue color, can be seen on the
hydrogens in the whole molecule. (ii) In BCC and DBC, the
negative potential accumulates on the carbonyl oxygens (in a
larger extent), inside the phenyl rings (in a smaller extent), and
for BCC on the chlorines as well (in a smaller extent).
Furthermore, some accumulation of the positive potential can
be seen on the hydrogens in the whole molecule.
These results imply potential formation of the intermolec-

ular hydrogen bonding and dispersion interactions (cf. Tables
3 and 4), which would stabilize the crystal structures of these
compounds (cf. with the Hirshfeld analysis above) and also
would facilitate dissolution of these compounds in various
polar solvents.

4. CONCLUSIONS
In this study, three compounds DBC, BCC, and PBMP were
prepared and characterized by the spectroscopic method.
Moreover, the chemical structure of PBMP is investigated by
the single-crystal technique. The SC-XRD data revealed that
the molecular configuration is stabilized by intramolecular C−
H···O bonding, whereas the supramolecular assembly is
stabilized by noncovalent interactions named as C−H···O,
C−O···π, and weak T-shaped π···π stacking interactions. The
strong as well as the comparatively weak noncovalent
interactions of PBMP are explored by the Hirshfeld surface
analysis and compared with DBC and BCC. The crystal

packing environment is further explored by the interaction
energy calculations between the molecular pairs and energy
framework plots. DFT results corroborate the experimental
data. The PBMP DFT-optimized structure is very close to the
experimentally obtained structure, and both the BCC and
DBC compounds show symmetric structures, with no
influence of the Cl-atoms on the structure. The FMO analysis
showed that the longer conjugated molecule of PBMP, as
expected, has smaller but still quite significant HOMO/LUMO
and TDDFT gaps compared to the smaller molecules of BCC
and DBC. Furthermore, incorporation of the Cl-atoms in the
molecule, in the case of BCC, decreases its HOMO/LUMO
gap and TDDFT gaps due to stabilization of both HOMO and
LUMO. The NPA analysis showed that molecules of the
compounds under investigation carry significant varying
charges on their atoms, which implies, on the one side,
formation of the hydrogen bonding and dipole−dipole
interactions stabilizing the crystal structures of the title
compounds, and, on the other side, would imply quite
significant interactions of their molecules with polar solvents,
such as ethanol, methanol, water, etc. The NBO analysis shows
numerous high-energy stabilizing interactions for the PBMP
compound due to the presence of many delocalized and
relatively easily polarizable π-electrons, thus implying its
significant thermodynamic stability. Furthermore, for two
other compounds, the NBO analysis also shows the presence
of stabilizing interactions, however, less numerous and with
noticeably lower energies, especially for the compound BCC.
The GRP analysis shows that all three compounds should be
relatively stable in redox processes, especially BCC and DBC,
and also should have quite high thermodynamic stability and
relatively lowered reactivity in general. The MEP analysis
results imply potential formation of intermolecular hydrogen
bonding and dispersion interactions, which would stabilize the
crystal structures of these compounds and also would facilitate
dissolution of these compounds in various polar solvents.
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Figure 11. Molecular electrostatic potential plots for the PBMP (a), BCC (b), and DBC (c) compounds calculated at the B3LYP/6-311+G(d,p)
level with the implicit effects from ethanol. The bright red color corresponds to the negative MEP, −0.01 A.U., whereas the bright blue color
corresponds to the positive MEP, +0.01 A.U.
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311+G(d,p), implicit C2H5OH; representative values of
the NBO analysis; numbering scheme for the NBO
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