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A B S T R A C T

The supramolecular host-guest complexation of the first-line anticancer drug Vemurafenib (VFB) with β-cy-
clodextrin (β-CD) and cucurbit[7]uril (CB7) is computationally investigated employing the DFT/TD-DFT method
in implicit aqueous solutions. The structures of the 1:1 complexes of VFB:β-CD and VFB:CB7 are stabilized by
intermolecular hydrogen bonds (HB) that are oriented at the rims of the host molecules with an average length of
2.00 Å. The results of the thermodynamic quantities revealed Δ G° values of −15.3 and −6.2 kcal/mol asso-
ciated with the formation of VFB:β-CD-I and VFB:CB7-I complexes, respectively. These results suggest that the
supramolecular host-guest complexation of VFB with β-CD is favored over CB7, which in turn can be attributed
to the formation of cooperative HBs. The stability of the examined complexes was verified as revealed by mo-
lecular dynamics analyses, where these complexes exhibited changes of only±0.02 kcal/mol and±0.06 Å in
their total energy and length of key HBs, respectively.

1. Introduction

Nanotechnology has been recently considered as a central landscape
for providing remedies for various complications that we face in various
aspects of our lives including biomedical challenges [1–7]. One im-
portant aspect of recent nanotechnology is the development of nano-
carriers for targeted drug delivery [3,6,8]. Such nanocarriers can be
classified into two types based on the bonding between the drug and its
nanocarriers, namely covalent and non-covalent drug carriers. Covalent
bonding is widely utilized for linking the drug with its carrier [9–12];
however, the main drawbacks of this type of bonding include the re-
tarded release of the drug at the targeted tissues and the need for multi-
step synthesis for producing such assemblies. On the other hand, host-
guest nano-assemblies demonstrate advantageous features in this re-
gard [13–15]. Particularly, host-guest interaction is assembled by
noncovalent interactions to form facile complexes; this includes mainly
hydrogen-bonding (HB), van der Waals force, π–π stacking interaction,
hydrophobic/hydrophilic interaction, and electrostatic interaction
[16–22]. Yet, HB is a superior noncovalent interaction that contributes
significantly in stabilizing the formed complexes [17].

It is noteworthy to mention that host-guest supramolecular inter-
actions are constructed based on the encapsulation of a guest molecule
inside the nanocavity of macrocyclic molecules with specific stoichio-
metric ratios, where this nanostructure is stabilized by noncovalent

interactions and bondings. It is important to mention that such non-
covalent interaction is significantly important for probing the interac-
tion of the substance of interest with its local molecular environments
including molecular host-guest supramolecular assemblies [23–32].
Major families of macrocyclic molecules that can afford nanocavities to
serve as hosts for a wide spectrum of substances include cyclodextrins
(CDs) [16–20] and cucurbit[n]urils (CBs) [21,22]. The macromolecule
is constructed from a specific number of a repeat unit (n) covalently
bridged to form a geometry of hydrophobic and hydrophilic interior
and exterior, respectively. Fig. 1 shows the chemical structures of two
of the most common members of these two families, namely β-CD and
CB7, whose structures bear six and seven repeating units, respectively.
Truncated cone shape with wide and narrow rims can be noticed for
CDs, whereas CBs exhibit a pumpkin shape. The main structural char-
acteristic of these macromolecules is their hydrophobic cavities (in-
terior) with hydrophilic exteriors that enable them to afford partial or
complete encapsulation of a hydrophobic guest molecules in aqueous
solutions; this includes encapsulation of pharmaceuticals. It is note-
worthy mentioning that such host molecules can form inclusion com-
plexes of specific stoichiometric ratios including 1:1 ratio. In such a
ratio, one host molecule encapsulates one guest molecule to form stand-
alone one host-guest assembly in solution.

Interestingly, such kind of structural arrangement is similar to the
cell membrane, and hence its beneficial applications do not only offer to
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enhance the pharmaceutical properties of the drugs but also examining
their host-guest nanostructures is very beneficial toward providing in-
sights into the mechanism of drug-cell membrane interaction
[13–15,33–35]. Importantly, enhancing the clinical performance of
pharmaceuticals has been a growing demand for promoting persona-
lized medications worldwide. Phototoxicity is a major drawback of a
wide spectrum of pharmaceuticals that are associated with exposure to
light [36–39]. To this end, Vemurafenib (VFB) is a new photosensitive
anticancer drug that has been recently approved by the US-FDA for the
treatment of late-stage melanoma [40–43]. Using VFB b for the treat-
ment of melanoma has demonstrated significant success [41,44].
However, the severe undesired side effects associated with the use of
this photosensitive drug have become a major concern [45–47]. Thus,
this necessitates elucidating the physicochemical properties and the
behavior of the drug at the molecular level and accordingly provide
insights concerning potential remedies for such phototoxicity. The
chemical structure of VFB is shown in Fig. 2.

In this work, we study computationally the effects of the en-
capsulation of VFB inside the nanocavity of β-CD and CB7 molecules on
its physicochemical properties. The physicochemical properties of VFB
embedded in host-guest supramolecular assemblies of β-CD and CB7 in
implicit aqueous solutions are examined via utilizing various ap-
proaches of the density functional theory (DFT) method. The archi-
tectures of the host-guest supramolecular assemblies and the corre-
sponding spectral and dynamics properties are revealed at the
molecular levels.

2. Computational methods

General aspects. All calculations were conducted utilizing the
Gaussian 09 (D.01) software package [48]. All calculations including
geometry optimization, spectral simulation, and molecular dynamics
were conducted employing the DFT method with the ωB97XD func-
tional and 6-31+G(d) basis set unless otherwise noted. The optimized
geometries of all examined species were confirmed as a minima via
conducting frequency calculations. Geometry optimization for con-
formational analyses of various insertion displacement inside the host’s
cavity was performed employing the semi-empirical method (PM7) as
implemented in MOPAC-2016 software [49]. The implicit aqueous so-
lutions were incorporated employing the integral equation formalism
polarizable continuum model (IEFPCM) [50]. The absorption spectra of
all examined species were simulated using the time-dependent version
of the DFT method (TD-DFT). The Natural Bond Orbital analysis (NBO)
and Atom Centered Density Matrix propagation (ADMP) molecular
dynamics were performed as implemented in Gaussian 09. Optimized
geometries for all species were utilized as inputs for all corresponding
TD-DFT, NBO, and ADMP calculations at the same level of theory.

1:1 molecular host-guest supramolecular assemblies. The geometry of
the guest and host molecules were optimized prior to forming the 1:1
molecular host-guest supramolecular assemblies. Using the corre-
sponding optimized geometries of VFB and gusset molecules, the as-
semblies were constructed as illustrated in Fig. 3. The Two complexes of
VFB with each of the host molecules β-CD and CB7 were constructed.
For each host, the VFB molecule was included from both ends of
chlorobenzene and sulfonamide units to afford two inclusion complexes
I and II, respectively. The geometry optimization for each molecular
host-guest supramolecular assemblies was then performed without any
constrain at the same level of theory. For each of the optimized geo-
metry of the molecular host-guest supramolecular assemblies, the dy-
namic stability was examined employing the ADMP molecular dynamic
approach. All ADMP trajectories were constructed with a step-size of
0.2 fs for a total period of time of 60 fs.

3. Results and discussion

Considering the photochemical behavior of VFB at the molecular
level, previous studies have been reported mainly on the potential
photodegradation of VFB encompassing the C-F bonds [51] and af-
fording photocaging protection for the two amine functional groups
[52]. As such, we attempted herein to rationalize the effect of host-
guest supramolecular inclusion complexation on the corresponding

Fig. 1. Chemical structures of β-CD and CB7.

Fig. 2. Chemical structures of Vemurafenib.
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structural properties of VFB that have a potential impact on the pho-
tochemical behavior of the drug.

Geometry optimization. The geometries of all examined species were
optimized including the uncomplexed and complexed host and guest
molecules employing the DFT method. The corresponding DFT calcu-
lations were performed in vacuum (gas phase) and implicit aqueous
solutions. Fig. 4 shows the optimized geometries of the corresponding
supramolecular host-guest inclusion complexes of VFB with β-CD and
CB7 in implicit aqueous solutions obtained using the DFT/ωb97xd (6-
31G(d))/IEFPCM (water) method. It is important to mention that the
formation of such inclusion complexes is stabilized by noncovalent in-
teractions including hydrogen bonding (HB). As such, we utilized
herein the DFT functional of ωb97xd as it offers the best rationalization
for such noncovalent interactions and the corresponding dispersion
forces, and hence no attempts have been made to utilize other func-
tionals. Interestingly, the DFT results suggest that as per the size and
geometry of VFB and the examined host molecules, VFB can be partially
included inside the nanocavities of both examined host molecules of β-
CD and CB7. Such partial inclusions afford the opportunities for VFB to
be included inside the nanocavities of the host molecules through the
penetration of the chlorobenzene and sulfonamide units. Hence, as per
this approach, one unit is included inside the nanocavity while the
other unit remains outside the nanocavity as illustrated in Fig. 4.

As mentioned above, it is anticipated that the inclusion of VFB in-
side the nanocavities of the host molecule can induce structural changes
on the geometry of the molecule that are attributed to noncovalent
interactions. Key structural parameters of all examined species are
compiled in Table 1. In accordance with the partial inclusion of VFB
inside the nanocavity of the host molecule, it is worth to notice that the
inclusion complexation can induce specific structural changes without
affecting other properties. For example, for the length of the bonds, the
DFT results revealed a N1-H1′ bond elongation of 0.012 Å upon the
formation of the inclusion complex VFB:β-CD-I with the unchanged
length for other bonds. Likewise for VFB:β-CD-II, an N2-H2′ bond

elongation of 0.010 Å was calculated. Interestingly, such notable
elongations can be attributed to strong noncovalent interactions with
the host molecule. It is worth noting N1-H1′ bond is associated through
HB with the oxygen atoms of the hydroxyl groups at the wide rim of the
β-CD with a HB length of 1.968 and 2.105 Å for VFB:β-CD-I and VFB:β-
CD-II, respectively; see below for more information. The corresponding
oxygen atom of the host molecule that is involved in HB is labeled as
displayed in Fig. 4.

Furthermore, another key structural change that the guest molecule
exhibit upon a host-guest inclusion complexation is undergoing an in-
duced twisted molecular conformational changes. As illustrated in
Fig. 2, VFB structure bears the rings marked as A and B that are twisted
out of plane with a twisting dihedral angle (α) of 140°. However, upon
the formation of the complex VFB:β-CD-I, VFB as a guest molecule
exhibited a substantial decrease in α rotation with a calculated value of
97° compared with a value of 140° for the uncomplexed VFB molecule.
Nevertheless, it is worth noting that VFB in complexes VFB:β-CD-II,
VFB:CB7-I, and VFB:CB7-II exhibited a negligible change of± 2° in the
values of α. Importantly, it can be anticipated that such substantial
reduction in the coplanarity of VFB can induce a discontinuation in the
charge delocalization within units A and B and consequently altering
the corresponding physicochemical properties of the drug.

One the other hand, it is noteworthy mentioning that obtaining
DFT-based optimized geometries of all potential inclusion complexes
does not necessarily mean that they all have the same probability to be
formed in solution. Thus, the key standard thermodynamic quantities
for each complexation reaction were calculated at the same level of
theory; this includes the changes in Gibbs free energy (ΔG°), enthalpies
(ΔH°), and entropy (ΔS°). The corresponding thermodynamic quantity
was calculated per the optimized geometries of all species before and
after complexation. For example, eq. 2 illustrates the general formula
used to calculate the ΔG° of inclusion complexation:

= +° ° °G G G G( )complex VFB Host (1)

Fig. 3. Schematics of the 1:1 molecular host-guest supramolecular assemblies of VFB with β-CD and CB7.
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where G°complex, G°VFB, and G°Host are the thermal free energies of the
molecular 1:1 host-guest supramolecular assemblies with β-CD and
CB7, free (uncomplexed) drug molecule, and free host molecule, re-
spectively. Calculated thermodynamics quantities are compiled in
Table 2.

According to the calculated ΔG°, one can notice that the formation
of all examined inclusion complexes is a spontaneous process. This is
expectedly well in line with the nature of the nanocavities of β-CD and

CB7 as well as the VFB molecule in terms of matching hydrophobicity
and stabilization factor of HB at the rims of the nanocavities of the host
molecules. Concerning the role of the phase of the medium, it is worth
noting that there is a substantial difference in the thermodynamic
quantities obtained in the gas phase (vacuum) compared to implicit
aqueous solutions indicative of the significant effect of solvation on the
supramolecular host-guest interactions of VFB with β-CD and CB7. For
example, the formation of VFB:β-CD-I is associated with ΔG° of −28.0
and −15.3 kcal/mol in the gas and implicit aqueous phases, respec-
tively. Also, one can notice that the DFT calculations revealed an in-
significant difference upon employing β-CD and CB7 as a host in the gas
phase. However, a substantial difference is observed for the role of the
host in implicit aqueous phase as revealed by the DFT calculations,
where ΔG° values of −15.3 and −6.2 kcal/mol were calculated for the
formation of VFB:β-CD-I and VFB:CB7-I complexes, respectively. These
DFT results suggest substantial favoritism for VFB to form supramole-
cular inclusion complexes with β-CD compared with CB7.

Furthermore, concerning the configuration of inclusion complexa-
tion, i.e. chlorobenzene versus sulfonamide inclusions, although both
configurations yielded the same ΔG° values of −15.3 kcal/ mol for
VFB:β-CD complexes, yet other thermodynamic quantities, namely ΔH°
and ΔS° indicate a notable difference. For example, the formation of
VFB:β-CD-II is favored to be formed versus VFB:β-CD-I in terms of ΔH°,
yet such favoritism is notably reduced with respect to the retardation
effect of ΔS°. Hence, such opposing favoritisms of ΔH° and ΔS° is ba-
lanced to afford equal favoritism in terms of ΔG°. Nevertheless, con-
sidering the relatively different hydrophobicity that is exhibited by the
chlorobenzene and sulfonamide units, it can be suggested that the hy-
drophobicity of the guest molecule is not the key factor for the for-
mation of the complexes. Indeed, one can anticipate an overrule con-
tribution of another noncovalent intermolecular interaction, namely
HB. Such observation is well in line with the structural changes cal-
culated for VFB upon the formation of the complexes as summarized in
Table 1. See below for further information concerning the contribution
of HB.

Simulated UV–Vis absorption spectra. In order to shed more light on
the effect of supramolecular inclusion complexation on the molecular
properties of VFB, it is necessary to investigate the nature molecular
orbitals (MOs) of VFB before and after complexation; this includes their

Fig. 4. Optimized geometries of VFB:β-CD and VFB:CB7 and 1:1 host-guest
supramolecular assemblies; DFT/ωb97xd(6-31 g(d))/IEFPCM (water); (*)
oxygen atom of the host molecule involved in HB; hydrogen atoms were
omitted for clarity.

Table 1
Key structural parameters of the examined species.a

Species Bond Length (Å) Torsion Angle α (°)

N1-H1′ N2-H2′ C3-F3′ C4-F4′ C5-C6-C7-C8

VFB 1.010 1.015 1.342 1.340 140
VFB:β-CD-I 1.022 1.015 1.342 1.341 97
VFB:β-CD-II 1.010 1.025 1.344 1.338 139
VFB:CB7-I 1.016 1.015 1.334 1.331 138
VFB:CB7-II 1.019 1.027 1.331 1.340 142

a See Fig. 2 for atom numbering.

Table 2
Thermodynamic quantities of VFB host-guest inclusion complexation with β-CD
and CB7.

Complex Thermodynamic Quantitya

Vacuum Water

ΔG° ΔH° ΔS° ΔG° ΔH° ΔS°

VFB:β-CD-I −28.0 −45.3 −57.9 −15.3 −34.1 −63.1
VFB:β-CD-II −29.5 −49.2 −66.0 −15.3 −36.8 −72.1
VFB:CB7-I −27.4 −50.2 −76.7 −6.2 −29.1 −76.8
VFB:CB7-II −30.1 −55.4 −84.7 −9.9 −34.2 −81.5

a ΔG and ΔH in kcal/mol, ΔS in cal/mol-K; Temperature = 298 K.
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energy as well as localization/delocalization pattern. This is in fact
crucial as such analyses can provide insights concerning the reactivity
of the molecule and correspondingly potential photostability. To this
end, simulated UV–Vis absorption spectra of substances of interest can
be utilized to perform the desired MOs analysis. Fig. 5 displays the
normalized simulated UV–Vis absorption spectra of all examined spe-
cies in implicit aqueous solutions obtained via employing the TD-DFT/
IEFPCM method.

One can notice from Fig. 5 that the absorption spectrum of free VFB
molecules exhibits absorption bands centered at wavelengths (λ) of
~307 and 247 nm that are ascribed as λ1 and λ2, respectively. These
results are in good agreement with the reported experimental results of
the absorption spectrum of VFB in solution [51,52]. Also, the simulated
spectra of free β-CD and CB7 did not exhibit any band in the UV–Vis

range indicative of no overlapping between the calculated spectra. On
the other hand, it is noteworthy mentioning that most of the photo-
toxicity of photosensitizing drugs is induced by exposure to sunlight of
a wavelength in the range of 290–700 nm, which particularly corre-
sponds to the sunlight that can reach the earth. As such, we focus our
analysis herein on the λ1 band in terms of shape and position within
that range. Examining Fig. 5, it can be noticed that complexation with
β-CD can induce a substantial effect on the shape and position of the
spectrum of VFB indicative of strong interaction and consequently
significant impact on the corresponding MOs. Indeed, such substantial
impact on the absorption spectrum of VFB is well in line with the
thermodynamic and structural analyses discussed above.

Furthermore, the most notable change concerning the shape of the
absorption spectrum of VFB is observed for the complex of VFB: β-CD-I.
It can be suggested that such changes in the shape of the spectrum can
be attributed to the conformational changes in the structure of VFB
upon complexation with β-CD-I to form the 1:1 host-guest supramole-
cular assembly with β-CD VFB: β-CD-I. Hence, such conformational
changes might cause a rearrangement in the MOs that are responsible
for the corresponding electric transitions of particular absorption bands
as well as altering the probability of such transition; see below for
further information. On the other hand, although the shape of the
spectrum of VFB was not significantly influenced by complexation with
CB-7, yet one can notice that the relative intensity IR (IR = I(λ1)/I(λ2))
has increased. Compared with free VFB, the IR exhibited a change by
approximately 0.55, 0.51, 0.22, and 0.15 for complexes VFB:β-CD-I,
VFB:β-CD-II, VFB:CB7-I, and VFB:CB7-II, respectively.

Frontier Molecular Orbitals. In principle, the spectral bands in the
absorption spectrum of a molecule correspond to particular electronic
transitions between specific MOs upon being exposed to light. Hence,
the induced changes in the absorption spectrum are indicative of
changes in the MOs in terms of nature and/or energy. The frontier MOs
of all examined species are simulated at the same level of geometry
optimization. Fig. 6 displays the key MOs of the examined species,
namely the HOMO and LUMO. The DFT calculation revealed that the
absorption band of λ1 corresponds to HOMO → LUMO electronic
transition, which indeed indicates a nature of π → π* transition. It is
worth noting that the HOMO of VFB is extended over the conjugated
part of the molecule comprising mainly the chlorobenzene and pyr-
idine-pyrrole infused rings, whereas the LUMO is extended over mainly

Fig. 5. Normalized simulated UV–Vis absorption spectra of VFB and 1:1 host-
guest supramolecular assemblies with β-CD and CB7.

Fig. 6. The frontier MOs (HOMO-LUMO) of VFB and 1:1 host-guest supramolecular assemblies with β-CD and CB7.
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the pyridine-pyrrole infused rings. An energy gap (ΔE = ELUMO-EHOMO)
of 4.57 eV was calculated for VFB. Interestingly, the formation of
VFB:β-CD-I induced a substantial change in the nature of the HOMO of
VFB with no change observed for the LUMO, whereas the formation of
VFB:CB7-I has no effect on the nature of both MOs. Yet, it is worth
noting that ΔE for both complexes has been slightly affected, where
values of 4.55 and 4.58 eV were calculated for VFB:β-CD-I and
VFB:CB7-I complexes, respectively. However, the formation of VFB:β-
CD-II has no effect on the nature of both HOMO and LUMO of VFB. It
can be noted that the delocalization HOMO of VFB has been reduced to
be extended over only the pyridine-pyrrole infused rings.

Extending the MOs analysis to cover other orbitals (data not
shown), the obtained results revealed that the HOMO of VFB has be-
come HOMO-3 in VFB:β-CD-I indicative of the role of complexation in
inducing MOs’ rearrangement to bear out the new molecular environ-
ment inside the nanocavities. Indeed, such changes in nature and en-
ergies of the MOs of VFB upon the formation of the inclusion complexes
are well in line with the results obtained from the absorption spectrum.
These results suggest that although the ΔE of VFB:β-CD-I has been re-
duced indicating a red-shift in the spectral properties, yet the original
HOMO of VFB has been stabilized as it has been located as HOMO-3
after complexation. It can be suggested that such spectral shift might be
attributed to the conformational changes that the guest molecule VFB
exhibits upon the formation of the 1:1 host-guest supramolecular as-
semblies with β-CD. However, comparing the absorption spectrum of
VFB:β-CD-I with VFB:β-CD-II, it is apparent that VFB:β-CD-I exhibits a
blue-shift in λ1 compared to VFB:β-CD-II. It can be suggested that such
relative blue-shift is attributed to the conformational changes in VFB
upon the formation of VFB:β-CD-I as discussed above, which can cause
a reduction in the extent of conjugation and consequently inducing a
blue-shift in the corresponding absorption band. Importantly, it can be
suggested that the photochemical behavior originated from the HOMO
of VFB is notably affected by supramolecular interaction with β-CD and
consequently reduction in the drug phototoxicity might be anticipated.

NBO analyses. In view of the results discussed above, the non-
covalent interactions associated with the formation of the inclusion
complexes of VFB with β-CD and CB7 were further assessed employing
the NBO method. In this approach, the noncovalent interactions are
visualized in terms of donor → acceptor interactions between two MOs,
which in turn corresponds to a charge transfer from a donor MO to an
acceptor MO. Henceforth, such interaction is considered as a stabilizing
factor that promotes the formation of the species of interest, namely the
inclusion complexes. Such interactions are quantitatively assessed em-
ploying the second-order perturbation energy of interaction (E(2)). To
this end, we focused herein on the key noncovalent interactions that
exhibit notable stabilizing energy, namely the HBs; see Table 3. As can
be noted, the VFB:β-CD complexes are stabilized by two cooperative
HBs, namely lp(O)β-CD → σ*(NeH)VFB and lp(O)VFB → σ*(OeH)β-CD.
The calculations revealed E(2) values of 11.5 and 3.9 kcal/mol, re-
spectively. For complex VFB:β-CD-I and 4.9 and 7.3 kcal/mol, respec-
tively, for complex VFB:β-CD-II. Furthermore, the average length of
these HBs (dHB) are centered on a value of approximately 2.000 Å in-
dicative of strong HB. Comparing these results with VFB:CB7

complexes, one can notice that CB7 can exhibit only one type of in-
teraction, namely lp(O)CB7 → σ*(NeH)VFB, indicative of reduced sta-
bilizing interaction compared to VFB:β-CD complexes. Fig. 7 illustrates
a graphical comparison between VFB:β-CD-I versus VFB:CB7-I. In ad-
dition, it is worth noting that the HB occurs at the rims of both host
molecules. Interestingly, these NBO results are well in line with the
thermodynamic results presented above in terms of energy of interac-
tion between the VFB as a guest molecule and β-CD and CB7 as host
molecules.

Furthermore, it is noteworthy to mention that both host and guest
molecules may undergo conformational changes upon the formation of
the molecular host-guest supramolecular assemblies, and hence it is
essential to examine the potentiality of such conformational changes in
terms of energy and geometrical aspects of the corresponding supra-
molecular assemblies. In light of the results obtained for the energy of
interaction and stabilization factors, the stability of the studied host-
guest supramolecular assemblies was further examined employing the
ADMP molecular dynamics approach. Fig. 8 illustrates the changes in
the total energy (ΔE, kcal/mol)) of the optimized geometries of the
inclusion complexes as well as changes in the length of the key HB
(ΔdHB).

As can be noted, the host-guest supramolecular assemblies of VFB
with β-CD and CB7 exhibit a ΔE of± 0.02 kcal/mol indicative of sub-
stantial dynamic stability over the tested time frame. Furthermore, the
key HBs exhibited a ΔdHB of only± 0.06 Å indicative of stable inter-
molecular HB between VFB as a guest molecule and β-CD and CB7 as
host molecules. These results suggest that both molecules of the host
and guest species can exhibit a negligible conformational upon the
formation of 1:1 host-guest supramolecular assemblies.

Moreover, further conformational analyses was conducted con-
cerning other potential conformations of the examined complexes. The
DFT-optimized geometry for each complex is considered as a reference
input geometry (designated as R in Fig. 9). The guest molecule of VFB
was systematically displaced inward and outward inside the host’s
cavity with a displacement of −2 and +3 Å, respectively, with an in-
crement of 1 Å unless otherwise noted. It is noteworthy mentioning that
due to the high computational cost associated with employing the DFT
method for such conformational analysis, the method of semi-empirical
(PM7) was employed as proof of principle. After each displacement of
1 Å, the geometry was optimized employing the semi-empirical (PM7)
without any constrains. The DFT-optimized geometry was re-optimized
using the same semi-empirical (PM7) method for comparison.

Fig. 9 illustrates the variation in ΔE as a function of displacement
inside the host’s cavity for all examined complexes relative to the re-
ference geometry of the corresponding complex. Examples of the input
geometry and the corresponding optimized geometry after selected
displacements for the complex VFB:β-CD-I are displayed in Fig. 9. It is
worth noting that the optimized geometries of all complexes after dis-
placement exhibit a reasonable pattern indicative of alike behavior of
complexation. For example, for complex VFB:β-CD-I, inward displace-
ments of −1 and −2 Å induced a decrease in the stability of the
complex by 0.2 and 1.5 kcal/mol, respectively, which in turn can be
attributed to increased electronic repulsion. On the other hand, out-
ward displacement of +3 Å induced a decrease in the total energy of
the complex by 2.3 kcal/mol. It can be suggested that such a decrease in
energy of the complex is attributed to the long distance induced by the
displacement between the host and guest molecules that can conse-
quently lead to weaker noncovalent bondings. Interestingly, these
findings are well in line with the DFT-optimized geometry concerning
the significance of HB as a key noncovalent bonding that has a major
contribution in stabilizing the formed host-guest supramolecular as-
semblies.

4. Concluding remarks

The findings of the present work demonstrate the potential of VFB

Table 3
NBO electronic transitions of the intermolecular HB of VFB host-guest inclusion
complexation with β-CD and CB7 and the corresponding stabilization energies
(E(2)).

Complex Transition (donor → acceptor) E(2) kcal/mol dHB Å

VFB:β-CD (I) lp(O)β-CD → σ*(NeH)VFB 11.5 1.968
lp(O)VFB → σ*(OeH)β-CD 3.9 2.059

VFB:β-CD (II) lp(O)β-CD → σ*(NeH)VFB 4.9 2.105
lp(O)VFB → σ*(OeH)β-CD 7.3 1.842

VFB:CB7 (I) lp(O)CB7 → σ*(NeH)VFB 5.1 1.989
VFB:CB7 (II) lp(O)CB7 → σ*(NeH)VFB 8.7 1.842
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to form supramolecular host-guest inclusion complexes in aqueous so-
lutions with two types of host molecules, namely β-CD and CB7. The
DFT results suggest that these complexes are stabilized by strong in-
termolecular HBs between the host and guest molecules. The effect of
such complexation on the physicochemical properties of VFB was de-
monstrated per the notable structural changes exhibited by VFB after

complexation. The cooperative HBs exhibited by VFB:β-CD complexes
and the associated thermodynamic quantities are indicative of the fa-
voritism of VFB to form supramolecular host-guest complexes with β-
CD compared to CB-7. The TD-DFT results demonstrated that such
complexation can induce a substantial change in the spectral properties
of VFB originated from stabilizing the ground state of VFB and the

Fig. 7. Superpositions of the NBOs involved in the intermolecular HB of VFB:β-CD(I) and VFB:CB7 (I) assemblies.

Fig. 8. The change in total energy (ΔEtotal,kcal/mol) of the optimized geometry
of VFB inclusion complexes with β-CD andCB7 under dynamic simulations
using the ADMP method (step size = 0.2 fs); inset: the change in the length
(ΔdHB, Å) of key HBs of all examined host-guest supramolecular assemblies.

Fig. 9. The relative change in energy (ΔE, kcal/mol) of the optimized geometry
of VFB inclusion complexes with β-CD andCB7 with conformations; inset: the
input geometry of VFB:β-CD-I with selected displacements (up) and the corre-
sponding semi-empirical (PM7) optimized geometry (down).
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corresponding electronic transitions. The NBO results revealed the
particular MOs involved in the key HBs and the stabilizing energy of
interaction, which are interestingly well in line with the thermo-
dynamic and TD-DFT results. The ADMP molecular dynamics demon-
strated the high stability of the complexes with negligible changes in
the total energy and length of key HBs. The results reported herein
suggest that the host-guest supramolecular interaction can be poten-
tially utilized in future efforts toward reducing side effects of photo-
toxicity of the first-line anticancer drug VFB.
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