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Rationalizing the photochemical behavior of a photosensitive drug in terms of molecular properties is necessary
toward understanding related potential phototoxicity. Here, we report on the effect of the molecular microenvi-
ronment on the physicochemical and photochemical properties of a first-line anticancer drug Vemurafenib.
Time-dependent density functional (TD-DFT) calculations were performed to simulate the absorption spectra
of Vemurafenib in implicit solvents of various polarity and hydrogen bonding capabilities. The obtained results
revealed polarity-dependent spectral characteristics indicative of the influence of the microenvironment on
the structural properties of the drug. In particular, a notable enhancement in the oscillation strength of the
main electronic transition, namelyHOMO→LUMO,was observed inpolar solvents. These effects can be attributed
to the enhanced charge delocalization across the molecule comprising the lone-pairs of the heteroatoms. More-
over, the obtained DFT results suggest that such electronic transition can exhibit a major influence on the photo-
chemical properties of the drug. Furthermore, the effect of intermolecular hydrogen bonding between
Vemurafenib and its microenvironment was explicitly investigated employing the same level of TD-DFT calcula-
tions. Obtained results demonstrated a substantial effect for such interactions on the spectral properties of the
drug. In addition, the NBO analysis revealed physicochemical properties for the explicit hydrogen-bonded com-
plexes of Vemurafenib with dimethylformamide molecules that are well in line with the TD-DFT results. These
NBO results revealed substantial changes in the structural properties of the drug indicative of the influence of
the intermolecular hydrogen bonding on its photochemical properties; this includes a notable change in the
charge density of selected atoms as well as enhanced electronic transitions. The results reported herein provide
insights concerning understanding the photochemical behavior of Vemurafenib in biologically mimickedmicro-
environments at the molecular level, which can be utilized in future efforts toward reducing induced
phototoxicity.

© 2020 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Photosensitivity of pharmaceuticals and associated potential photo-
toxicity are amongst the main concerns that can potentially lead to se-
vere and undesired side effects [1–5]. The triggering process for
phototoxicity is a photosensitizing stride that a photosensitive sub-
stance exhibits within a biological microenvironment under the influ-
ence of irradiating light. Photosensitization is a main interest with
many beneficial applications for a broad spectrum of societies including
the biomedical, pharmaceutical, and environmental societies [6–10].
With its remarkable applications, especially within the landscape of
clinical and biomedical societies, photosensitization still can lead to un-
desired consequences that need to be addressed thoroughly [11–14]. A
major concern in this regard is the side effects including the phototoxic-
ity associated with the use of a wide spectrum of pharmaceuticals that
This is an open access article under
can notably impact their therapeutic use [15–19]. As such, reducing
such potential side effects is amongst the foremost interests of biomed-
ical practitioners.

On the other hand, investigating the molecular properties of photo-
sensitive pharmaceuticals is essential toward a better understanding of
their pharmacokinetic performance and consequently reducing associ-
ated side effects. It is noteworthy mentioning that understanding the
foundation of the drug's activities is crucial towardmanipulating the or-
igin of its potential side effects. In fact, a substance may undergo
through unpredictable pathways upon being electronically excited,
which in turn might be directing some pharmaceuticals into dangerous
consequences. Fundamentally, amolecule at its excited state is expected
to exhibit different physicochemical properties, such as the dipole mo-
ment, in comparison to the ground state as a result of the difference in
the electronic distributions. Upon radiation-induced excitation, elec-
trons in the ground state are promoted to an excited state resulting in
new electronic distribution of enhanced charge separation. Such an en-
hanced charge separation can lead to increased dipole moment, which
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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in turn can induce a notable intermolecular interaction in polar molec-
ular environment. Such difference in electronic distribution can induce
different chemical reactivity that importantly needs to be elucidated
under different microenvironments for a wide range of materials in-
cluding pharmaceuticals [20–30].

In recent decades great interest has grown concerning the develop-
ment and investigations of the drugs' activities and physicochemical
properties at the molecular level [12,18,31–39]. More attention has
been pointed to the photo mutagenic and photoallergic side effects in-
duced by sunlight. For example, most of the reported findings
concerning the phototoxicity of afirst-line anticancer drugVemurafenib
(VFB) were constructed based on in vivo and in vitro investigations
without taking into consideration the effects of the microenvironment
at themolecular level. It is noteworthymentioning that the phototoxic-
ity of VFB may be attributed to some types of synergic effects under the
presence of some species within the microenvironments of the drug,
which in turn must be explored for reaching insightful information.
Thus, it is very essential to elucidate the physicochemical behavior of
such sensitive drugs at the molecular level under the effect of various
architectures of microenvironments. To this end, elucidating potential
intra−/inter-molecular interactions can be explicitly insightful toward
promote our understanding of such kinds of microenviromental effects.
In particular, various microenviromental factors can influence such
kinds of intra−/inter-molecular interactions, such as the temperature
and pH of the solution as well as the solvent parameters; the later fac-
tor incudes refractive index (n), dielectric constant (ε), polarity/polar-
izability, hydrophobicity/hydrophilicity, and hydrogen bonding
capabilities [40,41]. Interestingly, constructing a framework regarding
the interaction between a photosensitive pharmaceutical with its
local microenvironment can reveal the major factors that influence
the photosensitizing behavior, which in turn can be beneficial in devel-
oping methodologies and protocols that can enhance their clinical
efficiency.

In the study reported herein, we provide computational insights
concerning the effect of the nature of the molecular microenvironment
on the physicochemical properties of the first-line anticancer drug
Vemurafenib. The chemical structure of VFB is shown in Fig. 1. The sol-
vent effects on the physicochemical properties of VFB are computation-
ally examined employing various aspects of the density functional
theory (DFT) approach. Time-dependent DFT approach (TD-DFT) was
employed to simulate the absorption in solvents of various polarity
index. The DFT and TD-DFT resultswere employed to rationalize and in-
terpret the potential phototoxicity of VFBwith the correspondence of its
molecular properties.

2. Computational methods

All calculations were performed with Gaussian 09 version D.01 [42].
Geometry optimization was performed employing the DFT method
Fig. 1. Chemical structure of Vemurafenib.
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with the wB97XD functional 6–31 + G(d) basis set unless otherwise
noted. The X-ray structural information of VFB obtained from the Cam-
bridge Crystallographic Data Centre (CCDC) was utilized to construct
the input structure for geometry optimization. The same input was uti-
lized for all examined solvents, namely 1,4-dioxane, cyclohexane, DMF,
DMSO, acetonitrile, isopropanol, methanol, water, as well as in the gas
phase. The implicit solvent effect was incorporated employing the inte-
gral equation formalism polarizable continuum model (IEFPCM) [43].
The DFT/wB97XD(6-31G+(d))/IEFPCM optimized geometry in the sol-
vent of interest is utilized as an input for simulating the absorption spec-
tra of VFB in the corresponding solvent employing the TD-DFT method.
For the TD-DFT method, three functional were tested and evaluated
with the same basis set 6–31 + G(d), namely B3LYP, CAM-B3LYP, and
wB97XD functionals. Natural bond orbital analysis (NBO) was
employed as implemented in Gaussian 09. The multilinear regression
analysis (MLRA) was performed using the Microsoft-Excel software.
3. Results and discussion

3.1. Geometry optimization

Although optimizing the geometry of the molecules under study
does not provide conclusive insights concerning the molecule's reactiv-
ity, yet it is essential for performing other computational experiments
including the simulation of the UV–Vis absorption spectra in the me-
dium of interest. Fig. 2 displays the DFT/wB97XD(6-31G+(d))/IEFPCM
(methanol) optimized geometry of VFB. The DFT functional of
wB97XD has been particularly utilized to account for the non-covalent
interactions including dispersion contributions [44–46]. As displayed
in Fig. 2, the optimized geometry is in perfect match with the experi-
mental structure concerning the major geometrical properties. Never-
theless, just a minor parameter was observed concerning the dihedral
angle (C1-C2-C3-C4) that corresponds to twisted angle (see Fig. 2: as-
cribed as ∠α) between the 4-chlorophenyl and pyridine rings, where
a value of 139° and 154° were obtained for the calculated geometry
and experimental counterpart, respectively. However, in order to verify
the source of difference in such dihedral angle, we examined another
DFT functional and basis sets, namely DFT/M06-2×/6–311++G(d,p).
In similar applicability to DFT/wB97XD, DFT/M06-2× has been demon-
strated to exhibit excellent performance concerning the intra−/inter-
molecular interactions and dispersion contributions to the optimized
geometry of molecules of interest [45,47]. Obtained results revealed
no difference between DFT/wB97XD and DFT/M06-2× with basis set
6–311++G(d,p). As such, it can be suggested that such difference can
be attributed to thte fact that the benchmarked geometry of VFB corre-
spond to the geometry of the molecule in the solid state, whereas the
DFT optimized geometry corresponds to the geometry of the molecule
in the implicit solution.
Fig. 2. DFT/wB97XD (6-31G+(d))/IEFPCM (methanol) optimized molecular geometry of
VFB. Hydrogen atoms are omitted for clarity.
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It is noteworthy to mention that it has been previously communi-
cated that the VFB's moieties that are responsible for the photosensitiv-
ity of the drug are the secondary amines as illustrated in Fig. 2; these
amine-groups are labeled as N-pyrrole (NP) and N-sulfonamide (NS)
in Fig. 2 [37]. Importantly, the DFT calculations revealed structural pa-
rameters for these two moieties that are in excellent agreement with
the experimental counterparts.
3.2. Simulated UV–Vis absorption spectra

In principle, it is noteworthy to mention that a photosafety assess-
ment is generally performed within a spectral range that is relevant to
the main spectral range of the sunlight that reaches the earth, namely
290–700 nm. As such, we focused herein on the spectral properties of
VFB that is relevant to that specific spectral range. In particular, we in-
vestigated herein the solvent effects on the physicochemical properties
of VFB concerning the potential effect of molecular microenvironment
on the drug's photochemical properties. As a starting point for investi-
gating the medium effect on the photochemical properties of VFB, the
appropriateness of the employed TD-DFTmethod was examined via in-
vestigating the effect of the DFT functional used to simulate the absorp-
tion spectra of the drug. Fig. 3-left displays the simulated absorption
spectra of VFB obtained employing the TD-DFT approach with three
functionals namely B3LYP, CAM-B3LYP, and wB97XD using the same
basis set of 6-31G+(d). Benchmarking of these simulated spectra was
performed with respect to the reported experimental spectra [37,48].
According to the reported experimental absorption spectrum of VFB
measured in methanol [48], the absorption spectrum exhibits two
major bands with λmax1 and λmax2 of 306 and 253 nm, respectively,
with intensity ratio (I306:I253) of 1:1.7. To this end, examining Fig. 3, it
is worth noting that the absorption spectrum of VFB exhibits two ab-
sorption bands ascribed as λmax1 and λmax2 that are centered at wave-
lengths that depend on the DFT-functional applied. For example, using
B3LYP functional, the calculation revealed λmax1 and λmax2 of 315 and
252 nm, respectively, whereas CAM-B3LYP andwB97XD functionals re-
vealed λmax1 and λmax2 of 265 and 234 nm, respectively. These results
are indicative of the more appropriateness of B3LYP functional for
performing the TD-DFT calculations of the absorption spectra for VFB
as it is in excellent agreement with the experimental counterparts.
Fig. 3. DFT simulated UV–Vis absorption spectra of VFB; (left) in methanol using different fun
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Henceforth, TD-DFT/ B3LYP (6-31G+(d)) method was employed for
all other calculations unless otherwise noted.

3.3. Frontier molecular orbitals

In view of the absorption spectrum and potential photosensitive
chromophores of VFB, it is necessary to elucidate the origin of the elec-
tronic transitions and the corresponding absorption band. As such, we
performed a canonical molecular orbital (MO) analyses on the opti-
mized geometry and the corresponding simulated spectra at the same
level of DFT calculations. The TD-DFT results revealed that the absorp-
tion band of λmax1 corresponds solely to the excitation from the ground
state (S0) to the first excited state (S1), i.e. S0 → S1 excitation with an
oscillation strength (ƒo.s) of 0.287, which is related to the transition
from the highest occupied MO (HOMO) to the lowest unoccupied MO
(LUMO), i.e. HOMO→LUMO transition. For the absorption band of
λmax2, the TD-DFT calculations revealed that S0 → S10 excitation has a
predominant contribution with an ƒo.s of 0.442 and related mainly to
the HOMO→LUMO+2 transition. Examining the shapes of frontier
MOs (see Fig. 4), it isworth noting that the HOMOexhibits a delocalized
shape that is extended over a conjugated π- system including the NP

moiety, whereas the LUMO extended over most parts of the molecule
including the fluorine-substituted benzene ring and very close to the
NS moiety. As such, these results suggest that both absorption bands
of λmax1 and λmax2 exhibit a π → π* character. An Energy gap (HOMO-
LUMO) of 4.46 eV was obtained for all polar solvents. In lights of these
DFT results, it can be suggested that both photosensitive moieties NS

and NP are potentially the origin of the photochemical behavior of
VFB, which in turn is well in line with the experimental approach
concerning the employment of photocaging of bothmoieties toward re-
ducing the drug phototoxicity [37].

3.4. Implicit solvent effect and solvatochromic behavior of VFB

It is noteworthy tomention that a drug molecule can be surrounded
bymicroenvironments of different polarities within a biological matrix.
Thus, it is essential to explore the molecular properties of the drug
under study in microenviromental conditions that resemble such bio-
logical matrices concerning polarity and potential intermolecular inter-
actions. As such, we examined the implicit solvent effect on the
ctionals, (right) in different solvents. Same basis set (6–31 + G(d)) and IEFPCM model.



Fig. 4. Isosurfaces of the (canonical) frontier MOs (HOMO-LUMO) of VFB.
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absorption spectra of VFB employing solvents of different polarity and
hydrogen-bonding capabilities as illustrated in Fig. 3-right. As can be
noted, a minor effect on the position of λmax1 was observed, where a
bathochromic shift of only 1 nm is calculated in polar solvents com-
pared to the nonpolar solvent 1,4-dioxane. However, it is worth noting
thatλmax1 exhibits a notable hyperchromic shift with increasing solvent
polarity as indicated by the arrow in Fig. 3-right. The obtained DFT re-
sults suggest that such hyperchromic shift is indicative of increased ƒo.
s of the electronic transition in polar solvents that corresponds to the ab-
sorption band of λmax1. For example a value of 0.268 and 0.300was cal-
culated for ƒo.s in 1,4-dioxane and DMF, respectively. Such a change in
the ƒo.s might be attributed to the solvent-induced changes that the
drug undergoes in its electronic states. The DFT results of ƒo.s in all sol-
vent studied herein as well as solvents' parameters are compiled in
Table 1.

Furthermore, such changes in the spectral properties of VFB is indic-
ative of the interaction between the drug with its microenvironment
that might potentially induce changes on particular moieties or func-
tional groups across the drug molecule. Hence, it is essential to
Table 1
solvent parameters and oscillation strength (ƒo.s) of λmax1 of VFB.

Solvent ε n Δƒ(ε,n)a π* α β ƒo.s

polar protic
water 78.4 1.333 0.320 1.09 1.17 0.18 0.288
methanol 32.7 1.329 0.310 0.60 0.93 0.62 0.287
isopropanol 19.9 1.378 0.276 0.48 0.76 0.95 0.294

polar aprotic
acetonitrile 36.6 1.344 0.305 0.75 0.19 0.31 0.289
DMSO 46.5 1.477 0.264 1.00 0 0.76 0.302
DMF 36.7 1.431 0.276 0.87 0 0.69 0.300

nonpolar
1,4-Dioxane 2.2 1.422 0.022 0.55 0 0.37 0.268

a Orientation polarizability: Δf ¼ Ɛ−1
2Ɛþ1−

n2−1
2n2þ1.
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rationalize such changeswith respect to various parameters of the stud-
ied solvent. The first attempt was to correlate the ƒo.s of λmax1 with the
solvent orientation polarizability (Δƒ). Fig. 5-Left displays the obtained
correlation for the polar protic and aprotic solvents. As can be noted, a
good correlationwith a regression coefficient (R) of 0.931was achieved.
On the other hand, it is worth noting that 1,4-dioxane was not consid-
ered in this correlation, where including this nonpolar solvent in the
correlation relationship revealed a low value for R indicative of a poor
correlation. On the other hand, in principle, Δƒ analysis does not reveal
information concerning the hydrogen bonding effect of the solvent. As
such, we performed further investigations herein by employing the
Kamlet-Taft solvatochromic approach [49]. In this approach, the solvent
effect is evaluated concerning the polarity of the solvent and its hydro-
gen bonding capabilities. The general form of this approach concerning
ƒo.s under solvent effect is given in Eq. (1):

ƒo:s ¼ ƒo:s,g þ aαþ bβþ cπ� ð1Þ

where ƒo.s,g is the oscillation strength in the gas phase; α and β are the
hydrogen bond donor and acceptor, respectively; π* is an index of sol-
vents dipolarity/polarizability which reflects the capability of the sol-
vent for stabilizing the dissolved dipole or charge; a, b and c are
independent coefficients, where their magnitudes and signs indicate
the effect of the corresponding solvent-solute interactions on the ƒo.s.
We performed herein the multilinear regression analysis (MLRA)
employing Eq. (1) for two sets of solvents, namely all solvents (n = 7)
and polar solvents (n= 6), where 1,4-dioxane are omitted in the latter
set. Obtained results of the MLRA are given in Eqs. (2) and (3).

ƒo:s ¼ 0:2424þ 0:0014α þ 0:0336βþ 0:0368π∗ R ¼ 0:900, n ¼ 7 ð2Þ

ƒo:s ¼ 0:2718–0:0054α þ 0:0178βþ 0:0174π∗ R ¼ 0:989, n ¼ 6 ð3Þ

One can notice that an excellent correlation of R = 0.989 was ob-
tained for the polar set, whereas a relatively acceptable correlation of
R = 0.900 was obtained with the consideration of the nonpolar sol-
vent in the MLRA. The applicability of Eq. (3) to estimate implicitly
the ƒo.s(DFT) was evaluated via recalculating the ƒo.s(MLRA). Obtained
results are displayed in Fig. 5-Right. An excellent correlation with
R = 0.990 was observed indicative of a considerable applicability of
the MLRA. These MLRA results suggest that both factors of the solvents,
namely polarity and hydrogen bonding capability, can affect the ƒo.s of
λmax1 of VFB and accordingly indicative of induced structural changes,
which in turn might influence the drug's photochemical behavior.

3.5. Explicit solvent effect

The DFT results of the implicit solvent effect still necessitate
performing an explicit solvent effect to account for possible intermolec-
ular hydrogen bonding between VFB and its microenvironment. In light
of the implicit solvent effect and functional groups of VFB that have po-
tential photosensitivity, we examined herein the interaction of VFBwith
DMFmolecules implicitly and explicitly. The DMF was selected as proof
of principle in view of the DFT results obtained with implicit solvent ef-
fect as illustrated in Fig. 5, where implicit DMF microenvironment ex-
hibited the most notable effect on the simulated absorption spectrum
of VFB. For the explicit interaction of VFB with DMF, three configura-
tions were considered. In the configurations A and B, 1:1 interactions
is considered between VFB and one DMF molecule, where A and B cor-
respond to hydrogen-bonding interaction with the NP and NS moieties
of VFB, respectively. The third configuration is referred to as AB and it
corresponds to 1:2 interaction between VFB and two DMF molecules,
which is a combination of A and B. For these complexes, the NS and NP

is the hydrogen bond donor (N\\H), whereas the oxygen atom of the
DMF molecule is the acceptor counterpart. The geometries of the
hydrogen-bonded complexes were optimized at the same level of DFT



Fig. 5. Left: variation in the ƒo.s of λmax1 with the solvent orientation polarizability (Δƒ) (D; Right: Comparison between the DFT calculated and MLRA calculated ƒo.s of λmax1.
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calculations with implicit DMF microenvironment. The optimized ge-
ometries of all complexes with three configurations are displayed in
Fig. 6. As can be noted in Fig. 6, a short hydrogen bond length (dO…H)
was calculated for all complexes. For example, the DFT calculations re-
vealed a dO…H of 1.76 and 1.85 Å for the NP-H → ODMF and NS-
H → ODMF for complexes A and B, respectively. Complex AB exhibited
alike hydrogen-bonding behavior, where the calculations revealed a
dO…H of 1.76 and 1.78 Å for the two moieties of NP-H → ODMF and NS-
H→ODMF, respectively. Additionally,we attempted to form the complex
C, where VFB binds to DMF through bonding with Cl, using the same
DFT method employed for other complexes. The obtained results re-
vealed long distances for Cl…H(DMF) and Cl…O(DMF), where values
of 3.972 and 3.123 Å were obtained, respectively. However, compared
with other complexes, these distances are notably too long to be consid-
ered as significant stabilizing factors. As such, no further attempts were
conducted for other clusters of C. It can be suggested that these results
obtained from the attempts mentioned above are well in line with the
molecular properties of DMF, where DMF is considered as a strong HB
acceptor. These DFT results concerning the explicit solvent effect sug-
gest a strong hydrogen bonding interaction between VFB and its micro-
environment, which in turn was not feasible to be explored implicitly.

Importantly, although the geometry optimization process can reveal
the structural properties of the VFB:DMF complexes, there is still a ne-
cessity for quantifying such interactions as well as examining and ratio-
nalizing other potential effects toward enhancing our understanding of
the phototoxicity of the VFB drug. As such, we performed the NBO anal-
ysis at the same level of DFT calculations. Such calculations can reveal
the energy of stabilization concerning the hydrogen bonding interaction
for the VFB:DMF complexes as well as the NBO charges of all atoms in-
volved in such interactions. The second-order perturbation energy (E
(2)) obtained from the NBO analyses is employed herein as a measure
of the relative strength of the hydrogen bonding. In this approach, the
NS-H → ODMF hydrogen bond is presented as an electronic transition
from the lone-pair of the oxygen (lp(O)) atom to the unoccupied orbital
of the N\\H bond (σ*). Such electronic transition is ascribed as lp
(O) → σ*(N\\H). As illustrated in Fig. 6, the superpositions of the
NBOs involved in the hydrogen-bonding-based electronic transitions
demonstrate the existence of such interaction. The overlapping regions
between these NBOs demonstrate such interaction. The NBO analyses
revealed an E(2) values of 23.6 and 43.3 kcal/mol for the lp(O) → σ*
(N\\H) of complexes A and B, respectively, indicative of strong
5

hydrogen-bonding interaction between VFB and the DMF molecules.
Likewise, complex AB exhibited alike behavior, where E(2) values of
21.0 and 19.8 kcal/mol were calculated for lp(O) → σ*(NP-H) and lp
(O) → σ*(NS\\H), respectively.

Furthermore, it is worth noting that lp(O)→ σ*(NP\\H) was not af-
fected by the coexistence of lp(O)→ σ*(NS-H), whereas the strength of
lp(O) → σ*(NS-H) was reduced by approximately 50%. It can be sug-
gested herein that such coexistence of hydrogen bondings can induce
structural changes in the VFB molecule that might affect its physico-
chemical properties. As such, we further analyzed the effect of such ex-
plicit hydrogen bonding on other structural properties. In particular, we
performed an NBO charge (QNBO) analysis as well as geometrical analy-
ses for selected bonds. Obtained results revealed QNBO values of
−0.541 and −0.913 for NP and NS, respectively for VFB in implicit
DMF solvent. The QNBO values calculated for all complexes concerning
the nitrogen atoms of the N\\H bond of both NP and NS moieties were
compared with the values obtained for VFB in implicit solventmicroen-
vironment. Obtained results revealed an increase in the negative QNBO

by 0.015 for both moieties indicative of increasing the charge density
on the nitrogen atom,which iswell in linewith the E(2) values obtained
for the lp(O) → σ*(N\\H) electronic transitions. In addition, the length
of N\\H has dramatically increased by 0.017 and 0.024 Å for the NP

and NS moieties, respectively, because of such hydrogen-bonding
interactions.

In light of the frontier MOs and NBO analyses, it can be suggested
that the lp of both nitrogen atoms of NP and NS moieties are involved
in the conjugation systems, withmore contribution from the NSmoiety.
Hence, it can be suggested that hydrogen bondingmight influence such
conjugation and consequently affect the HOMO→LUMO electronic tran-
sitions. As such, we performed TD-DFT calculations for all complexes
and compared it with the results obtained for VFB in implicit DMF sol-
vent. Fig. 7 displays the DFT simulated spectra for all studied molecules.

It is noteworthy mentioning that although the absorption band of
λmax1 appears as a shoulder in the spectrum, yet the TD-DFT calcula-
tions can specifically indicate the exact wavelength of the correspond-
ing electronic transition of the absorption band or shoulder of interest.
As shown in Fig. 7, a notable change was observed in the absorption
spectrum of VFB in implicit DMF solvent upon complexation explicitly
with DMF molecules. On the other hand, it is important to mention
that theDFT calculations revealed similar frontierMOs for all complexes
indicative of alike type of electronic transition for the absorption band of



Fig. 6. Optimized geometries and superpositions of selected NBOs of the VFP:DMF
hydrogen-bonded complexes; the given numbers indicate the length of the hydrogen
bond (dO…H, Å) and the second-order perturbation energy E(2) in kcal/mol.

Fig. 7. DFT simulated absorption spectra of VFB:DMF complexes in implicit DFM solvent.
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λmax1; i.e. HOMO→LUMO transitions of the π→ π* character. Interest-
ingly, the TD-DFT calculations revealed a hypsochromic shift of 3.3, 2.4,
and 4.6 nm in λmax1, for complexes A, B, and AB, respectively. These re-
sults suggest that the hypsochromic shift is indicative of stabilized
ground state induced byhydrogenbonding. Such stabilization can be at-
tributed to the enhanced charge delocalization across theπ-conjugation
systemof theVFBmolecule. It can benoted that the calculations indicate
a hyperchromic shift in the spectrum, where the results revealed an in-
crease of 0.033, 0.015, and 0.049 in the ƒo.s of λmax1 for complexes A, B,
andAB, respectively. This type of hyperchromic shiftmight be attributed
to the upsurge in the charge density on the nitrogen atom and conse-
quently enhanced the probability of the HOMO→LUMO electronic tran-
sition. These TD-DFT suggest substantial changes in the structural
properties of theVFBmolecules inducedbyhydrogenbonding complex-
ations with its local microenvironment, which are well in line with the
6

results obtained from the DFT geometry optimization. Hence, it can be
suggested herein that the phototoxicity of VFB is associated with its
microenvironment-dependent physicochemical properties.

4. Concluding remarks

The present work provides DFT computational insights on the sol-
vent effects on the physicochemical and photochemical properties of
an important anticancer drug VFB. The DFT and TD-DFT results demon-
strated a substantial microenvironment effect on the structural proper-
ties of the drug that may have a significant impact on its photochemical
behavior and associated phototoxicity. In particular, VFB exhibited an
implicit solvent-dependent spectral behavior. Hence, the probability of
a specific electronic transition has notably exhibited a hyperchromic
shift with increasing solvent polarity. In light of the implicit solvent ef-
fect, the explicit influence of the microenvironment was demonstrated
via investigating the complexation of VFB with DMF molecules
employing the TD-DFT and NBO approaches. The obtained results sug-
gest a strong hydrogen-bonded complex that can potentially influence
selected structural properties of VFB including themain electronic tran-
sition in the absorption spectrum of the drug. On the other hand, it is
important to mention that such electronic transitions have been previ-
ously communicated to be significant in inducing an unstable photo-
chemical behavior for the drug. As such, the results reported herein
can be utilized toward enhancing the photostability of VFB and conse-
quently reducing its phototoxicity.
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