
Journal of Molecular Liquids 353 (2022) 118773
Contents lists available at ScienceDirect

Journal of Molecular Liquids

journal homepage: www.elsevier .com/locate /mol l iq
Fluorinated carbon and boron nitride fullerenes for drug Delivery:
Computational study of structure and adsorption
https://doi.org/10.1016/j.molliq.2022.118773
0167-7322/� 2022 Elsevier B.V. All rights reserved.

⇑ Corresponding author.
E-mail address: KPKatin@yandex.ru (K.P. Katin).
Elizaveta B. Kalika a,b, Konstantin P. Katin a,c,⇑, Alexey I. Kochaev a,d, Savas Kaya e,
Mustafa Elik f, Mikhail M. Maslov a,c

a Laboratory of Computational Design of Nanostructures, Nanodevices, and Nanotechnologies, Research Institute for the Development of Scientific and Educational Potential of Youth,
Aviatorov str. 14/55, Moscow 119620, Russia
bMoscow Institute of Physics and Technology (National Research University), 1 «A» Kerchenskaya st., Moscow 117303, Russia
cDepartment of Condensed Matter Physics, National Research Nuclear University ‘‘MEPhI”, Kashirskoe Sh. 31, 115409 Moscow, Russia
dResearch and Education Center ‘‘Silicon and Carbon Nanotechnologies”, Ulyanovsk State University, 42 Leo Tolstoy Str., 432017 Ulyanovsk, Russia
eDepartment of Chemistry, Faculty of Science, Cumhuriyet University, Sivas 58140, Turkey
fDepartment of Mathematics and Science Education, Cumhuriyet University, Sivas 58000, Turkey
a r t i c l e i n f o

Article history:
Received 29 November 2021
Revised 31 January 2022
Accepted 15 February 2022
Available online 17 February 2022

Keywords:
Fluorination
Fluorinated fullerenes
B12N12

C60

Drug delivery
Density functional theory
a b s t r a c t

We applied a genetic algorithm combined with the B3LYP/6-311G** approach to determine the structures
of low-energy isomers of partially fluorinated fullerenes, the number of which is combinatorically huge.
We found that the effective interaction of fluorine atoms on the fullerene surface can not be described
within the pair approximation with sufficient accuracy. For the smallest C20 fullerene, the most robust
bonding with fluorine was observed in the C20F2 isomer, whereas further fluorination was less feasible.
For C60 fullerene, the most thermodynamically stable isomers were C60F2 and C60Fm with m about 40.
Effective attraction energy of adsorbed fluorine atom with OH, NH2, and COOH functional groups on
the C60 fullerene surface is about 1.24 eV. Vibration analysis of the stable C60Fm isomers clarified the fre-
quencies shifts during the gradual fluorination. As to fluorinated derivatives of boron nitride cages, some
of them possess extreme distortions under low fluorination. However, half- and fully-fluorinated BN
fullerenes demonstrate moderate strain and strong van-der-Waals interaction with doxorubicin drug.
Loading of doxorubicin on both carbon and boron nitride fullerenes with varying degrees of fluorination
confirmed that fluorine concentration defines the energy of the fullerene-drug interaction. A half-
fluorinated B12N12F12 cage provides the most substantial adsorption, as the fluorine atoms on its surface
are more moveable and can ‘‘adjust” to the DOX molecule.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction Drug carrier is the fundamental part of TDD. It can be prepared
Targeted drug delivery (TDD) is increasingly used in modern
medicine. The most efficient application of TDD is cancer treat-
ment. It ensures the drug release in the tumor site without causing
any damage to the extracellular environment and unwanted side
effects. Many anticancer drugs have short half-lives and, therefore,
may have concentration fluctuations, so a higher drug dose is
needed. TDD can be used in such cases to reduce the drug dose
and to avoid side effects caused by alternating drug concentration
[1]. In recent years, TDD was used to treat many diseases beyond
cancer, such as diabetes [2,3], cardiovascular [4], respiratory [5],
and inflammatory [6] diseases.
from different types of materials, including organic and inorganic
nanoparticles or polymer/inorganic nanocomposites with different
morphologies [7]. However, their efficacy depends on many fac-
tors, such as their shape, size, chemical activity, and biological
comparability.

The main stages of the TDD process are drug loading, delivery,
and release. The interaction between drug and carrier plays a cru-
cial role in all three stages. Drug loading implies strong chemical or
van-der-Waals binding of the carrier with the drug or formation of
host–guest endohedral complexes. Delivery and release stages are
performed in different ways depending on the type of the drug car-
rier. The simplest way for drug release is breaking the drug-carrier
bonds induced by pH, heat, or external fields. Another strategy
implies carrier decomposition. For example, some polymeric
nanocapsules, which transport drugs to the tumor cell site, can
degrade due to an acidic environment [8]. On the other hand,
lecithin-chitosan was confirmed as a promising carrier for topical
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delivery of quercetin due to its high biodegradability [9]. More
sophisticated strategies are also used in modern TDD systems.
For example, in Ref. [8] micellar system containing drug molecules
were created, antibodies and markers were attached to the hydro-
philic tails of the micelles molecules, and then antibodies were
bound to the antigen of the target tumor cell.

Carbon fullerenes possess many advantages as drug carriers
[10,11]. In contrast to others nanoparticles, fullerenes’ size and
shape demonstrate well reproducibility [12]. In addition, they are
bio-comparable non-toxic compounds. Similar to other sp2-
hybridized systems, each carbon atom of the fullerene can form a
covalent bond with the drug, linker molecule of the functional
group. On the other hand, the non-covalent interaction of fullere-
nes with the aromatic rings of the drug molecule is possible due
to p-p coupling. Functionalization of fullerenes or embedding for-
eign atoms into the carbon cages allows tuning their adsorption
properties, solubility, and bioactivity in a wide range [13,14]. In
particular, carbon fullerenes-based TDD systems were found to
be suitable for delivery of docetaxel [15], ibuprofen [16], aman-
tadine [17], dopamine [18], and others drugs [19,20].

Boron nitride (BN) fullerenes keep most advantages of their car-
bon counterparts [21]. Moreover, the BN structures provide
improved adsorption of organic functional groups such as NH2.
Furthermore, the presence of polar solvent (e.g., water) increases
the binding of BN fullerenes with drugs [22 –25]. Therefore, BN
fullerenes were recognized as a promising TDD basis for many
drugs, such as sulfasalazine [26], ifosfamide [27], 5-fluorouracil
[28], melphalan [29], and hydroxyurea [30].

In this study, we focus on fluorinated carbon and BN fullerenes.
Although they were not earlier considered for TDD applications,
they seem to be promising for several reasons. Firstly, fluorinated
carbon nanoparticles are more preferable to TDD systems due to
their intense near-infrared performance [31,32]. Secondly, fluorine
provides the ability to detect a nanoparticle in the organism using
nuclear magnetic resonance (NMR) [33] due to the clear signal and
strong chemical shift of fluorine. Finally, fluorine possesses high
electronegativity, which contributes to the non-covalent interac-
tion of the fluorinated fullerene with the drugs. Recently, TDD sys-
tems for cancer treatment based on fluorinated graphene
nanoflakes were successfully synthesized and tested [34]. Com-
pared to the graphene nanoflakes, fullerenes exhibit a well-
defined size, do not have highly reactive edges, and demonstrate
improved adsorption due to surface curvature.

Although fluorinated graphene-based nanostructures are cur-
rently used for many applications [35,36], including drugs delivery
[34,37,38], the structures of fluorinated fullerenes are still contro-
versial. Highly fluorinated fullerenes can barely be synthesized
even in extreme conditions [39]. In fact, researchers deal with a
mix of partially fluorinated fullerenes, which have many isomers
with different fluorine patterns on their surfaces and, therefore,
various activities towards drugs. Here we aimed to clarify the
structural features of fluorinated carbon and BN fullerenes and
investigate fluorine’s effect on their reactivity to drugs. We con-
sider doxorubicin (DOX) as the most common example of a drug
molecule that contains both typical reactive functional groups
(@O, AOH, ANH2) and conjugated aromatic rings, which are essen-
tial for interaction with fullerenes. Note that DOX has been used
for cancer treatment for almost 50 years. Nevertheless, interest
in it does not decrease, and the possibilities of its delivery with car-
bon nanostructures were actively investigated recently [40,41].
2. Computational details

B3LYP [42,43] exchange-corrected functional coupled with the
6-311G** electronic basic set [44] was used to conduct all the cal-
2

culations. GPU-based TeraChem software was used for geometry
optimization of all molecules [45] with the efficient geomeTRIC
energy minimizer [46]. Dispersion corrections D3 by Grimme
et al. [47] were introduced to take into account non-covalent inter-
action between drug and carrier. In TeraChem software, DFT algo-
rithms are implemented in such a way that they can be executed
on GPUs. Such architecture provides the usage of computational
power of video cards in quantum calculations and speeds them
up many times.

Finding the most stable isomers of partially fluorinated fullere-
nes is quite complicated because of the huge combinatorial number
of possible isomers. On the other hand, the energy difference
between two isomers due to the different relative positions of only
two fluorine atoms is � 1 eV [48]. Therefore, only low-energy iso-
mers can be synthesized. To recognize low-energy isomers, we cre-
ated a script based on a genetic algorithm fitted to our particular
goal instead of general-purpose evolutionary structure predictors
like USPEX [49] or CALYPSO [50]. Our algorithm consisted of four
stages. Firstly, the initial population of fullerenes functionalized
by a given number of randomly distributed fluorine atoms is cre-
ated. Then all the isomers in the population are optimized to select
the best two isomers. During the next stage, six new isomers are
created from this pair in a special way: half of the fluorines are
bound in the same position as in the first ‘‘parent”, and another half
as in the second one. After that, a mutation is simulated: one ran-
domly selected fluorine atom is moved to a new random position
on the fullerene, while other fluorine atoms are fixed on the fuller-
ene cage. The expanded population is then reduced to its original
size by discarding ‘‘the worst” isomers with the highest energies.
The process is iterated until the population does not stop improving
within ten iterations. Population sizes were 10 and 20 isomers,
whereas a typical number of iterations until convergencewas about
100. Therefore, about 1000 isomers are probed. The algorithm was
implemented with Python 3.7.3 and was integrated with TeraChem
software and the geomeTRIC technique. Our approach provided
using B3LYP/6-311G** level of theory for all calculations instead
of applying simplified semiempirical methods for the genetic algo-
rithm with further re-optimization with DFT of only the best struc-
tures. This is very important for our particular study because the
semiempirical AM1method, earlier used for genetic algorithm opti-
mizing low-energy C60(CF3)n isomers [51], predicts qualitatively
incorrect results for partially fluorinated fullerenes considered in
our research. Time-consuming thermal corrections to energies
were not considered because they were found to be negligible for
comparing two isomers with different positions of functional
groups in an interesting temperature range 300� 1000 K [48]. Note
that similar genetic algorithms are commonly used in couple with
the DFT for global minima configurations search [52–54].

The selection of the best configurations for DOX loaded on the
partially fluorinated fullerene was also a non-trivial task. There
are many competitive non-covalent bonding mechanisms involv-
ing active functional groups (@O, AOH, ANH2), p-p coupling, and
direct electrostatic attraction. To get the best loading position,
we applied ‘‘brute force” enumeration. Namely, we optimized doz-
ens of different initial configurations obtained by alternating rota-
tions of DOX molecule around the two perpendicular axes. One
axis connected the centers of mass of the fluorinated fullerene
and the drug, and the second axis passed through the center of
mass of the drug perpendicular to the first axis. We used the same
step of 20� for rotations in both directions. Note that the GPU-
accelerated software allows us to perform the enumeration at
the DFT level of theory. In contrast, previous studies used for this
purpose simplified semiempirical or empirical approaches with
further re-calculation of the best complexes only [55–57].

As a quantitative measure of the drug-fullerene interaction, we
studied the adsorption energy Eads, the distortion energy of fuller-
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ene ED(full) and the drug ED(drug), and the interaction energy Eint. A
well-known equation determined the adsorption energy

Eads ¼ Eðfullerene� drug complexÞ � EðfullereneÞ � EðdrugÞ: ð1Þ
Negative value of the Eads means that the complex is more ener-

getically favorable than its parts considered separately. The distor-
tion energy was defined as the difference between the single-point
energy of the distorted fullerene/drug extracted from the complex
and its energy calculated for the optimized geometry. The interac-
tion energy can be estimated as the sum of three contributions:

Eint ¼ Eads þ EDðfullÞ þ EDðdrugÞ: ð2Þ
We also calculated the energies of the highest occupied (EHOMO)

and the lowest unoccupied (ELUMO) molecular orbitals. Then we
estimated quantum descriptors of reactivity (electronegativity v,
chemical hardness g, and electrophilicity index x) from the ener-
gies of frontier molecular orbitals:

v � �ðEHOMO þ ELUMOÞ=2; ð3Þ

g � ðELUMO � EHOMOÞ=2; ð4Þ

x ¼ v2=ð2gÞ: ð5Þ
3. Results and discussion

3.1. Inapplicability of pair approximation for the interaction of fluorine
atoms on the fullerene surface

Pair approximation is a very useful approach, which greatly
reduces the computational resources due to neglecting many-
body interactions. For our particular case of partially fluorinated
carbon fullerenes, this approach implies that the energy E of the
fullerene CnFm can be evaluated as

E � E Cnð Þ þm � E Fð Þ þm � E C � Fbondð Þ þ
X

i;j>i

Eij ð6Þ

Here Eij (i, j = 1 to m) is the effective pair interaction of two flu-
orines on the fullerene surface, introduced and calculated in Ref.
[44]. For example, for the C20F3 system, where fluorines occupy
neighboring A, B, and C sites at the same pentagon (one by one),
the energy can be evaluated as

E C20F3ð Þ � E C20ð Þ þ 3E Fð Þ þ 3EC�F þ EAB þ EAC þ EBC ð7Þ
According to Ref. [44], EC–F = -4.293 eV, whereas EAB = EBC and

EAC are equal to �0.320 and �0.167 eV, respectively. However,
equation (7) underestimates the E(C20F3) value by 0.65 eV. We
tried applying (7) to other configurations CnFm (n = 20 and 60,
m = 3 and 4) and got similar errors, which are too large to recognize
the low-energy isomers properly. The non-pair character of fluo-
rine - fluorine interaction can be explained by distortion of carbon
cage due to fluorination. Based on our results, one can conclude
that the pair approximation is inapplicable for the interaction of
fluorine atoms on the fullerene surface. This is why we apply the
genetic algorithm as described above.

3.2. Low energy isomers of partially fluorinated carbon fullerenes

The fullerenes family includes many cages, with C60 being the
most common. Larger cages are known as higher fullerenes; C70 is
the most widely known among them, whereas giant cages like C240

are much less standard. Cages smaller than C60 are known as lower
fullerenes. The smallest possible fullerene is dodecahedral C20 [58].
It is very reactive due to high strain energy, but it keeps its identity
for a long time in a gaseous phase [59], and its fluorinated and other
3

derivatives are quite stable in solutions [60]. According to a previous
extensive study of fullerenes functionalization [48], higher fullere-
nes demonstrate the samebehavior as C60, whereas lower fullerenes
possess some features due to their high curvature. For this reason,
we select two cages, C20 and C60, for further consideration.

We applied the genetic algorithm to recognize low-energy iso-
mers of partially fluorinated C20Fm cages withm = 1 to 20. The low-
est energy isomers for some m are presented in Fig. 1. One can
observe the formation of two ‘‘fluoric islands” on the opposite sides
of the fullerene, which are growing with m and finally merge. The
fullerene surface demonstrates concave curvature between the
islands. Each new fluorine atom increases the concave curvature,
making further fluorination less feasible. However, it was found
that each new fluorine atom could be attached to the cage without
any activation barrier.

Knowing the structures of the lowest energy isomers, we calcu-
lated the average energies Eavg of the C–F bonds as follows:

Eavg mð Þ ¼ EðCnÞ þm � EðFÞ � EðCnFmÞ
m

ð8Þ

where n = 20, m = 1 to 20. The results are presented in Fig. 2a. It
was found that isomers with even m are more energy favorable
than the ones with odd m. In general, the value of Eavg tends to
decrease withm. This fact explains a low yield of highly fluorinated
C20 observed experimentally even at high temperature and high
fluorine concentrations [60]. As shown in Fig. 2a, C20F2 possesses
the highest value of Eavg and is, therefore, the most energetically
favorable product of C20 fluorination. The cage distortion energy
ED is also presented in Fig. 2a. The value of ED is defined as the dif-
ference between the single-point energy of the carbon cage after
removing fluorines without any structural relaxation and opti-
mized fullerene energy. One can see a monotonic increase of ED
with m, associated with the cage swelling and formation of ripples
common for sp3-hybridized carbon surfaces.

Similar results for C60 fullerene are presented in Fig. 2b. The
value of Eavg was calculated with the same formula (8), assuming
n = 60. Since the application of the genetic algorithm to this larger
fullerene is more time-consuming, we considered only some typi-
cal values of m from 1 to 60 (namely, m = 1, 2, 4, 12, 24, 36, 48, 49,
60). The Eavg(m) curve for C60 is non-monotonic, in contrast with
the case of C20. The value of Eavg reaches its first maximum at
m = 2, and second maximum with m in range 36 � 48, whereas
others isomers are less feasible. Such conclusion coincides with
the experimental results of direct fullerene fluorination collected
in review [39]: the maximal yield of fluorinated C60Fm corresponds
to m about 40. The reason for the low output of highly fluorinated
products is the same as for the case of C20: fluorinated carbon
atoms rise under the fullerene surface, and the rest carbon atoms
between fluorinated regions get concave curvature and become
less reactive to fluorine. The total strain energy of the C60 carbon
skeleton achieves 50 eV, much more than that for the C20 frame.
Nevertheless, we found that the attachment of the new fluorine
atom is always a barrierless process independent of the current
degree of fluorination. However, previous simulations proved that
fully fluorinated C60F60 fullerene has higher energy than other
tubular structures with the same composition [61].

3.3. Vibrational spectra of partially fluorinated C60 cages

Vibration frequency is a suitable indicator that reflects the
dependence of C–C and CAF bonds rigidity on the degree of fluori-
nation. Experimentally measured infrared active peaks corre-
sponding to C–F covalent bonds belong to the 950 � 1350 cm�1

range [62]. However, fluorines also change the rigidity of the near-
est carbon–carbon bonds due to electron density redistribution. To
highlight the effect of fluorination, we calculated vibrational spec-



Fig. 1. Schlegel diagrams of the lowest energy isomers C20F2 (a), C20F4 (b), C20F6 (c), and C20F10 (d). Blue and grey points represent fluorinated and non-fluorinated sites of the
fullerene, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Solid lines present average energies of C–F bonds for the lowest energy isomers of partially fluorinated fullerenes C20Fm (a) and C60Fm (b), calculated with the formula
(3). Dashed lines are the cage distortion energies as functions of m.

Fig. 3. Differences between vibrational densities of states for C60F (blue), C60F2
(red), C60F36 (green) or C60F48 (purple) and pristine C60 fullerene. The differences are
calculated by subtraction of the vibrational state density of pristine fullerene from
the vibrational states densities of fluorinated fullerenes. The uniform scaled factor
of 0.98 was adopted from Ref. [63] and applied to all calculated frequencies. Gauss
broadening with r = 10 cm�1 was applied to each vibrational peak. Infrared
activities of considered peaks were not taken into account in this figure (infrared
spectra of fluorinated fullerenes are available in Supplementary materials Figs. S1-
S4). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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tra of the most stable C60F, C60F2, C60F36, and C60F48 isomers. Fig. 3
presents the difference in vibrational spectra of fluorinated sys-
tems with respect to pristine fullerene. Note that Fig. 4 illustrates
not the absolute value of the vibrational frequencies density but
the difference between the frequencies density of fluorinated and
the pristine fullerene. This figure confirms that the fluorination
leads to a shift in frequencies density from the range of
1400 � 1600 cm�1 (in pristine fullerene) to the range of
1000 � 1200 cm�1 (in fluorinated systems). In addition, fluorina-
tion contributes to the appearance of low-frequency oscillations
associated with the ‘‘swinging” of fluorines relative to each other.

3.4. Interaction of fluorine with other active functional groups OH,
NH2, COOH on C60 surface

Although fluorine is the most electronegative element, there are
other elements with high electronegativities, such as oxygen and
nitrogen. These elements also can interact with drugs or linkers
via hydrogen bonds or electrostatic interaction. The most common
‘‘active” groups are OH, NH2 and COOH. Comparison of these
groups with fluorine and their interaction on the fullerene surface
can provide insight into the properties of cages co-functionalized
with fluorine and other groups. As it was earlier established in
Ref. [48], effective interaction energies of two functional groups
FAF, FAOH, and OHAOH on the C60 surface in the most feasible
para position are very close to each other (�1.18, �1.24 and
4



Fig. 4. Structures of DOX drug loaded on C60 (a), C60F2 (b) C60F36 (c) and C60F48 (d) fullerenes.

Table 1
Adsorption energies Eads (eV), the distance between carbon and functional group l (Å), total Mulliken charges of the functional group qM, and dipole moments d (Debye) for C60

fullerene functionalized with one ‘‘active” functional group. The data marked with an asterisk are adopted from the Ref. [44].

Eads l qM/|e| d

C60–F �2.21* 1.414* �0.30* 0.72*
C60–OH �1.52* 1.433* �0.18* 1.07*
C60–NH2 �1.20 1.480 �0.07 1.66
C60–COOH �1.20 1.546 0.04 1.47
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�1.26 eV, respectively). However, NH2 and COOH were not consid-
ered in Ref. [48]. Some calculated characteristics for the interaction
of C60 with the ‘‘active” functional groups are presented in Table 1,
whereas the effective energies of the interaction of these groups on
the fullerene surface are collected in Table 2.

Numbers in Tables 1 and 2 confirmed that F demonstrated the
strongest interaction with fullerene, whereas effective energies of
pair interactions are approximately the same for all groups. The
slightly weaker F-F interaction is explained by the impossibility
of forming a hydrogen bond. Among other active groups, OH forms
the strongest bond with the fullerene. Therefore, we conclude that
OH is the most suitable group for co-functionalization.
5

3.5. Loading of DOX on the selected models of partially fluorinated
fullerenes

To clarify the role of fluorine in the carrier-drug interaction, we
loaded the DOX drug on C60, C60F2, C60F36, and C60F48 fullerenes,
which represent pristine, low-, middle- and highly-fluorinated car-
bon fullerenes, respectively. Note that earlier prepared and exper-
imentally studied C60-DOX complexes demonstrated high
therapeutic efficiency [56,57]. According to previous studies, C60-
DOX or CNT-DOX binding is due to van-der-Waals attraction
[64,65]. Therefore, fluorine atoms can reinforce their interactions
significantly.



Table 2
Interaction energies Ei (eV) of two ‘‘active” functional groups adsorbed at the most feasible para position on the same hexagon of C60 fullerene. Definition of the Ei was adopted
from Ref. [44]. The data marked with an asterisk were adopted from the same reference.

F OH NH2 COOH

F �1.18* �1.24* �1.24 �1.25
OH – �1.26* �1.24 �1.31
NH2 – – �1.27 �1.27
COOH – – – �1.27

Table 3
Adsorption energies Eads, distortion energies ED(full) and ED(drug), interaction energies Eint, frontier orbitals energies EHOMO and ELUMO, HOMO-LUMO gaps, electronegativity v,
chemical hardness g and electrophilicity index x of the DOX drug loaded on the pristine and fluorinated C60 fullerene. All these values are in eV. The value of Dgap is the
percentage change of the HOMO-LUMO gap due to DOX loading calculated as ((gap(C60Fn – DOX) – gap(C60Fn))/gap(C60Fn) (n = 0, 2, 36, 48).

system Eads ED(full) ED(drug) Eint EHOMO ELUMO gap v g w Dgap

C60 – DOX 0.57 0.01 0.62 1.19 �6.14 �3.62 2.52 4.88 1.26 9.44 �8%
C60F2 – DOX 1.09 0.02 0.15 1.25 �6.01 �3.06 2.95 4.53 1.48 6.96 +17%
C60F36 – DOX 1.17 0.02 0.41 1.59 �6.08 �4.44 1.64 5.26 0.82 16.85 �69%
C60F48 – DOX 0.59 0.01 0.63 1.23 �6.01 �5.20 0.81 5.61 0.40 38.90 �84%

Table 4
Bond energies Eb (eV) and lengths l (Å) for a single fluorine atom binding with BN cages B12N12 and B16N16. The values of Eb are calculated as Eb = E(BN cage) + E(F atom) – E
(fluorinated cage). Partial Mulliken charges of fluorine atom qF are also presented. The data marked with an asterisk are taken from Ref. [66].

Eb lB–N lB–F lN–F qF/|e| d

B12N12 – 1.438 � 1.486 – – – 0.00
B12N12F (F to B) 3.00/2.77* 1.427 � 1.652 1.351 – �0.21 2.59
B12N12F (F to N) 0.67/0.59* 1.432 � 1.491 – 2.022 �0.22 3.10
B12N12F12 3.16 1.530 � 1.583 1.350 – �0.18 0.00
B12N12F24 2.92 1.571 � 1.627 1.330 1.414 �0.14 0.00
B16N16 – 1.455 � 1.473 – – – 0.00
B16N16F (F to B) 3.10 1.428 � 1.618 1.359 – �0.22 2.63
B16N16F (F to N) 0.73 1.449 � 1.479 – 2.020 �0.24 3.29
B16N16F32 2.66 1.604 � 1.636 1.328 � 1.337 1.418 � 1.427 �0.14 0.00
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The adsorption energies and other energy characteristics of the
‘‘fluorinated fullerenes + DOX” complexes are presented in Table 3,
whereas their structures are shown in Fig. 4. It can be seen that flu-
orine plays an important role in fullerene-drug binding. Fig. 4 con-
firms that the C60F2 and C60F36 cages interact with the drug
molecule via both fluorinated and non-fluorinated parts of their
surfaces. Such a type of loading provides smaller deformation of
the drug and leads to higher adsorption energy compared to the
pristine or highly fluorinated fullerenes C60 and C60F48 (see Table 4).
Note that both pristine and fluorinated fullerenes are sufficiently
rigid, and their distortion energies are negligible.

One can see from the last column of the table, that the gap of
low-fluorinated fullerenes changes slightly due to DOX loading.
In contrast, highly fluorinated fullerenes exhibit a strong gap
reduction when loaded with DOX. This is because the HOMO orbi-
tals of pristine fluorinated fullerenes have low energies, and there-
fore their HOMO-LUMO gaps are much higher.

3.6. Fluorinated BN cages

The structure and properties of partially fluorinated B12N12

cages have been investigated previously at the B3LYP/6-31G* level
of theory [66]. According to the conclusions of Ref. [66], the aver-
age interaction energy of the BN cage with the fluorine atom
monotonically decreases with the increase in the degree of fluori-
nation. B12N12F2 was recognized as the most stable fluorinated
cage. However, the formation of full fluorinated cage B12N12F24
was found to be feasible at temperatures below 1200 K.

To validate and extend the results of the previous study [66], we
firstly investigated the interaction of a single fluorine atom with
6

B12N12 and B16N16 cages. Our results confirm that fluorine atom
can form a bond with both B and N atoms. Characteristics of these
bonds are collected in Table 4. Adsorption energies are satisfactory
comparable with the same results from Ref. [66] calculated with a
smaller electronic basis. It was not surprising that the F–B interac-
tion was much stronger than F–N. We found that adding the sec-
ond fluorine atom to the same square cycle on the BN cage
surface results in the highest energy gain, in accordance with the
previous study [66]. However, we concluded that the second fluo-
rine atom leads to a significant weakening of the BN cage. Fluorine-
induced structural changes in BN cages are shown in Fig. 5. Fluori-
nation of two boron atoms (Fig. 1b and e) leads to an extremely
short distance between two nitrogen atoms of � 1.66 Å, which is
close to the single N-N bond length of 1.57 Å measured in nitra-
mide. Fluorination of the neighboring boron and nitrogen atoms
(Fig. 1c and f) leads to the elongation of corresponding B-N bonds
to 1.85 Å, much more than the maximal value of a single B-N bond
of 1.70 Å [67]. Such changes in bond lengths indicate the possibility
of structural rearrangements in the BN cage. Therefore, we believe
that the low-fluorinated BN cages demonstrate lower kinetic sta-
bility. Further NBO analysis combined with the molecular dynam-
ics simulations can clarify the degree of stability of low-fluorinated
BN cages. However, these investigations are beyond the aims of the
presented paper.

It is remarkable that for half and fully fluorinated B12N12F12,
B12N12F24, and B16N16F32 cages, the lengths of all B–N bonds return
to reasonable values (see Table 4). Therefore, half and fully fluori-
nated cages are presumed to be less strained and more kinetically
stable. Note that we could not find a stable geometry of the
B16N16F16 cluster, which has all boron atoms fluorinated. We tried



Fig. 5. Optimized atomic structures of different B12N12F2 (a-c) and B16N16F2 (d-f) configurations and their relative energies. The energies of configurations (a) and (d) are
selected as zero points.

Fig. 6. Calculated infrared spectra of B12N12, B12N12F12, B12N12F24 (a) and B16N16, B16N16F32 cages. Gauss broadening with r = 10 cm�1 was applied to each vibrational peak.
The uniform scaled factor of 0.99 was applied to all frequencies to achieve matching with the results previously obtained for B12N12 in Ref. [24].
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numerous initial geometries, but the cluster structure always
broke down during relaxation. We have concluded that this cluster
is unstable or has very low stability.

For further DOX drug loading, we focused on B12N12F12,
B12N12F24, and B16N16F32 cages only. They were chosen not only
because of lower strain: unlike carbon fullerenes, BN cages typi-
cally form covalent bonds with oxygen or nitrogen atoms of the
drug molecules [29,68,69]. This is mainly due to the high chemical
activity of boron. Covalent binding has both some advantages and
disadvantages compared to the van-der-Waals binding. However,
here we focus on non-covalent mechanisms of binding, as is the
case of carbon fullerenes. Full fluorination of boron atoms elimi-
7

nates the possibility of covalent binding. For this reason, we chose
B12N12F12, B12N12F24, and B16N16F32 clusters instead of more ther-
modynamically favorable low-fluorinated fullerenes like
B12N12F2. The characteristics of the selected models of BN cages
are listed in Table 4. Fluorinated B12N12 and B16N16 have similar
properties, as the corresponding bond lengths and dipole moments
differ slightly. It is not surprising that the negative charge transfer
to fluorine atoms decreases with an increase in the number of flu-
orines (see Table 4).

Fig. 6 presents calculated IR spectra of fluorinated BN cages,
which have not been published previously. In accordance with
the previous studies, the characteristic peak of the pristine



Table 5
Adsorption energies Eads, distortion energies ED(full) and ED(drug), interaction energies Eint, frontier orbitals energies EHOMO and ELUMO, HOMO-LUMO gaps, electronegativity v,
chemical hardness g and electrophilicity index x of the DOX drug loaded on the half- and fully fluorinated B12N12 and B16N16 cages. Pristine cages were not considered because
they can form covalent bonds with the drug. All values are in eV.

system Eads ED(full) ED(drug) Eint EHOMO ELUMO gap v g w

B12N12F12 – DOX 1.48 0.95 1.17 3.60 �6.49 �5.98 0.51 6.23 0.26 75.54
B12N12F24 – DOX 0.69 0.03 0.55 1.28 �6.13 �5.35 0.78 5.74 0.39 42.45
B16N16F32 – DOX 0.53 0.00 0.58 1.11 �6.25 �5.75 0.50 6.00 0.25 72.63

Fig. 7. Structures of the DOX drug loaded on B12N12F12 (a), B12N12F24 (b) and B16N16F32 (c) cages.
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B12N12 cage at 1403 cm�1 represents the stretching vibrations of
the BAN bond, while peaks at 1180 cm�1 and 801 cm�1 represent
the bending of BAN [26]. Fluorination leads to significant shifting
of the peaks (see Fig. 6) and, therefore, can be easily detected by
spectroscopic techniques.
3.7. Loading of DOX on the selected models of fluorinated BN cages

As explained above, in our research, we studied only fluorinated
cages B12N12F12, B12N12F24, and B16N16F32, in which all boron atoms
are passivated with fluorine and cannot form covalent bonds with
the drug molecule. The energy characteristics of the obtained com-
plexes are presented in Table 5, whereas their structure is shown in
Fig. 7. The half-fluorinated B12N12F12 cluster demonstrates the
highest adsorption energy. Unlike carbon and fully fluorinated
8

BN fullerenes, the fluorine atoms on its surface are placed far
enough from each other. Therefore, they can rotate, adjust to the
drug molecule and provide stronger adsorption. For this reason,
B12N12F12 possesses adsorption energy of about 1.5 eV, signifi-
cantly higher than the other carbon and boron-nitride fullerenes
considered in our research.
4. Conclusion

Carbon nanostructures and their BN counterparts retain their
leading positions in drug delivery and in other applications due
to the possibility of their modification. The addition of functional
groups, preserving the structure of the carbon cage, makes it pos-
sible to obtain a wide variety of nanostructures with different
properties. These properties are determined not only by the nature
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of functional groups but also by their mutual arrangement. A direct
theoretical study of all possible patterns formed by functional
groups is usually impossible. Therefore, it is important to under-
stand the features of the effective interaction of functional groups
on the surface of the nanostructure that determines the resulting
pattern. In this paper, we described the structural features of fluo-
rinated carbon and BN fullerenes and examined their interaction
with the DOX drug molecule. This particular case is important
because we believe that the described approach can be applied
to other functional groups that provide the necessary properties
of carbon and BN nanostructures.

The main conclusions of this study are as follows. (i) For small
fullerenes C20, B12N12, and B16N16, the most thermodynamically
stable fluorinated derivatives have two fluorine atoms only. For
fullerene C60, C60Fm isomers with m about 40 are also feasible.
(ii) Low-fluorinated boron-nitride fullerenes are very strained
and probably low kinetically stable. (iii) Fluorine enhances van-
der-Waals attraction between fullerene and the drug significantly.
Half-fluorinated fullerenes provide stronger adsorption. Both fluo-
rinated and non-fluorinated parts of the carbon fullerene surface
are important for drug loading. (iv) The half-fluorinated
B12N12F12 cluster demonstrates the highest adsorption energy
because its fluorine atoms have the ability to deviate from their
pristine positions, ‘‘adjusting” to the drug molecule.
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