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Abstract: Fluorinated nanometer-scaled diamond particles (NDs) C, F, , C_ F, and C F, have been theoretically investigated
using the dispersion-corrected density functional theory. We justify that fluorinated NDs are more thermodynamically stable
than fluorinated fullerenes of comparable size due to the stronger C-F bonds. Consequently, NDs are also more resistant to
defluorination. The differences in lengths and energies of C-F bonds formed on the NDs edges and surfaces are discussed
in details. We observe that fluorine atoms contribute significantly to both frontier molecular orbitals of fluorinated NDs.
The HOMO-LUMO gap has a tendency to decrease with the ND size. The electron density transfer from the carbon core to
the fluorine shell is found to be about 0.1 electrons per fluorine atom. Global optimization of the polymethyl methacrylate
(PMMA) + ND configuration have been carried out with the genetic algorithm. A weak interaction of fluorinated NDs
with PMMA polymer has been established. The concrete value and sign of the binding energy depends on the ND size. The
electronic orbitals of NDs almost do not hybridize with those of the PMMA, so the optical properties of NDs into the polymer
matrix remain unchanged. The paper discusses the effect of ND coating with fluorine and other functional groups on the
mechanical and optical characteristics of the resulting NDs/polymer composite.
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1. Introduction fraction of atoms and influences on the thermodynamics of
the entire nanoparticles. Since the activity of surface carbon
Nanodiamonds (NDs) [1] are nanoscale particles composed atoms in NDs and fullerenes are different, terminated groups
of sp’-hybridized carbon atoms. In contrast to fullerenes, can change the thermodynamic competitiveness of NDs and
NDs exhibit a distinctive atomic configuration, wherein fullerenes.
each atom forms four chemical bonds with its neighbors. In this study, we have focused on the fluorinated NDs.
The thermodynamic stability of NDs has been thoroughly  Although most computational investigation consider more
studied and discussed [2]. According to well-known relation, simple hydrogenated systems, fluorinated NDs possess some
the energy of the bulk diamond exceeds that of bulk graphite advantages. They can be easily synthesized from Teflon
by 2.9 kJ/mol under standard conditions [3]. To become a  without external fluorine source [5]. Khabashesku et al.
diamond more favorable compared to graphite, very specific ~experimentally demonstrated that fluorination results in
conditions (high pressure and high temperature) arerequired.  higher resistance on NDs to graphitization [6]. Zagrebina et al.
However, the thermodynamic advantage of graphite over reported that fluorination leads to high-quality NDs without
diamond is not valid at the nanoscale. A comparison of sp>-hydrohenized shells [7]. Nesvizhevsky et al. observed
graphene-like nanoparticles (fullerenes) and NDs reveals reflection of slow neutrons by NDs and proposed a new kind
that NDs are thermodynamically competitive for certain of neutron reflector based on this effect [8]. In addition, the
nanoparticle sizes. Pioneering study be Barnard et. al high electronegativity of fluorine leads to a redistribution
predicted the NDs are more stable in 1.9 to 5.2 nm range [2].  of charges in the particle and changes the NDs reactivity.
In later study [4], the boundaries of this range were refined = Moreover, the fluorine nucleus provides a strong NMR signal
for different conditions. and chemical shift, facilitating experimental detection and
In contrast to fullerenes, pristine NDs inevitably possess  characterization of the fluorinated system [9]. Finally, most
dangling bonds on their surface. They can be terminated carbon nanostructures are used for different applications
by hydrogen or other functional groups. Since we deal in their fluorinated forms, including NDs, fullerenes [10],
with nanostructures, the termination involves a significant nanotubes [11] and graphene [12]. Fluorinated fullerenes
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and graphene are also considered as the promise drugs
carriers [13]. This is why we are particular interested in
fluorinated NDs.

NDs deserves to be studied not only in its pristine form.
They attract attention as components of complex advanced
nanomaterials [14-16]. Composites based on NDs and
polymers such as acrylate [17,18] or polypropylene [19]
are used in various applications. In particular, polymethyl
methacrylate (PMMA) is often used as a suitable polymer
matrix for NDs [20]. Fouda et al. reported increase in flexural
strength, impact strength, and hardness and antifungal
activity of PMMA after its doping with NDs [21,22].
Wang et al. fabricated a supercapacitor with record energy
density used NDs/PMMA composite [23]. Gad et al. applied
similar NDs/PMMA compound for denture repair [24].
Many other applications are available for NDs/PMMA [25].

Indeed, the terminated groups coated the NDs effect
on their interaction with the polymer and determine
the composite characteristics. Fluorinated NDs interact
with PMMA in a different way compared to pristine or
hydrogenated NDs. According to Ref. [26], fluorinated C,
fullerene possesses twice higher interaction energy with
40 common drugs compared to pristine C_ due to hydrogen
binding. In this study, we used the density functional
theory (DFT) to examine in details the interaction between
fluorinated NDs with PMMA. Since PMMA can not form
hydrogen bonds, it is expected to slighter interacts with
fluorinated NDs. So NDs can keep their identity and optical
properties in composites with PMMA.

2. Computational methods

The initial NDs configurations were cut from bulk diamond
using the NanoCrystal tool [27]. They were then fixed and
fluoridated manually. The edge/surface carbon atoms were
passivated by two/one fluorine atoms, so that the total
number of their bonds was four. The initial geometries of the
NDs + PMMA complexes were generated using the genetic
algorithm provided in the ABCluster program [28]. The final
optimization of NDs, fullerenes, PMMA, and complexes
was carried out using the density functional theory. The
PBE/6-31G* technique and D3 dispersion corrections [29]
were used, which are important for the non-covalent bonds
between NDs and polymer. The DFT calculations were
performed in the TeraChem package [30 - 31]. The electronic
properties were calculated for the equilibrium geometry.
The MultiWin tool [32] provides post-processing of electron
density for deriving electronic properties. ChemCraft
provides visualization of the considered electronic systems
and their molecular orbitals.

3. Results
3.1. Structure of the fluorinated NDs

A realistic nanoparticle model does not have to be almost
spherical. A reasonable model should take into account
the energy of the various facets of the crystal from which
the nanoparticle is being cut. The NanoCrystal software
contains an intrinsic algorithm to take into account

31

the energies of various crystal facets. When generating
nanoparticles, we adopted the energies (001), (110), and
(111) diamond surfaces presented in Ref. [33]. However,
the resulted nanoparticles are still close to spherical, see
Fig. S1 (Supplementary material). To take into account the
possible dependence on the size of the NDs, three models of
different sizes were considered. These are C F,, (Fig. Sla),
C,F,, (Fig.S1b) and C F, (Fig. Slc) nanoparticles.
Their diameters are approximately 0.8, 1.1, and 1.3 nm,
respectively. The number of atoms, the size of the Gaussian
basic set, and therefore the amount of the required computer
resources increases dramatically with the particle diameter.
For this reason, we did not consider larger models.

To present the calculated bond lengths visually, we
calculated a radial distribution function (RDF) as shown
in Fig. 1. Each peak related to the bond is broadened by a
Gaussian function, so we define RDF as

2
RDF(r)zZZ ! exp —(r—;;j)
T o1 V21O 26

(1)

Here r, is the interatomic distance, indexes i and j number
the atoms and 0=0.002 A. This value probably exceeds the
achievable accuracy of the applied DFT approach. However,
the adopted o is small enough to observe the peaks splitting,
demonstrated slightly different bond lengths appeared in
the considered system. In particular, Fig. 1 clearly shows
that there are two typical C-F bond lengths in the system,
with peaks at 1.278 and 1.361 A, respectively. The shorter
C-F bonds correspond to the edges of the nanoparticle,
where two fluorine atoms attach to each carbon atom. The
longer C-F bonds correspond to the nanoparticle surfaces,
where only one fluorine atom binds to each carbon atom.
The positions of both peaks are almost identical for
nanoparticles of different sizes. The ratio of their intensities
corresponds to the number of C-F bonds of different types
formed on the surfaces and edges of the nanoparticle. Note
that the calculated bond lengths are in a good agreement
with typical experimental values for C-F bonds, ranging
from 1.36 (estimated from neutron scattering) to 1.38 A
(estimated with NMR) [34].

The C-C bonds also have different lengths, as presented in
the right part of Fig. 1. The bonds in the nanoparticle core are

C26F32
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ﬁ
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Fig. 1. (Color online) RDF functions for considered models of
fluorinated NDs.
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slightly longer than that on the surface. Bonds of both types
are shorter for larger nanoparticles, see Fig. 1. The intensity
ratio is also explained by the different ratio of atoms in the
core and on the surface of nanoparticles of different sizes.

3.2. Stability of the fluorinated NDs

There are different ways to evaluate the stability of
NDs. The first value relevant to stability is the energy of
defluorination E;. We define E, as the energy required to
detach a single fluorine atom:

E,=E(CF )+05E(E)-E(CF ). )

n m-1

Here E(CF ) and E(CF ) are the total energies of
defluorinated and original fluorinated NDs, respectively;
E(F,)) is the energy of the isolated fluorine molecule. As
mentioned above, there are two types of C-F bonds in
NDs. Breaking bonds of different types requires a slightly
different amount of energy. Both values of E, for each
considered system are presented in Table 1. All E,; values
are close to 4 eV, so E is almost independent on ND size.
High value of E,; shows that fluorinated ND is much more
feasible compared to pristine ND and isolated F, molecules.
As expected, breaking the shorter bond on the ND edge
requires =0.3 eV more energy compared to longer bond on
the ND surface.

For the purpose of the comparison, we also calculate the
E,, value for fully fluorinated C_,F,, fullerene with the same
formula (2). We obtained the negative value E, =-1.54 eV.
So, the dissociation of F, molecule and subsequent
attachment of fluorine atoms to fullerene is energetically
unfavorable process. The low value of E, in fullerenes can
be explained. It is known that fluorographene is fluorinated
on both sides. Such a structure provides near tetrahedral
coordination for each carbon atom. However, the inner side
of the fullerene is unachievable, so only the outer surface
undergoes fluorination. This fact results in weaker C-F
binding in fullerenes. Therefore, fluorination of NDs is more
energetically feasible compared to fullerene. To clear compare
the energies of fluorinated NDs and fluorinated fullerenes, we
calculated the AE values according to the following formula:

AE=E(CF)+0.5(m-n)EF)-ECF)  (3)

Here, E(C F ) is the energy of the fluorinated fullerene, E(F,)
is the energy of a fluorine molecule, n=32, 64 or 148 is the
number of carbon atoms in the fullerene or ND. Since there
is not common C,, fullerene, we used the doubled energy

of C_F_, instead of E(C,,F, ) for n=148 in formula (3). The
fullerene cages with common symmetries are considered
(C,-D,,, C,-D,,, C,-D,). In fact, AE is the energy required

to transform fluorinated ND to fluorinated fullerene

(accompanied by the absorption or emission of the required
number of the F, molecules). The positive values of AE
confirms that fluorinated ND are more thermodynamically
stable compared to fluorinated fullerenes. Therefore, the
fluorination changes the thermodynamic order of fullerenes
and NDs due to stronger C-F bonds formed by ND.

3.3. Electronic properties of fluorinated NDs

Table 1 also includes the energies of the frontier molecular
orbitals, HOMO and LUMO. According to Table 1, the
HOMO energy is close to —8 eV for all NDs. However, the
LUMO energy is different for systems of different sizes. In
general, we observe a decrease in the HOMO-LUMO gap
as the size of the nanostructure increases. Such a behavior
is typical for most nanosystems and is associated with a
decrease in electron localization. The slight non-monotonic
variations in the gap width could be related to structural
features of certain NDs models considered here. The largest
ND shows a gap of about 5 eV, which is somewhat lower than
the value for bulk diamond (about 5.5 eV). This difference
can be explained by the effect of fluoride. Figure 2 shows
the shapes of the frontier molecular orbitals, as well as the
total and partial density of electronic states (DOS), reflected
the contributions from carbon and fluorine atoms. Figure 2
clear shows that fluorine provides a significant contribution
to the HOMO and weaker but not negligible contribution to
LUMO of all studied NDs.

Table 1 also shows the averaged partial Lowdin charges for
carbon and fluorine atoms. We used Lowdin charges because
they are not affected by the electronic basis used, in contrast
to the more common Mulliken charges. According to Table 1,
the charges of fluorine atoms are negative and close to —0.1]e]|
(e is the elementary charge) for NDs of all sizes. Carbon
atoms have a positive charge, providing electroneutrality of
the whole ND. In larger NDs, the proportion of carbon atoms
is higher, so their averaged charge decreases with the size of
the system, as shown in Table 1. The negative charge of the
fluorine shell of a ND should result in its stronger interaction
with positively charged parts of other molecules or materials.
On the other hand, it can repulse oxygen and other negatively
charged atoms with high electronegativity.

3.4. Interaction of fluorinated NDs with PMMA

We used the PMMA model consisting of three monomeric
fragments. The broken bonds on the polymer chain ends
are passivated with hydrogen, so that the molecular
model C H, O, are obtained to represent the PMMA.
Using finite models allows for calculations with accurate

Gaussian basis sets and functionals, whereas the size of

Table 1. Defluorination energy E,. and energy difference AE calculated with formulas (2) and (3), respectively. Frontier molecular orbitals
HOMO and LUMO and averaged partial Lowdin charges of carbon g and fluorine g, atoms are also presented for C,F,,, C, F,, and

267 32° 84" 64

C, Fos NDs.
E;, eV AE, eV HOMO, eV LUMO, eV gap, eV dc qr
CyFs 3.79/4.07 21.50 -8.14 -1.26 6.28 0.12 -0.10
(O 3.86/4.08 41.36 -7.93 -3.07 4.86 0.08 -0.11
CsFos 3.81/4.06 25.52 -7.75 -2.78 4.97 0.07 -0.10
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Fig. 2. (Color online) Density of electronic states and frontier orbitals of C, F,, (a), C,F,, (b) and C,,F, (c) NDs. All peaks are broadened by
gaussians with FWHM =0.5 eV. Linear scaling is applied to DOS axis.
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the polymer model corresponds to the size of the studied
diamond nanoparticles. Note that models consisting of 1 to
3 monomers were used in simulations of PMMA/graphene
[35] or PMMA/diamond nanothread [36] composites.
Finding the optimal adsorption configuration is a non-
trivial task, since many configurations are possible. We used
the genetic algorithm provided in the ABCluster package
for global optimization of the ND + PMMA complex. At
the first stage, the parameters of each of the atoms in the
molecules were determined using the implemented topgen
algorithm [37]. We set the population size and number of
generations equal to 100 and 200, respectively. Then a pair-
wise empirical interatomic interaction is used, calculated on
the basis of these parameters. The genetic algorithm based
on the empirical intermolecular interaction provides the
lowest-energy configurations, which is used as a guess for
subsequent more accurate DFT optimization. The resulting
equilibrium adsorption configurations are shown in Fig. S2.

The binding energy E, characterizing the interaction of
ND with PMMA is determined as follows:

E,=E(ND+PMMA) - E(ND) - E(PMMA).  (4)

The basis set superposition error (BSSE) is accounted for by
using “ghost” atoms, as implemented in TeraChem. According
to this technique, the E(ND) and E(PMMA) energies are
calculated in the extended electronic basis containing gaussian
basic functions from all atoms of the complex. The calculated
E, values and some electronic characteristics of ND + PMMA
complexes are summarized in Table 2.

Figure S2 visualizes the partial contributions to the
density of electronic states from ND and PMMA. We observe
that the frontier orbitals almost do not hybridize. The HOMO
and LUMO orbitals are completely localized at PMMA and
ND, respectively, see Fig. S2. Therefore, the energy of the
HOMO orbital is almost the same for all complexes (about
—5.7 eV) and is determined by the PMMA structure, while
LUMO is almost equal to the corresponding value for NDs
(it is clear from a comparison of Tables 1 and 2). The charge
transfer was estimated as the sum of the Lowdin partial
charge for all atoms related to ND or PMMA. We observe a
slight charge transfer from PMMA to ND, but the total ND
charge does not exceed 0.1|e|. The E, value is slightly negative
only for the smallest NDs. Other NDs possess positive E,,
so the formation of a composite with them is energetically
unfavorable. Addition calculation for the smallest complex
with the polarized continuum model COSMO implemented
in TeraChem with £=3.7 yields to of the E, = -0.27 eV, which
is very close to the value obtained in a vacuum (-0.30 eV).
Thus, the influence of polarization on binding energy proved
to be negligible for considered systems. We conclude that the
fluorinated ND weakly interacts with PMMA. This is because
PMMA has electronegative oxygen atoms that repulse

the fluorine shell and does not have suitable H atoms for
forming hydrogen bonds. Thus, fluorinated NDs retain their
individuality within the composite.

4, Discussion

The functional groups coated the ND determine its
interaction with polymers. The desired interaction intensity
is dependent on the composite purpose. For example,
the strong attraction of the polymer to ND contributes
to improved mechanical properties. Weak interaction is
undesirable for mechanical applications; however, it provides
keeping the electronic and optical properties of the pristine
ND, which is useful for photonics. Moreover, coating of
ND provides their selectivity with respect to polymers. So,
fluorination enhances the interaction through hydrogen
bonds, but weakens the bond with other polymers such as
PMMA.

Note that many diamond-like nanoarchitectures are being
investigated along with classical NDs [38 - 39]. Many of them
have outstanding mechanical characteristics comparable to
ND [40-41]. Thus, we propose three degrees of freedom in
the design of functional composites: the type of diamond-
like phase forming the nanoparticle, the coating functional
groups and the type of matrix polymer. Together with
varying the size and concentration of diamond-like particles,
this variety provides wide opportunities for the construction
of composites for various applications.

5. Conclusion

Our study considers fluorinated NDs within the density
functional theory. We found that coated by fluorine results
in higher stability of NDs compared to fullerenes, since the
former form stronger C-F bonds. An analysis of the density of
electronic states and frontier orbitals has shown that fluorine
plays an important role in the electronic structure and
reactivity of the considered structures. We have identified a
weak interaction of NDs with PMMA due to electronegative
oxygens contained in PMMA and the absence of hydrogen
bonds. Thus, NDs particles retain their electronic and
optical characteristics inside the NDs/PMMA composite.
In the future, we plan an extensive theoretical study of the
influence of different types of coating functional groups on
the interaction of NDs with various polymers.

Supplementary material: The online version of this paper
contains supplementary material (Fig. S1 contains equilibrium
geometries of the C,F,, (a), C,F, (b) and C ,F, (c) NDs,
Fig. 82 — NDs+ PMMA complexes and their total and partial
density of electronic states) available free of charge on the

journal’s website https://lettersonmaterials.com.

Table 2. Binding energy E, between ND and PMMA fragment calculated with formula (4). Frontier molecular orbitals HOMO and LUMO
for ND + PMMA complexes. The total Lowdin charges of ND and PMMA atoms which characterize the charge transfer are also presented.

E,, eV HOMO, eV LUMO, eV gap, eV /NS Torivia
C,Fs, + PMMA —-0.30 -5.72 -1.83 3.89 0.07 —-0.07
Cq,Fey + PMMA 0.66 —5.68 -3.18 2.50 0.10 —-0.10
C,sFss+ PMMA 2.00 —5.68 -2.86 2.82 0.10 —-0.10
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