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Development of theoretical tools to analyze electronic structure of complex nanomaterials depending on features
of spatial and chemical organizations of different phases is of interest from both practical and theoretical points of
view. Therefore, in this work, an approach based on computations of the atomic charge distribution functions (CDF)
in parallel to calculations of the distribution functions of the chemical shifts (SDF) of protons is developed to be
applied to a set of complex oxide and carbon nanomaterials. Binary nanooxides (alumina/silica, titania/silica),
3d-metal-doped anatase, activated carbon, carbon nanotube, fullerene Csy, graphene oxide, and N-doped Kagome
graphene are considered here as representatives of different classes of nanomaterials. The analyses of the CDF and
SDF as nonlocal characteristics of certain kinds of atoms in complex systems provide a deeper insight into electronic
structure features depending on composition of the materials, guest phase-doped host phase at various amounts of
dopants, structure of O- and OH-containing surface sites, amounts and organization of adsorbed water, formation of
neutral and charged surface functionalities, bonding of solvated ions, etc. The CDF of metal and hydrogen atoms
(electron-donors) are more sensitive to the mentioned factors than the CDF of O, N, and C atoms (electron acceptors)
in various systems. As a whole, the use of the CDF and SDF in parallel expands the tool possibility in detailed analysis
of the structural and interfacial effects in dried and wetted complex nanomaterials.

Keywords: complex nanomaterials, atomic charges, chemical shifts of protons, distribution functions, DFT
method, semiempirical method

INTRODUCTION evaluation of the interphase interactions in
complex nanomaterials are of importance for
correct analyses of their practically important
characteristics and properties.

There are several aspects related to the
models and methods used in quantum chemical
modeling of complex materials [18-22]. First, it
is of importance to select methods (ab initio,
density functional theory (DFT), semiempirical,
etc.) appropriate to solve the tasks. Second, the
use of adequate basis sets (narrow or extended,
optimal, maximum appropriate), correct account
of electron correlation and exchange (perturbation
theory in ab initio, various functionals in DFT,
additional tools), as well as corrections on the
basis set superposition errors (BSSE),
temperature, zero-point energy, and vibrations are
quite important. Third, accurate selection of
appropriate  models (clusters, nanoparticles,
primitive or expanded cells used with periodic
boundary conditions (PBC), efc.) is necessary.
Additionally, taking into account solvation,
kinetic and dynamic aspects and some others
could be important on the analyses of the
phenomena occurring at a surface of complex
nanostructured systems under various conditions
[18-22]. Therefore, in the present work, several

Composition and phase or dopant
distributions  in  particles of  complex
nanomaterials may strongly affect the properties
and characteristics of whole systems [1-12]. First,
new active surface sites (e.g., bridging =M ;0M,=,
=M;0O(H)M>= at M, = Si and M, = Al, Ti, etc.),
absent in individual components, appear in the
complex systems. These sites are important for
adsorption, catalytic  acid-base  reactions,
interactions with filled polymers, drugs in drug
delivery systems, efc. [5—9]. Second, doping of a
main phase (e.g., C, TiO,, ZnO, etc.) by various
dopants (e.g., 3d metals, N, P, S, efc.) changes the
upper valence band and band gap that is of
importance for catalytic redox reactions, electron
conductivity, etc. [13]. Third, the mechanical and
thermal properties of the materials depend on
composition and phase distributions in
composites [15-17].  Practically all the
characteristics and properties of complex
nanomaterials could be varied due to changes in
their  structure, composition, and phase
distributions at a nano-scale level [1-17].
Therefore, accurate  modeling of  the
nanostructures, appropriate description and
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aspects related mainly to the sizes of particulate
models, their phase compositions, structure of the
host and gest phases, bound water effects, as well
as the types of the materials (e.g., metal and
metalloid oxides, various carbons) are analyzed.
It has been done using ab initio (6-31G(d,p) and
DGDZVP basis sets), DFT (functional ©@B97X-D
with the cc—pVDZ basis set) [23-25]. Some
calculations have been performed using a
solvation model with the SMD method [26] and
gauge-including-atomic-orbital (GIAO) method
[27, 28] to compute 'H NMR spectra.
Semiempirical PM7 and PM6 methods [29, 30]
have been applied to large models.

CALCULATION METHODS

Individual materials (oxide and carbon
nanoparticles) and complex models hydrated by
water clusters or interfacial water layer located at
a solid surface are analyzed using the Gaussian 09
[27], GAMESS 2020 R2 [28], and MOPAC 2016
[29, 30] program suits. The DFT calculations
have been done using a hybrid functional
®B97X-D with the cc—pVDZ basis set. The
GIAO method (with DFT) has been used to
compute the chemical shifts of the proton
resonance (Jou) [27, 28]. The solvation effects
have been analyzed with the SMD method
[26-28] implemented in the Gaussian and
GAMESS program suits. The calculations have
been carried out taking into account zero-point
and thermal corrections to the Gibbs free energy
in the gas phase and for solvated molecules and
solids clusters using the geometry optimized with
®B97X-D/cc—pVDZ (with or without SMD).
Note that ©®B97X-D introduces empirical
damped atom-pairwise dispersion terms into the
functional containing range-separated Hartree-
Fock (HF) exchange for better description of van-
der-Waals interactions [24, 25]. Therefore,
®B97X-D has been selected to obtain more
adequate results for the gas and liquid phases
interacting with nanoparticles. The distribution
functions of various parameters have been
calculated with a simple equation [31-34]

exp[—(X

- X 2
fn (X) = (272'0'5 )—045 Z n,j ) ]

2 b
J Zan

(1

where j is the number of a certain type (n) of
atoms, cis the distribution dispersion, and X is
the value of atomic charge (CDF) (Figs. 1-7) or

158

chemical shift on (SDF) (Figs. 8 and 9), and X is
the current value. For the electron-donor atoms
(H, Si) o = 0.01-0.025 a.u. is used, and
o = 0.05 a.u. for electron-acceptor (O, C, N)
atoms [34]. To decrease small details (e.g., small
excess peaks) in the distribution functions, the
distribution dispersion could be increased, e.g., up
to the values corresponding to experimental peaks
(i.e., full width at the half-height, FWHH)
[10, 35]. The distribution functions of various
characteristics (e.g., g, 0, etc.) based on the data
of any quantum chemical method may be
calculated using Eq.(1). Several silica, alumina,
titania, and complex oxide clusters have been
studied with initial structures with (i) 22 units
with silica/160H or anatase/100H, (ii) 44 units
with silica/240H, and (iii) 88 units with
silica/400H without or with sorbed water with a
solvation model SMD. These and some other
clusters are doped by various dopants (oxides of
Si, Ti, Al, Fe, Ni, Zn, and Sn) and computed with
ab initio (restricted HF (RHF) method with the
6-31G(d,p) and DGDZVP basis sets) or DFT
methods. The alumina cluster with 111 units is
used as a model of »ALO;. Carbon
nanomaterials (activated carbon (AC), carbon
nanotube (CNT), graphene oxide (GO), fullerene
Ceo (fullerite), and nitrogen-doped Kagome
graphene (NKG)) are modelled using the PM7
and PM6 methods. Note that NKG was recently
described in detail [36].

RESULTS AND DISCUSSION

Practically in all the models of complex
nanooxides calculated using the ab initio and DFT
methods with different basis sets, the CDF
demonstrate significant changes in peak positions
and band width due to doping of the main (host)
phase (SiO; or TiO;) by various metal (Al, Ti
(Figs. 1 and 2), Al (Fig. 2), Zn (Fig. 3), Ni (Fig. 4),
Sn (Fig. 5), and Fe (Fig. 6)) oxides. For complex
carbon nanomaterials (AC, CNT, GO, fullerite,
and NKG) (Fig. 7), the CDF strongly differ in the
shape and peak positions in comparison to
nanooxides due to lower polarity of the skeletal
bonds in carbon materials, which are, therefore,
mainly hydrophobic (especially, non-
functionalized carbons). Therefore, for all the
carbons modelled, the gc CDF are located around
gc = 0. However, for all atoms in oxides, the CDF
are located far from ¢ = 0 at ¢ > 0 (metals, H) or

q <0 (oxygen).
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In the anatase clusters (22 units with ten
surface hydroxyls) doped by silica, the bond
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Effects of the Ti/Si ratio in the TiO,/SiO; clusters with 22 polyhedra (with 100H) of the initial anatase

structure doped silicon dioxide on the atomic charge distribution functions for: () H, (b) O, (c¢) Ti, and (d) Si
atoms (restricted HF (RHF) calculations with the 6-31G(d,p) basis set)

There is a tendency of a decrease in the
atomic charges of Ti (Fig. 1 ¢) and Si (Fig. 1 d),
as well as in excess electron density located on the
O atoms (Fig. 1 b), with decreasing Ti/Si ratio.
For the H atoms, there is the opposite tendency
with increasing charges upon decreasing Ti/Si
(Fig. 1 a). This is typical for the Brensted acidity
of complex oxides vs. their composition. Note that
the gu CDF shape changes with doping. The
H atoms with maximal charges of 0.42—0.44 a.u.
are absent in the doped clusters, but the main peak
of gt1i CDF for the former is located at minimal gr;
values (Fig. 1 a, curve 1). This is in agreement
with increasing Brensted acidity of the bridging
hydroxyls =SiO(H)Ti= in comparison to the
hydroxyls in the individual silica and titania
phases. Note that the Bronsted acidity of
=SiO(H)Al= is greater than that of =SiO(H)Ti=
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(Fig. 2 a) due to a lower number of valence
electrons in Al than in Ti. Not only the Ti/Si or
Al/Siratio affects the surface hydroxyl acidity but
also solvation evaluated using the supercluster
approach or SMD method. It enhances the O—H
bond polarity and possibility of the appearance of
mobile  protons forming Eigen (H;O0")
(gu = 0.32 a.u. in Fig. 2 a) or Zundel (Hs0,")
cations. Enhancement of this effect due to the
surroundings for the Si, Al, and Ti atoms in larger
clusters (as well as due to solvation) causes
broadening of the CDF peaks (Fig. 2 ¢, d). All
these changes affect the properties of complex
nanooxides in heterogeneous acid-base reactions,
in which Brensted and Lewis acid and base sites
can play the main role. Not only particle
compositions (e.g., Al/Si or Ti/Si ratio) but also
particle sizes and shapes can affect the
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characteristics of active surface sites taking part
in the adsorption of reagents with subsequent
catalysis of various chemical transformation.
Anatase as a photocatalyst is active in redox
reactions. However, its bandgap (£,) is relatively

large (E; = 3.2 eV corresponding to ultraviolet
light). Therefore, it cannot be used upon
activation by visible light. To improve titania as a
photocatalyst, it is doped by various dopants
(metals and nonmetals) to provide £, <2-3 eV.
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Atomic charge distribution functions in the clusters of Al,O3/SiO, and TiO,/SiO, with 44 units (with 300H

and 240H, respectively, and bound 42H,0) and 88 units (460H and 400H, respectively, and bound 10H,0)
with six units of Al,Os or TiO; for (a) H, (b) O, (¢) Si, and (d) Al and Ti atoms (DFT method with

®B97X-D/cc—pVDZ)

The effects of dopants of several types on the
CDF are analyzed here (Figs. 3-6). Note that the
effects on the bandgap were previously studied
using quantum chemical methods and various
approaches (e.g., cluster or PBC), but the CDF
were not yet computed for similar complex
systems [34, 37]. Besides the appearance of
excess electrons or holes, additional polarization
of the oxygen-metal bonds can affect the band
gap. The appearance of excess electron density
caused by weakly bound electrons (number of
valence electron in dopant metal atoms
nx > 4 = nri) characterized by energy levels
located higher than the top of the upper valence
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band of a pure host phase, as well as the holes
(nx < 4, located lower the conductive band
bottom). In the electron-hole subsystem for the
host/guest phases or for dopants embedded into
the host phase and characterized by larger or
smaller numbers of valence electrons than metal
in a host phase (e.g., Ti), their behavior may
reflect in changes in the CDF (Figs. 3-6). The
computing results show that the atomic charge
distribution functions depend on the ratio of the
guest/host phases and a kind of metal atoms (i.e.,
metal oxide) embedded into a host phase.
Typically, the positive effects (i.e., diminution of
the E, value) are observed for a small guest/host
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ratio (not greater than several atomic percent

titania are more sensitive (and more important) to
without formation of individual guest phase)

the mentioned ratio than that of other atoms (H

[38—44]. Note that the CDF of metals in doped and O).
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Fig. 3. Effects of the Ti/Zn ratio in the TiO»/ZnO clusters with 22 polyhedra (with 100H) on the atomic charge
distribution functions for: (a) H, (b) O, (¢) Ti, and (d) Zn atoms (RHF with the DGDZVP basis set)
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Fig. 4. Effects of the Ni atoms in the TiO»/NiO cluster (Ni/Ti = 7/15) with 22 polyhedra (with 100H) on the atomic

charge distribution functions for H, O, Ti, and Ni atoms (solid lines) and the TiO, cluster (dot-dashed lines)
(RHF with the 6-31G(d,p) basis set)
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Fig. 5. Effects of the Sn/Ti ratio in the SnO,/Ti0; clusters (Sn/Ti

2/20 (dot-dashed lines) and 3/19 (solid lines) with
22 polyhedra (with 100H) on the atomic charge distribution functions for H, O, Ti, and Sn atoms (RHF with
the DGDZVP basis set))

. Fe/Ti=0/22

#
. . o, we

Fe(Ti=6/16
¥ % r /\ Ly F
Ao b e ¥ :
;‘P ""—‘:i's.r‘é: #"—. -
‘ - &

-__-_’-_-_-_hh-——_

flan) (arb.un.)

f(a,.) (arbun)

22
2.4 0 =
U (au,) 28 Fe/(Ti :EHO
-8, e »- g d
(©) fo At (d)
»
B s avaan W

€
3
~ g
° &
A 2 —_
g 3 2
e 4 = 10
E o £ L
8 . =
10 2
06 07 .08 .09 A0 44 42z 13 12 : 0.40 042 0.44 0
9o (a.u.) Gy (au.)
Fig. 6. Effects of the Fe atoms (np. =

1,2,4,6,8, 10, and 12) in the Fe;O3/TiO; clusters with 22 polyhedra on the atomic
charge distribution functions for: (@) Ti, (b) Fe, (c) O, and (d) H atoms (RHF with the 6-31G(d,p) basis set)
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This is well visible on the 3D CDF surfaces for Fe-
doped anatase (Fig. 6), since for the H and O atoms
these functions are characterized by relatively
smooth surfaces (Fig. 6 ¢, d) in contrast to that for
the Fe and Ti atoms (Fig. 6 a, b). At small changes
in the X/Ti ratio (e.g., 2/20 and 3/19 for Sn/Ti,
Fig. 5), the changes in the CDF for Sn and Ti are
better visible than that for H and O. At relatively
large X/Ti values (Figs. 3, 4, and 6), this tendency
remains; however, changes in the H and O CDF
become well visible, but the position of their main
CDF peaks does not practically change.

The structural effects in carbon nanomaterials
on the atomic charge distribution functions of the
C, H, O, and N atoms are well visible (Fig. 7) for
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activated carbon (Fig. 7 a), capped carbon
nanotube (Fig. 7 b), graphene oxide (GO) with
two layers with bound water (Fig. 7 ¢) or single
layer GO, wetted fullerite with fullerene Ceo
(Fig. 7 a, e) and nitrogen-doped Kagome
graphene (NKG) (Fig. 7 d). Note that NKG with
an open-work structure [36] remains plane upon
the geometry optimization with the PM7 method
(Fig. 7 d, insert). The behavior of the C CDF for
pure or modified or functionalized carbon
materials is characterized by a location of the
main peak around gc = 0 (Fig. 7). Oxidizing or
doping (e.g., by N or O) of carbons may lead to
broadening or even splitting of the C CDF [45].
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Effects of the carbon nanomaterials structure on the atomic charge distribution functions for C, H, O, and N

atoms for: (a) activated carbon (1589 atoms) with O-containing functionalities (solid lines) (insert) and vdW
cluster with 14Cqg solvated in a water shell (213H,0) (dashed lines, structure is shown in (e)), (b) capped
carbon nanotube with 260 atoms (PM6 and PM7 methods), (c¢) graphene oxide with two layers with bound
water (183H,0) (solid lines, 4438 atoms) (insert) and folded single-layer GO (dashed lines, 6358 atoms)
(shown in (f)), and (d) nitrogen-doped Kagome graphene with 1488 C and 152 N atoms (PM7 method)
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This corresponds to a decrease in the
hydrophobicity of modified and functionalized
carbons. There is an effect of 5-member rings in
Cso and CNT resulting in broadening of the C
CDF in comparison to graphite.

The effects of bound water (as real clusters or
solvation shells or in the SMD model) lead to
additional polarization of the O-H bonds in
surface hydroxyls and bound water molecules,
especially located in the first adsorption layer, that
even may lead to generation of the Eigen and
Zundel cations (Figs. 8 and 9). An increase in the
number of bound water molecules leads to the
stabilization of these cations and a certain
downfield shift in the 'H NMR peak at
ou = 15-16 ppm (Fig. 8, Eigen cation).
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Fig. 8. 'H NMR spectra of differently hydrated (a)

y-alumina and alumina/silica clusters and ()
TiO,/Si0; clusters; DFT method with
GIAO/®B97X-D/cc—pVDZ (with or without
solvation effects with SMD)

A position of a peak related to the Eigen
cation is practically similar for Al,O3/SiO, and
Ti02/Si0; at X/Si = 6/82 and 12/76 with bound
10H,0 (Fig. 8), however, the oy value is slightly
greater (16.1 ppm) for the Eigen cation bound to
ALOs/Si0; (Fig. 8 a, curve 7) than oy = 15.4 ppm
for TiO»/SiO; (Fig. 8 b, curve 2). Appearing of
water bound to y~Al>O3 nanoparticle results in a
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significant downfield shift of the "H NMR lines of
the OH groups (Fig. 8 a, curves 1 and 2).
However, the acidity of surface sites and
polarized hydroxyls is greater for alumina/silica,
AS (Figs. 8 and 9) than for pure alumina (Fig. 8 a,
curves 1 and 2). Greater values of oy are observed
for bound water (molecules directly interacting
with surface sites, Fig. 9, curves 3 and 4) than that
for surface hydroxyls (curves 5 and 6). The use of
the SMD method (with water as a solvent) results
in insignificant changes in the 'H NMR spectra of
bound water and surface hydroxyls (Figs. 8 and
9). These changes are greater at a smaller number
of water molecules bound to oxide nanoparticles
since a relative number of the H atoms with the
hydrogen bonds is smaller than at a larger number
of bound water molecules.
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Fig. 9. 'H NMR spectra of alumina/silica (11/33,
350H) cluster with bound 42H,0 (curves 1
and 2), only bound water (curves 3 and 4), and
surface OH groups (curves 5 and 6) (DFT
method with GIAO/@B97X-D/cc—pVDZ,
with (curves 2, 4, and 6) or without (1, 3, and

5) solvation effects with SMD)
CONCLUSION

The use of the charge (CDF) and chemical
shift (SDF) distribution functions for various
complex nanomaterials provides a deeper insight
into their electronic structure features depending
on the composition of the materials, doping of a
host phase by a guest phase at various amounts of
dopants, structure of O— and OH-containing
surface sites and other surface functionalities,
amounts and organization of adsorbed water
molecules, formation of charged surface sites and
solvated ions (e.g., H;0", HsO,~, OH"), efc. The
CDF of metal and hydrogen atoms (as electron-
donors) are more sensitive to the mentioned
factors than the CDF of O, N, and C atoms (as
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electron acceptors). The use of the CDF and SDF ACKNOWLEDGEMENT
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Pospobra 0odamkogux iHcmpymeHmie Ol aHANI3Y eLeKMPOHHOI CMPYKMYpU CKIAOHUX HAHOMAamepianie
3a1€CcHO 8I0 ocobnusocmell iXHbOi RPOCMOPO6oi ma XiMiuHOi Oy008U 561€ IHmMepec AK 3 NPAKMUYHOL, max i 3
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posnodiny 3apsady (CDF) napanenvho 3 po3paxynkamu QyHKYit po3nodiny ximiunux 3cysie (SDF) npomownis, axui
3aACmMoco8yeEmMbCsi 00 HU3KU CKIAOHUX Hanomamepianie. Binapni Hanookcuou (0Kcuo antoMiHito/0ioKcuo KpemHiro,
Oiokcuo mumany/0iokcud KpemHilo ma iH.), donosauuti 3d-memanamu avamas, QyHKYiOHANI308aHe AKMUBOBAHE
gyeinis, gyeneyesi nanompyoxu, ynepen Cgy, oxcud epapeny ma N-ne2oeanutl epaghen po3ensiymo six npedCmasHuKie
PI3HUX K1ACi8 KOMNAeKCHUX Hanomamepianis. 3acmocysanns CDF ma SDF ananizy 0ns ckiaoHux cucmem oae 2nuouti
VAGNEHHSL PO OCOONUBOCMI eleKMPOHHOT 6Y008U 3ANENHCHO IO CKAAdYy MAmMepiania, 1e2y8antsi 20106HOI (asu
donawmamu npu pizHUX Kitbkocmsx nezyiouux pewosutn, cmpykmypu O- ma OH-emicnoi nosepxui, kinekocmi ma
opeanizayii adcopboBaHUX MONEKYL 600U, YMBOPEHHS 3aPA0NCEHUX NOBEPXHEBUX (QYHKYIOHANbHUX 2pYn ma
conveamoganux ionie. CDF amomie memany ma 600HI0 (OOHOpU e/leKMPOHI8) Oibu wymausi 00 32a0anux pakxmopis,
nisie CDF amomie O, N ma C (axyenmopu enekmponis). Ilapanenvue euxopucmanusi CDF ma SDF poswupioe
MOACIUBOCME OEMANIBHO20 AHANIZY CIPYKIMYPHUX MA MIJCHAZHUX epexmis y 2I0pamosanux CKIaOHUX Mamepiaiax.

Knrouosi cnosa: komnnekcui HaHomamepianu, AMoMHI 3apaou, XiMiuHutl 3¢y8 npomonie, hynxyii posnodiny, TOI
Memoou, Hani@eMnipuyHi K8AHMOBOXIMIYHI Memoou
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