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ABSTRACT

Does the hybridization of the surface of carbon nanoparticles (CNPs) affect the properties of the
surface carboxyl and hydroxyl groups and the features of their deprotonation in water? To answer
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these questions in this work the structures of graphite-and diamond-like carbon cells with OH and

COOH groups optimized by the DFT method were studied. It was found that in the same suspen-
sions the OH and COOH groups deprotonate easier being on carbon with sp? hybridization rather
than sp>. Theoretical estimates have shown that in aqueous suspensions of CNPs, “isolated” carb-
oxyl COOH groups on sp?/sp3 hybridized carbon sites have pK, in the ranges of 3.5-4.5/4.5-5,
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and the hydroxyl OH groups - in the ranges of 8.5-10/15-18, respectively. The conclusions made
on the basis of theoretical calculations about the features of deprotonation of surface groups of
CNPs are experimentally confirmed by the changes of the zeta-potentials of oxidized detonation

nanodiamonds with the change of the pH of the environment.

1. Introduction

Carbon nanoparticles (CNPs) have broad prospects for their
use in biomedicine. Nanodiamonds (NDs) are the most sta-
ble base for creating bioconjugates, carbon dots (CDs) are
most easily modified for the use as fluorescent sensors, car-
bon nanotubes (CNTs) have significant conductivity to
ensure electron transfer between biomolecules, and so
on."! The composition and structure of the surface of
these nanoparticles largely determine their properties and
the features of their interaction with the environment. Such
characteristics as the colloidal stability of CNPs,>*7 their
photoluminescent ~ properties,*~*’ biocompatibﬂity,[“’m
and the features of ion and macromolecule adsorption!'*~*%!
depend on the type of surface groups. A special place among
the surface functional groups of CNPs is occupied by the
oxygen-containing groups: COOH, OH, C=0, COC, which
provide nanoparticles with good biocompatibility!'**!! and
play an important role in the formation of photolumines-
cence.'®*?%! Carboxyl groups provide great colloidal stabil-
ity!?***] and the possibility of modifying the surface of the
CNPs by chemical methods.*® A change in the pH causes
deprotonation of the COOH and OH oxygen-containing
surface groups, which leads, among other things, to a
change in the photoluminescence of CDs and NDs.?”?%!
Such processes open up the possibility of using these nano-
particles as pH nanosensors.

However, the characteristics of CNPs provided be their
surface groups may vary depending on the groups’ local
environment -  the neighborhood with  solvent
molecules, ions, biomacromolecules, and other surface

groups.>®11415) It s well-known that most CDs are a
combination of sp*-and sp>-hybridized carbon;*>*"! the dia-
mond core of NDs is often coated with different amounts of
graphite-like or amorphous carbon in sp* hybridiza-
tion.?**!) The surface carbon of both hybridizations can
host a large number of oxygen-containing groups. Questions
arise: are the same oxygen-containing groups equally bound
to the surface carbon in sp’- and sp’- hybridization, and
does the deprotonation of the COOH and OH groups
located on carbon of different hybridization when the pH of
the nanoparticle environment changes differ? It is currently
impossible to answer these questions experimentally, since
there are no reliable methods that allow to estimate the sur-
face carbon areas in sp” and sp3 hybridization, the number
of certain oxygen-containing groups on them and the
strength of the bond of these groups with surface carbon
atoms with different hybridizations.

In this paper, the answers to the above questions are
obtained through theoretical modeling. Using the DFT
method, it was investigated how the type of hybridization of
the carbon base of the surface oxygen-containing OH and
COOH groups affects their parameters and their deprotona-
tion. The information obtained from theoretical calculations
on the deprotonation of carboxyl and hydroxyl surface
groups with a carbon base of various hybridizations has
been experimentally confirmed by the changes in the zeta-
potentials of NDs with the changes in the pH of the nano-
particle environment.
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2. Materials and methods
2.1. Theoretical calculations

In theoretical calculations, the constructions “surface car-
bon in sp’- or sp’-hybridization +a carboxyl or hydroxyl
group covalently bonded with it” were studied. As models
of the surface of CNPs in various hybridization, 1-4 elem-
entary cells of diamond-like carbon in sp’-hybridization
and 1-7 elementary cells of graphite-like carbon in sp*-
hybridization were used. To determine the correlation
between the bond length of the O-H groups and the value
of the acidity constant pK,, 40 organic compounds with
bases of oxygen-containing groups in various hybridizations
with known pK, values'®*! were used. The geometry of car-
bon molecular compounds with oxygen-containing groups
was optimized in the GAMESS (US) package®>** using
the density functional theory (DFT) method,**! the B3LYP
functional®*® and the 6-31G(d) basis set. The solvent was
modeled using the polarizable continuum model (PCM),"*”!
the carboxyl groups had a syn conformation. The accuracy
of determining the bond lengths, calculated on the basis of
five optimization with different initial conditions,
was 0.0005 A.

2.2. Objects of research in the experiment on
deprotonation

For experimental verification of the results of theoretical
modeling, detonation nanodiamonds (DNDs) oxidized by
boiling of detonation soot in a mixture of sulfuric/nitric
acids 3:1 (115°C, 4h), milled using zirconia beads, and frac-
tionated by centrifugation (Adamas Nanotechnologies, USA)
were used.*® According to the results of the TEM investiga-
tion, the size of the DND nuclei was less than 5nm, and a
large amount of sp-hybridized carbon was found on their
surface, which made it possible to call them carbon dots-
decorated nanodiamonds (CDD-ND).!?®!

For the experiment, water suspensions of DNDs with a
concentration of 1g/L were prepared, for which Milli-Q
bidistilled water with electrical conductivity of 5 uS/m, pH
6.9 was used. The pH value was changed by the addition
of HCl or NaOH (PanReac AppliChem, Spain, Germany).
The zeta-potentials and sizes of nanoparticles in the DNDs
suspensions at different pH were measured using the
Malvern ZetaSizer NanoZS (Malvern, UK). The aqueous
suspension of the DND without the addition of HCl or
NaOH had a pH value of 6.2. The nanoparticles had a
zeta-potential of —45.4+1.2mV, main fraction with a size
of about 5nm (83%) and a fraction of aggregates with a
size of 15-60nm (17%), which provided a Z-average size
of 41.0+£0.3 nm.

The surface groups of the DNDs were characterized using
IR absorption spectroscopy on the Varian 640-IR FTIR IR
spectrometer (Agilent Technologies, USA) in the mode of
attenuated total reflection, the spectral resolution was
4cm™ . The results are presented in section 3.3.

3. Results and discussion

In this paper, it was investigated how the type of hybridiza-
tion of carbon atoms at the base of surface groups affects
groups’ properties and features of their deprotonation. The
main characteristic that determines the deprotonation of

f: is the acidity index pK, = —Io, (MMW?
surface groups is y PK, 810\ )
where AH, A~ and H™ are the acid group before and after
deprotonation and hydrogen ion, respectively. The fraction
of deprotonated groups at a certain pH of the environment
is determined from the Henderson-Hasselbach equation,
which links the pH with the acidity index pK, of a given
group: pH = pK, + log,, (% . It follows from the equation
that for such surface groups in the pH range from pK,—1 to
pK,+1 the number of deprotonated groups increases sharply
from 9.1% to 91%, when pH equals pK, exactly 50% of the
groups became deprotonated.

For various simple organic compounds many authors
have shown that the vibration frequencies and bond lengths
of surface groups, in particular, OH bonds in the carboxyl
and hydroxyl groups, correlate with the pK, value of these
groups, and this correlation is linear for closely related mol-
ecules.”*™*? That is, an increase in the length of the hydro-
gen-oxygen bond means a weakening of this bond and
corresponds to a greater energetic advantage of the deproto-
nated state: pK, decreases. It means that based on the
dependence of the experimentally determined pK, of organic
substances on the bond length r(O-H) obtained using quan-
tum optimization calculations of the molecules under con-
sideration, it is possible to estimate the pK, values of more
complex molecular structures, in our case, the surface seg-
ments of CNPs.

3.1. Influence of the type of hybridization of carbon
base on the properties of carboxyl and hydroxyl
surface groups. Theoretical calculations

Figure 1 shows the structures of single diamond-like and
graphite-like carbon cells with carboxyl and hydroxyl groups
obtained in this work as a result of optimization calcula-
tions. Calculations have shown that for both carboxyl and
hydroxyl groups, the type of carbon hybridization has the
greatest effect on the bond lengths of the base atom Cy, with
the first atom of the groups - O for the hydroxyl group
(C,-0) and C; for the carboxyl groups (C,-Cg): bond
lengths 1(C,-O) and r(C,-C,) for the base carbon in sp>
hybridization are larger than those for the base carbon in
sp> hybridization by about 4.7% and 2.4%, respectively.

The O-H bond lengths differ significantly for carboxyl
and hydroxyl groups attached to carbon atoms in the same
hybridization (Figure 1). However, for both OH and COOH
groups, the change in the length of the O-H bond with a
change in the type of hybridization of the carbon atom of
the base is close to the determination error (Figure 1). It
means that for the prediction of pK, values from r(O-H)
values, the prior knowledge of the group base’s hybridization
is essential.

As a result of quantum mechanical calculations, it was
found that the type of hybridization of the carbon base has
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Figure 1. Calculated characteristics of the structures of single graphite-like and
diamond-like carbon cells with carboxyl and hydroxyl groups.

different effects on the angle between the O-H bond and
the O-C bond. For the hydroxyl group, this angle
£ (Cp-0O-H) is 2% larger for the base carbon in sp’ hybrid-
ization than for the base carbon in sp® hybridization. For
the carboxyl group, the angle Z(C,-O-H) is practically the
same for both types of carbon base hybridization. Thus,
the type of carbon base hybridization has a greater effect on
the angle between the O-H bond and the O-C bond for the
smaller hydroxyl group than for the bigger carboxyl one.

Summarizing, the type of carbon base hybridization sig-
nificantly affects the bond lengths r(Cy-O) and r(C,-Cy),
the angle 2(C,-O-H) in OH groups, but only weakly
affects the length of the OH bond in OH and COOH groups
and the angle 2 (C,-O-H) in COOH groups.

3.2. Theoretical determination of deprotonation of
COOH and OH groups on carbon of different
hybridization

To fully take into account the peculiarities of the influence
of the geometry of the molecule on the hydration process
and, therefore, on the deprotonation of surface groups, it is
necessary to add tens and hundreds of solvent molecules
with different initial conditions to the calculated systems,
what complicates the optimization calculations by orders of
magnitude. To avoid this complication, but at the same time
to take into account the effect of the solvent polarizability,
in this work for the studying the deprotonation of the sur-
face groups of CNPs in water, in all calculations, the sur-
rounding water was simulated using the PCM.
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In order to establish the relationship between the calcu-
lated values of the lengths of OH bonds in the carboxyl and
hydroxyl groups, the pK, values, and the type of carbon
base hybridization, 40 organic compounds with different
pK, values were numerically modeled. All these compounds
had structural units in which carbon atoms were linked to
OH or COOH groups. Figure 2 shows the structural formu-
las of some of these compounds, as well as the calculated
values of r(O-H) and known from the literature values of
pK, for all 40 organic compounds.

It can be seen from the results presented that the
hydroxyl groups on the sp’-hybridized carbon have, on
average, slightly shorter r(O-H) bond lengths and signifi-
cantly larger pK, than the hydroxyl groups on the sp>-hybri-
dized carbon. For carboxyl groups, a different relationship is
observed: the bond lengths r(O-H) and the pK, values of
carboxyl groups attached to carbon in sp’ hybridization are
larger than values of r(O-H) and pK, of carboxyl groups on
carbon in sp® hybridization.

Results on Figure 2 clearly imply that not only the type
of hybridization of the carbon atom of the base affects the
lengths of O-H bonds r(O-H) and the pK, values. The
proximity of these groups to others also have a significant
impact: neighboring groups can attract/repel a hydrogen
atom in the studied groups, which significantly affects
r(O-H) and pK,. Like that, hydrogen bonds between neigh-
boring NO, and OH groups significantly increase the bond
length r(O-H) in 2,4-dinitrophenol and 2,4,6-trinitrophenol
molecules, which decreases the energy of interaction of a
proton with oxygen and significantly shifts pK, from values
of 8.5-10, characteristic for OH groups on the sp’-hybri-
dized carbon, to values of 4.09 and 0.42, respectively.

Note, also, the fact that the studied values of r(O-H) and
pK, undergo some changes even in the absence of a change
in the type of hybridization of the carbon base and the for-
mation of hydrogen bonds. This means that the structure of
the entire radical affects r(O-H) and pK,. Thus, the effect of
the size of the base of surface groups was investigated on
CNP models of 1-4 and 1-7 of diamond/graphene unit cells
(Figure 3). It can be seen that the position of the group —
edge or top — has a more significant effect on the length of
the OH bond than the size of the base.

The performed calculations (Figures 2 and 3) allow us to
assert that the pK, value of “isolated” COOH and OH
groups on the surface elements of CNPs will be in the same
range as for the studied organic molecules: carboxyl COOH
groups on sp”/sp3 hybridized carbon sites of CNPs will gen-
erally have pK,, in the 3.5-4.5/4.5-5 range, and OH hydroxyl
groups in the 8.5-10/15-18 range. The estimates carried out
inherit the difference in the pK, dependence of simple
organic molecules: for groups on carbon in sp® hybridiza-
tion, the expected pK, values are higher than on carbon in
sp”> hybridization. Moreover, this effect is stronger for
hydroxyl groups in comparison to carboxyl ones. On real
CNPs, due to the diversity of the local environment and, in
particular, the possible influence of neighboring groups, the
observed pK, range can go beyond the indicated ranges.
From theoretical considerations, it is not possible to estimate
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Figure 2. Relation of the bond length r(O-H) and pK, of surface groups of organic molecules. Averaging was carried out for molecules whose surface groups do

not form hydrogen bonds with neighboring molecules.

0.978
<L A—4 A A —A—
= 0.976 L 1
T _ 3. 2" mean 0.9769. .
O 0974 . . .
= ¥ mean O.%721, b -
0.972 = . ]
T T T T T
) 4 R g R )
& &
?5\ Q;bo" Q»>0 @ég g>o XS\
&7 & Y% & Al @
Q& < N N QO
FaF &
¥ w @

Figure 3. Calculated bond lengths r(O-H) of the surface groups COOH and OH in models of CNPs with surface carbon in different hybridization.

the proportion of groups that will be significantly influenced
by neighboring groups. In order to assess the validity of the
obtained estimates, we studied the deprotonation of oxygen-
containing surface groups of DND, which manifests itself in
a change in the zeta potential of detonation NDs with a
change in pH.

3.3. Experimental confirmation of the surface groups
deprotonation

For the experimental study of deprotonation of oxygen-con-
taining surface groups, oxidized DND were used, on the sur-
face of which areas of sp>-hybridized carbon - an analog of
CDs were observed.” To confirm the oxidation of the
DNDs’ surface, IR absorption spectra of powders of these

nanoparticles were obtained (Figure 4a). The obtained spec-
tra confirmed that the surface of the used DNDs is rich in
oxygen-containing groups and has a large number of carb-
oxyl and hydroxyl groups that can be deprotonated when
the pH changes.

Deprotonation of surface groups means a change in the
charge of the nanoparticles” surface, which, in turn, means a
change in the zeta potential of the electric double layer.
Figure 4b shows the measured zeta-potentials and sizes of
DNDs with a change in pH from 2 to 12.5.

As seen from Figure 4b, when the pH changes from 2 to
12.5, the DNDs’ zeta-potential changes. With a decrease in
the zeta-potential modulus of DNDs below 30 mV, aggrega-
tion of nanoparticles in the suspension is observed. The iso-
electric point of the studied DNDs is at pH about 2.5. When
the pH changes from low to high values, two pH ranges are
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Figure 4. IR absorption spectrum of DND (a) and dependence of zeta potential and size of DND aggregates in water on pH (b).

observed in which the zeta potential decreases: 2-6 and
8.5-10. In the rest of the studied pH range, the zeta poten-
tial is constant. A similar pattern of changes in zeta-poten-
tials is observed for other carboxylated CNPs.[*>**]

From a comparison of the theoretical estimates of the
pK, values of the carboxyl and hydroxyl groups of CNPs
obtained above with experimental data (Figure 4), it follows
that the change in the zeta-potentials of oxidized CNPs in
the range of pH change from 2 to 6 is caused by deprotona-
tion of carboxyl groups, and in the range of pH change
from 8.5 up to 10 - hydroxyl groups located on carbon in
sp>-hybridization. In the acidic pH range a similar explan-
ation for changes in the zeta potential of CNPs was pro-
posed in many experimental works. 2?4344 The
theoretical analysis performed in this paper makes it possible
to more specifically analyze the deprotonation of oxygen-
containing surface groups of CNPs.

As was noted above, theoretical estimates show that in the
experimentally achievable pH range of 1-13, “isolated” carb-
oxyl groups attached to carbon in sp>- and sp’-hybridization
have pK, values in the range 3.5-5, and hydroxyl groups
located on carbon sp>-hybridization, in the range of 8.5-10.
This means that, according to theoretical estimates, the bulk of
the deprotonated groups falls on the pH range, by one less
and by one greater than pK,: 2.5-6 and 7.5-11. Thus, the the-
oretical range of deprotonation of possible carboxyl groups is
in good agreement with the experimentally determined range
of pH changes in the zeta potential 2-6. This accordance, in
particular, means that on the surface of the studied DNDs,
carboxyl groups were on carbon in both sp® and sp3 hybridiza-
tion, and had a significant diversity of the nearest environment.
Hydroxyl groups on sp*-hybridized carbon, on other hand,
had in experiment a slightly narrower deprotonation range
than theoretically predicted. It can indicate that the environ-
ment of hydroxyl groups on the sp*-hybridized carbon of the
studied DNDs was more uniform than theoretically possible,
for example if they were predominately placed directly on aro-
matic structures.

4. Conclusions

In this paper, quantum chemical modeling was used to ana-
lyzed the differences in the acidity of the carboxyl and

hydroxyl groups attached to carbon in sp® and sp3 hybrid-
ization on the surface of CNPs in water. It was found that
hybridization of the surface of CNPs affects the parameters
of the carboxyl and hydroxyl groups and the features of
their deprotonation in water. It was found that in the same
suspensions OH and COOH groups are more easily depro-
tonated being on carbon with sp> hybridization than with
sp> hybridization. Theoretical estimates have shown that in
aqueous suspensions of CNPs, “isolated” carboxyl COOH
groups on sp”/sp3 hybridized carbon sites have pK, in the
ranges 3.5-4.5/4.5-5, and hydroxyl OH groups in the ranges
8.5-10/15-18, respectively. The conclusions drawn on the
basis of theoretical calculations about the features of the
deprotonation of the surface groups of CNPs are experimen-
tally confirmed by the dependence of the change in the
zeta-potentials of oxidized detonation NDs at different pH
of the environment.

On the basis of theoretical studies, it was shown that the
active interaction of surface carboxyl and hydroxyl groups of
CNPs with neighboring groups can significantly increase the
length of the O-H bond and, thereby, lead to a significant
decrease in pK,. Thus, the acidity of oxygen-containing
groups on the CNP surface is influenced not only by the
type of hybridization of surface carbon, but also by the
nanosized local environment.
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