The influence of boron doped nanodiamonds on hydrogen bonds
in suspensions of protic solvents

Alexey M. Vervald*®, Evgeny A. Ekimov®, Oleg S. Kudryavtsev®, Igor I. Vlasov®, Tatiana A.
Dolenko®
*Department of Physics, Moscow State University, 1/2 Leninskie Gory, Moscow 119991, Russia;
®Institute for High Pressure Physics, Russian Academy of Sciences, Troitsk, Moscow 142190
Russia; ‘General Physics Institute, Russian Academy of Sciences, 38 Vavilov Str., Moscow 119991,
Russia.

ABSTRACT

This work presents the results of study of the influence of BDND on hydrogen bonds of protonic solvents. In addition,
the comparative analysis of the interactions of BDND and DND-COOH with solvents molecules was carried out. The
analysis of temperature dependences of the quantitative characteristics of the stretching bands of OH groups of the
solvents and the suspensions of NDs has shown that the BDND and DND differently weaken the hydrogen bonds in
water and in water-ethanol solution with 70 vol. % ethanol content. In water-ethanol solution with 20 vol. % of ethanol
the both NDs practically does not change the network of hydrogen bonds.
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1. INTRODUCTION

The diamonds with nanoscale size are known as a promising material in biomedicine due to their properties such as
chemical, mechanical and thermal stability, biocompatibility, high sorption properties and multi-functional surface'™.
For the diamond with impurity defects (color centers) the high emission rate, stability and high quantum yield of
luminescence were observed’®. Due to these properties nanodiamonds can be used as optical biomarkers and
nanosensors, targeted delivers of drugs in body or as an adsorbent of heavy metals’'*. One of the novel types of ND with
specific electromagnetic properties is boron doped nanodiamond (BDND), synthesized by the method of HTHP. Boron-
doped diamonds have unique properties that provide them a wide range of possible applications. Because of its high
mechanical strength, excellent thermal stability, and extended lifetime, BDND is an efficient metal-free catalyst for
oxygen reduction reaction, which plays an important role in the creation of biosensor. Recently the superconductivity
was found in a diamond heavily doped with boron'>'°. It is known that B-doped CVD diamond films have the widest
electric potential window what is the outstanding property for the electrochemical electrodes'”"’.

The attempts to create a boron-doped nanodiamond (BDND) were undertaken for many years. So, in 2008 a 100 nm
nanodiamond coated with boron-doped nanocrystalline diamond was synthesized” and in 2013, a 30 nm BDND was
created”’. The production of these materials consists of mechanical grinding of doped bulk diamond obtained by such
methods as static synthesis as chemical vapour deposition (CVD) and the high pressure-high temperature (HPHT)
technique. To create the smaller BDND, the authors of this publication developed the method of the direct synthesis of
doped nanodiamond based on HPHT treatment of a one-component precursor containing the dopant atom(s)*. In [22]
the diamond nanoparticles with a variable size down to less than 10 nm, containing a high concentration of substitutional
boron (=1%), have been produced. The HPHT synthesis was carried out from the organoboron compound 9-
borabicyclo[3,3,1] nonane dimer (9BBN), C16H30B2 (Fig.1), at a pressure of 8-9 GPa in a temperature range of 1200—
2000 K* (see Fig.1).
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Figure 1. Image of the 9BBN molecule and the diamond lattice with the dopant B.

As it was mentioned before, heavily BDND is of great interest for fundamental science, biomedicine, industrial
technologies and electronics. For the prospective applications, BDND powder is foreseen in the use as a support for
various catalysts™ or a conductive ink in screen-printed technologies™, among others. For such applications, especially
for biomedicine, it is very important to know how the nanoparticles and surrounding molecules affect the properties of
each other.

This work presents the results of the study of the influence of BDND on hydrogen bonds of different protic solvents. The
interactions of BDND with solvents molecules were studied using correlation spectroscopy, Raman and IR
spectroscopies.

2. EXPERIMENT
2.1 Materials and preparation of suspensions

As objects of research, the suspensions of the BDND were used. BDND were produced by direct HTPT synthesis
(T=1310°C, P = 9 GPa) described in [22]. Initial synthesized BDND powder was purified in the process of boiling in
mixture of concentrated nitric/sulfuric (1:3) acids for 3 h. Then the acids were washed out with distilled water in result of
7 washing/centrifugation cycles for 20 min (Centrifuge LMC-3000, BioSan, 1700 g). The resulting precipitate was
characterized by the different methods (see below).

To study the influence of dispersed NDs on the properties of solvents we prepared several model solvents with different
strength of hydrogen bonds. We used the fact that the self-organization of ethanol and water molecules is observed near
ethanol concentration around of 20 vol. % in water. It leads to the effect of stabilization of water structure: strengthening
of hydrogen bonds in the solution in comparison with pure water and with water-ethanol solutions with the other
concentrations of ethanol". This effect was confirmed by theoretical calculations and by calorimetrical methods,
NMR, FTIR and Raman spectroscopy”~'. To explain such strengthening of hydrogen bonds the authors of [26,28,30]
supposed that at the ethanol concentration of 20 vol. % the ethanol and water molecules form clathrate-like structures.

Thus, to create the media with different strength of hydrogen bonds the water-ethanol solutions with three concentrations
of ethanol were prepared: 0, 20 and 70 vol. %. In the solution with ethanol concentration of 20 vol. % the hydrogen
bonds are stronger than that in pure water and water-ethanol solution with 70 vol. % of ethanol. In the solution with 70
vol. % of ethanol the hydrogen bonds are much weaker than that in water.

In this work we prepared the following samples: 1) 3 solvents — the water-ethanol solutions with ethanol concentrations
of 20 and 70 vol. % and pure water; 2) 3 suspensions of BDND with concentration 0.5 g/l in water and water-cthanol
suspensions with ethanol concentrations of 20 and 70 vol. %. Deionized bidistilled water with specific electrical
conductivity 0.1 uSm/cm and ethanol (96%, Sigma-Aldrich) were used to prepare all samples.

2.2 Experimental setup

The size of BDND dispersed in water was measured using DLS method (analyzer ALV-CGS-5000/6010 Langen,
Germany).
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Raman spectrum of the BDND powder was obtained using a Horiba LABRAM HR800 spectrometer equipped with the
diode-pumped solid-state laser Ciel-473 (Laser Quantum). The laser radiation (473 nm, 0.1 mW) was focused in a 2 pm
spot on the surface of the BDND powder on a Si substrate. The spectrometer was operated in a confocal mode; a
backscattering geometry was used for the Raman spectra recording.

IR spectrum of the BDND powder was obtained using Bruker Vertex 70v FTIR spectrometer.

Raman spectra of the solvents and the ND suspensions were obtained using the laser Raman spectrometer. Raman
spectra were excited by the radiation of the argon laser (with wavelength 488 nm, power 250 mW, power density in
cuvette 10 W/cm2). The registration system consist of the monochromator (Acton 25001, focal length 500 mm, grade 900
grooves/mm) and CCD-camera (Horiba Jobin Yvon, Synapse 1024*128 BIUV, width of entrance slit 25 um, resolution
2 cm™). Integral spectra were measured in 90-degree scattering geometry and were corrected to the laser power,
spectrum accumulation time, spectral and channel sensitivity of the receiver. To measure and maintain the temperature of
the samples, the special thermostabilization system KRIO-VT-01 was used. It allows us to control samples temperatures
in a wide range with the accuracy better than 0.1°C.

3. RESULTS

3.1 Characterization of BDND suspensions

After purification the BDND has been characterized using Raman spectroscopy, IR spectroscopy and correlation
spectroscopy.

The Raman spectrum of the BDND powder dried from the water suspension are characteristic for a heavily boron-doped
diamond (Fig.2). The diamond line of the zone-center phonon mode is shifted from 1332 cm™ (observed for undoped
diamond) to 1310 cm™. According to the empirical dependence of the diamond line shift on the concentration of
substitutional boron atoms in the diamond lattice®', the boron concentration in BDND is at the level of 1 %. The lines
positioned below 1300 cm™ are caused by the vibration modes of C and B in diamond lattice®®. The line with low
intensity at 1600 cm™ corresponds to the sp2-bonded carbon that was not completely removed from the sample during its
purification.
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Figure 2. Raman spectrum of the BDND powder dried from the water suspension.

To study the interactions of NDs with solvent molecules it is important to know the functional cover of nanoparticles. To
determine the functional groups on the BDND surface the IR spectrum of the BDND powder was measured (Fig.3). As
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can be seen from IR spectrum the surface of BDND has C-C, COO’, C=0, C-O-C, O-H groups. Therefore, the BDND
surface has many carboxyl groups -COOH and hydroxyl groups -OH.
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Figure 3. IR spectrum of BDND powder dried from the water suspension.

The size of BDND particles in water was measured by the DLS method. It showed that the most of nanoparticles have
the size of 11 nm (see Fig.4).

1.6 4
11 nm, 94%
1.4 4
c i
=. 1.2
o
[ 1.0
[4:]
&
S "
=}
S e
-
7] 0.4
7]
=
0.2
63 nm, 5%
UO ¥ A R ¥ BE=RW ok Wk * LR R o s |
1 10 100 1000
Size, nm

Figure 4. Particle size distribution of BDND water suspension.
3.2 Temperature dependencies of Raman spectra of NDs suspensions

To study the influence of BDND on the hydrogen bonds of protic solvents the temperature dependencies of Raman
spectra of the BDND suspensions in water and water-ethanol solvents with ethanol concentration of 20 and 70 vol. %
were obtained. All spectra were obtained under the five temperatures: 0.5°C, 10°C, 25°C, 45°C, 60°C. Thus, we had the
suspensions of the BDND in three solvents: with weak, medium and strong hydrogen bonds. In all of these BDND
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suspensions and solvents we changed the strength of hydrogen bonds in the same way: when samples are heated, the
hydrogen bonds in the solvents become weaker. These changes are manifested in the Raman spectra of solutions and
suspensions. This allows to carry out the comparative analysis and to make the conclusions about the influence of BDND
on hydrogen bonds in the studied samples.

In Fig.5 one can see the temperature dependencies of Raman spectra of water (Fig.5a) and water suspension of BDND
(Fig.5b).
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Figure 5. Raman spectra of water (a) and of water suspension of BDND (b) at different temperatures. In the inset, one can see the
illustration of calculation of the parameter y,, = 12/11.

As it can be seen in Fig.5 the band of stretching vibrations of O—H groups (3000-3800 cm™) changes with the changing
of the temperature. With decreasing temperature the intensity of high-frequency region of stretching band decreases and
the band’s center of mass shifts to low frequencies® . With temperature increasing the changes in the stretching O—H
band are opposite. This effect is explained by changes of strength of hydrogen bonds. The high-frequency region of the
stretching band (around 3420 cm™) is caused by the vibrations of O—H groups with weak hydrogen bonds, and the low-
frequency region (around 3200 cm™) is caused by the vibrations of that with strong hydrogen bonds®*~**. With decreasing
temperature the hydrogen bonds in water become stronger, the frequency of stretching vibrations of O—H decreases, that
is why the stretching band shifts to low frequencies and the intensity of low-frequency region of band increases. To
characterize the change of the strength of hydrogen bonds we used the parameter y,, = 12/11 (see Fig.5a), which is equal
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to the ratio of the intensity of the high-frequency region of the stretching band to the intensity of the low frequency
region. In accordance with the above, the increase of parameter y,; means weakening hydrogen bonds in water.

In Fig.6 one can see the temperature dependencies of Raman spectra of the water-ethanol solvent with 70 vol. % of
ethanol (Fig.6a) and of the BDND suspension in this solvent (Fig.6b). As it can be seen, with changing the temperature
of water-ethanol solutions (Fig.6) the significant changes occur only in the Raman stretching band of hydroxyl groups
O-H. The vibrational bands of molecular groups C—H of ethanol (2800-3100 cm™) undergo only small changes in
intensity with changes in temperature, because in water-ethanol solutions only hydroxyl groups O-H can create
hydrogen bonds.
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Figure 6. Raman spectra of water-ethanol solution with concentration of ethanol 70 vol. % (a) and of suspension of BDND in this
solvent (b) at different temperatures.

For the Raman spectra of all the investigated solvents and BDND suspensions the temperature dependencies of the
parameter y,; were obtained. The values of the parameter y,; obtained at temperatures 0.5°C, 10°C, 25°C, 45°C, 60°C are
presented in Fig.7. The error of determination of the value of parameter 7y, is 0.02 arb. un.
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Figure 7. The values of the parameter y,; obtained at different temperatures in the solvents with different concentration of ethanol.
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In Fig.7 for comparison the values of parameter y,; calculated for the Raman spectra of water and water-ethanol
suspensions of detonation nanodiamond coated carboxyl groups (DND-COOH) and described in [36,37] are added. The
data for water and water-ethanol suspensions of DND-COOH (size 10 nm, concentration 2 g/l) at different temperatures
were obtained by us earlier; they are presented in publication [38].

According to the obtained results, the parameter y,, increases with the increasing temperature for all solvents and NDs
suspensions. This is understandable, because when water samples are heated the hydrogen bonds are weakened.
However, in the presence of NDs in suspension the behavior of the dependence y,;(T) is changed compared to that of the
dependence y;(T) in the solvents. The weakening of hydrogen bonds in all NDs suspensions occurs faster: the values of
%21 at the same temperatures in the Raman spectra of NDs suspensions are higher than that in the Raman spectra of the
solvents (Fig.7). It means that when NDs are injected into the solvent the orientation of OH groups is changed because of
interactions of NDs with solvent molecules®®*, resulting the hydrogen bonds between them are weakened™**. However,
the DND-COOH and BDND in water and water-ethanol solution with an ethanol content of 70 vol. % influence
hydrogen bonds differently. If at the initial moment when NDs are injected into pointed solvents the both NDs weaken
the hydrogen bonds at the same degree (Fig.7, 0.5°C, 10°C, 25°C), then under increasing the temperature in the DND-
COOH suspensions the weakening of hydrogen bonds due to the interactions of DND-COOH with solvent molecules
decreases. And in BDND suspensions the weakening of hydrogen bonds due to the interaction of BDND with solvent
molecules, continues with the same degree. We explain this by significant difference between Zeta potentials of DND-
COOH (-45 mV) and BDND (+7 mV). Due to the high Zeta potential the DND-COOH particles in protonic solvent form
around themselves the thick shell of the hydroxyl groups of the solvent, which prevents a substantial impact of surface
groups on the remaining volume of solvent and, consequently, prevents weakening of the hydrogen bonds in the
remaining volume. A further weakening of hydrogen bonds (Fig.7) occurs only due to the heating of the sample. The
BDND particles with the lower Zeta potential does not form around themselves a thick shell of the hydroxyl groups of
the solvent, so their influence extends over a greater volume of solvent, providing a constant contribution of interactions
of BDND with solvent molecules into the weakening of hydrogen bonds with increasing temperature (Fig.7).
Noteworthy, that despite the fact that the concentration of BDND four times lower than the concentration of DND-
COOH (0.5 against 2 g/l), the weakening of the hydrogen bonds caused by BDND is remarkably stronger.

In water-ethanol solution with an ethanol content of 20 vol. %, in which the hydrogen bonds are stronger than that in the
other two investigated solvents, the both NDs behave in the same. The values of y,,(T) for the solvent and suspensions of
the DND-COOH and BDND are very close to each other (Fig.7). This means that the interactions of the NDs particles
with molecules of water-ethanol solution with ethanol concentration 20 vol. % is not so strong to weaken the hydrogen
bonds of the solvent. Therefore, suspended in water-ethanol solution with an ethanol content of 20 vol. % NDs not
change the network of the hydrogen bonds in it.

4. CONCLUSIONS

In this work the influence of dispersed BDND on the hydrogen bonds in the protonic solvents was studied using Raman
spectroscopy. The comparative analysis of the interactions of BDND and DND-COOH with solvents molecules was
carried out.

The Raman spectra of water, water-ethanol solutions with the concentration of ethanol of 20 and 70 vol. % and of
suspensions of BDND in these solvents (with the concentration of BDND 0.5 g/l) at the temperatures of 0.5°C, 10°C,
25°C, 45°C and 60°C were obtained experimentally. The analysis of temperature dependences of the quantitative
characteristics of the stretching bands of OH groups of the solvents and the suspensions of BDND has shown that the
BDND particles significantly weaken the hydrogen bonds in water and in water-ethanol solution with 70 vol. % ethanol
content. In water-ethanol solution with 20 vol. % of ethanol in which the hydrogen bonds are stronger than that in water
(the enthalpy of weakening/formation of hydrogen bonds in water-ethanol solution with 20 vol. % of ethanol on average
by 6-7 % larger than that in water’®), BDND practically does not change the network of hydrogen bonds.

The obtained results were compared with similar results obtained for the suspensions of DND-COOH with concentration
2 g/l in the same solvents™. It turned out that the DND-COOH particles in water and in water-ethanol solution with 70
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vol. % of ethanol also weaken the hydrogen bond of solvents. However, their influence on the hydrogen bonds, even
when DND-COOH concentration 4 times higher compared to the concentration of BDND, is much weaker than that of
BDND. Moreover, the influence of DND-COOH decreases with increasing temperature. We explain this difference in
the effect of the both NDs on the hydrogen bonds of solvents by the differences in their Zeta potentials. DND-COOH as
BDND, change the network of the hydrogen bonds in water-ethanol solution with 20 vol. % ethanol content incidentally.
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