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of carboxylated nanodiamonds from viewpoint of changes
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Detonation nanodiamonds with a particle size of 5 nm and a
carboxylated surface are easily modified by doubly charged
copper ionsto form copper chelate complexes. The concentration
of copper complexes in a dry powder of such nanodiamonds is
well monitored by the method of electron paramagnetic
resonance, both by the signal width of intrinsic paramagnetic
centers in nanodiamonds and by the signal shape for the surface
Cu?* ions themselves, including the set of hyperfine splitting
lines for the parallel component and the line with an unresolved
hyperfine structure for the perpendicular component.
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Detonation diamonds (DND) with a particle size of 5 nm are among
the most attractive modern nanoscale precursors on the global
market.1~* They occupy an intermediate position between a solid
and polymer-type biomolecules with a moderately high molecular
weight below 150000. The surface of commercially available
DNDs is mainly saturated with oxygen-containing groups, but it
is easy to functionalize with other groups and atoms, which are well
diagnosed by various methods.>8 The surface of such diamonds
can be carboxylated,®1% which opens the way for the production
of various DND derivatives based on chelation of 3d and 4f
metal ions with surface groups and their subsequent complex
transformations.*1-13

The method of copper ion chelation on the DND surface in an
aqueous suspension has already been published, and the electron
paramagnetic resonance (EPR) study of the resulting dry product
revealed two types of EPR signals: signals from dangling bonds
in the carbon matrix and signals from copper ions with the 3d°
configuration.1*1® Based on these previously obtained EPR
data, the depth of the location of the main paramagnetic centers
in DND particles was determined.’

Nevertheless, the process of fixing copper and other metal ions
on the surface of carboxylated 5-nm DND particles from various
commercial manufacturers has not been studied, and the question
of the method reproducibility, together with the influence of third
uncontrolled technological factors, remained open for a long time.

© 2022 Mendeleev Communications. Published by ELSEVIER B.V.
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In this work, we have successfully solved this problem and
demonstrated the possibility of chelating copper ions at a
concentration of up to 1.6-2 wt% on the surface of commercial
carboxylated DNDs. It is shown that the EPR method®1° can
distinguish signals from two types of spins: the carbon spins proper,
localized inside DND particles, and the spins of doubly charged
copper ions on the surface. We carried out this work on 5-nm
DND from an aqueous suspension of single particles with a
negative zeta potential (Adamas Nanotechnologies).

The fixation of copper on the surface of DND particles using
chelation was carried out by the method described in Online
Supplementary Materials. When obtaining samples designated
D1, D2 and D3, the volumes and concentrations of saline solutions
were selected so that during the chelation reaction in the mixture,
nominally 1, 2.5 and 5 wt% of copper atoms were adsorbed on
DND particles, respectively, assuming 100% sorption efficiency.
Here, the original dried precursor powder isolated from the
aqueous DND suspension obtained from the manufacturer was
designated as DND-ini, and labels D1-D3 denote the above
dried copper-modified products made according to the scheme
outlined in Figure S2 (see Online Supplementary Materials). The
actual concentration of chelated copper found in D1 was in line
with technological expectations, while for D2 and D3, as will be
seen later, it was about 1.9 and 3 times lower than the predicted
calculated one.
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Figure 1 EPR spectra of samples (a2) DND-ini and (b) D2 obtained in
different ranges of magnetic fields for (a) the intrinsic paramagnetic spins
S=1/2 in sample DND-ini and (b) for the Cu?* spins in sample D2 with
parallel (demonstrating a pronounced hyperfine structure) and perpendicular
components, as well as for the intrinsic spins of the DND matrix. Measurement
conditions: microwave power of 2 m\W, magnetic field modulation amplitude
of 1.2 G and T = 293 K. (a) The EPR singlet signal of sample DND-ini
consists of (1) narrow and (2) broad Lorentzian components.

The EPR spectra of samples DND-ini and D2 are shown in
Figure 1 in different representations. One of them uses a narrow
range of magnetic fields with a width of 200 G [Figure 1(a)] to
display the main EPR signal of sample DND-ini (g = 2.0027)
caused by dangling covalent bonds in the diamond lattice or
unpaired spins of another origin. The other covers an interval
2000 G wide, including the low- and high-field spectral regions
[Figure 1(b)], to represent the EPR signal of Cu?* ions in sample
D2 with a well-resolved hyperfine structure of the signal from
the parallel component g = g, and an unresolved structure from
the perpendicular component g = g, against the background of a
central high-intensity signal from the DND spins. The spectrum
in Figure 1(b) contains a well-recognized hyperfine structure from
Cu?* ions for the parallel signal component with g = g; (in the
range of 23503150 G) and the low-field wing of the Cu?* line
for the perpendicular component (in the range below 3250 G).
In this case, the high-field wing of this line g = g, (above 3250 G)
is hardly distinguishable and strongly overlaps with the intense
EPR signal (g=2.0027) from the DND carbon matrix." The latter
is centered at ~3353 G (the magnetic field is corrected) and has
alinewidth AH, of about 12.4 G (the distance between the peaks
in the spectrum of the first derivative of the microwave absorption
signal). Note that the AH,,, value (g = 2.0027) for sample DND-ini
(no copper ions) is ~9.2 G. It is approximately ~1 G higher than
the previously measured AH,, values for DNDs, well purified
from 3d metals, in aggregated or disaggregated forms. As can be
seen from Figure 1(a), the EPR singlet signal from the carbon
matrix consists of two superimposed Lorentz-shaped components,
narrow (L1) and broad (L2).* The presence of a broad component
(line) follows from the impossibility of describing the singlet
signal by a single Lorentzian contour with a small width at half
maximum. It was previously found? that both of these components

of the EPR signal can be attributed to shallow (<1.1 nm) and deep
(>1.1 nm) paramagnetic defects under the surface of diamond
particles, which are relatively stable and well protected from
direct reactions and exchange with other spin radicals from the
external atmosphere. In this case, the broad Lorentzian component
[see Figure 1(a), curve 2] corresponds to conventionally shallow
paramagnetic centers. The outer layer, 0.8 nm thick, enriched with
paramagnetic defects, is to a certain extent caused by a slight
structural disordering of the diamond lattice in the regions adjacent
to the outer boundary, so that, in general, the tetrahedral coordination
for carbon atoms is retained. As previously shown? by NMR
spectroscopy, the thickness of this disordered layer is about 0.6 nm.
It also contains a predominant amount of nitrogen atoms in the
form of zero-spin diamagnetic nitrogen pairs NN.21.22

The EPR spectrum of sample D2 shown in Figure 1(b) is
presented in Figure 2(a) in integral representation.® Such an
integrated spectrum rather well resolves the EPR signals from
% spins of both types (‘carbon’ and ‘copper’) in a wide range of
magnetic fields and makes it possible to compare them quantitatively.
The decomposition of the integrated EPR spectrum into components
from the copper and carbon subsystems is described in Online
Supplementary Materials. The inset in Figure 2(a) shows, for
example, the EPR signal only from Cu?* ions in sample D2 in the
integral representation. In this inset, the spectrum features are
assigned to the g, and g, components of the Cu?* signal. In the
D1-D3 series, a 1.48-fold increase in the integrated intensity of
the EPR signal from Cu?* and, consequently, the actual content
of ionic copper is observed. In this case, the integrated intensity
of the EPR signal (g = 2.0027) from paramagnetic defects in the
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Figure 2 (a) Integrated EPR spectrum of sample D2 obtained by integration
over the variable magnetic field (H) in the range of 2350-3850 G. The inset
demonstrates the integrated EPR spectrum of Cu2* ions in sample D2 obtained
by subtracting the DND spectrum. Similar EPR curves for other samples are
shown in Figure S3. (b) The dependence of the width of the Lorentzian
component L2 of the DND spectrum (shaded in green) on the Cu®*
concentration. Measurement conditions: T = 293 K, microwave frequency is
9.397+0.001 GHz.

T For this reason, in previously published works, the perpendicular
component of the Cu?* EPR signal was not investigated and was not
taken into account when assessing the content of ionic copper.

* As suggested earlier,'” this procedure of decomposing the central line
into two components was performed for the EPR spectra of all series samples.

§ The experimentally measured EPR spectrum is the spectrum of the first
derivative of microwave absorption with respect to the magnetic field
(dA/dH). Its recording is carried out by an analog method by modulating
a constant magnetic field (H,) with a weak alternating field (H™) at a
frequency of 100 kHz with a modulation amplitude of up to 3 G.
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Figure 3 Fragments of XPS spectra of samples (a) D1 and (b) D3 for the
peaks Cu 2p,;, and Cu 2psy,, separated by the spin-orbit splitting of the 2p
level by ~20 eV.

diamond matrix remains practically unchanged. But the signal
width changes by 30-40%. This increase in copper content is
also confirmed by the SEM-EDXT data, which for the D1-D3 series
samples give N, values of 0.99, 1.34 and 1.65 wt%, respectively.
With an increase in the Cu?* concentration, the broad (L2) and
narrow (L1) components of the EPR signal of DND broaden due
to the dipole—dipole mechanism?324 of interaction between %2
spins of different types located both inside a 5 nm particle and on
its surface in the form of Cu?* ions [Figure 2(b) and Online
Supplementary Materials]. This broadening indicates the fixation
of ionic copper near (within 0.3 nm) of the DND surface. The
dependences of both narrow and broad line widths (AH7, and Ang,
respectively) on Cu?* content (Figure S5) show features different
from those previously reported.!” The latter is due to both the large
actual values of Ng, (more than 0.99 wt%) and [Cu?*]/Np¢ and
the use of DND precursor in the form of a suspension of single
5-nm particles, rather than 30-35 nm aggregates based on them.
Another feature of this precursor is the presence of traces of foreign
metal impurities.

Difference EPR signals related to Cu?* ions were calculated
for all D1-D3 series samples with normalization to the total number
of spin radicals in the diamond matrix (Figure S4). Both in a wide
range of magnetic fields and in specific details, the shape of all
these EPR signals turned out to be approximately unchanged and
the same as in the inset in Figure 2(a). This similarity indicates
that for different concentrations of chelated copper of more than
1 wt%, one type of copper chelate complexes is formed on the
DND surface and characterized by the identical parameters of
the spin Hamiltonian.'® Moreover, the EPR signal of Cu?* ions is
characterized by such parameters as g, = 2.0748, g, = 2.322 and
A = 144 G. A value of 1.6 wt% corresponds to the practical
sorption limit'" of the entire active surface of particles, above which
the use of the aqueous method for further chemical adsorption of
copper becomes difficult.

T SEM-EDX is an energy-dispersive X-ray spectroscopy (EDX) unit
implemented as a built-in analyzer in a scanning electron microscope (SEM).
T According to XPS spectroscopy, which provides information from a
depth of no more than 10 nm, this limit is slightly higher — 2.6 wt%.
#The complex XPS spectrometer of the St. Petersburg State University
was used.

The presence of copper ions on the DND surface was also
confirmed by X-ray photoelectron spectroscopy (XPS).#2526
This method, designed to analyze the composition and types of
bonds between elements, was previously used to study the DND
surface.?”-2° Both survey XPS spectra of all samples in the range
from 0 to 1350 eV and detailed spectra of C 1s, N 1s, Zr 3d and
Cu 2p peaks for samples D1 and D3 were recorded. The spectra
of Cu 2p signals are shown in Figures 3(a),(b) for samples D1
and D3 with the most strongly differing copper concentrations.
For both samples, the spectra of the Cu 2p peaks are approximately
similar. Sample D3 shows a well-defined Cu 2p signal with three
linesat~932.6, ~943 and ~952.7 eV [Figure 3(b)]. The components
2Py, (952.7 eV) and 2py, (932.6 eV) of the Cu 2p peak are
determined by the spin-orbit splitting of the Cu 2p level
(A =~ 19.8 eV),% and the intensity ratio of the components is
~1/2. Each of the components 2p,;, and 2p5, is due to copper in
the charge state Cu'* and Cu?* and, in turn, can be decomposed
into two strongly overlapping bands. This is clearly seen for the
2p;, peak of sample D3 [see Figure 3(b)]. The peak (central
band) at ~943 eV is satellite and is mainly due to copper in the
Cu?* state. The integrated intensity of the band at ~943 eV is higher
in sample D3 than in sample D1, which indicates a larger fraction
of copper atoms in the Cu?* state in it. The integrated intensities
of Cu 2p signals in samples D1 and D3 correspond to the copper
content of 1.42 and 2.28 wt%, respectively. These values are
about 1.4 times higher than the values (0.99 and 1.65 wt%)
obtained by the SEM-EDX method. For samples D1 and D3, the
Cu/C atomic ratios are 0.0034 and 0.0056, and the weight contents
of copper are 1.48 and 2.38 wt%, respectively. These values
correspond to ~39 and ~64 copper atoms on the surface of a
5-nm DND particle, consisting of 11500 carbon atoms. At the
same time, for sample D3, the O/C ratio is 0.148, which corresponds
to approximately 1700 oxygen atoms on the surface of a 5-nm
DND particle. To a rough approximation that all oxygen is
concentrated in carboxyl groups, this means that for sample D3
with the maximum realized copper content, only ~15% of all pairs
of carboxyl groups are bound to copper atoms while the rest of
the pairs are not involved. It is noteworthy that the XPS method
detects about two and a half times more copper atoms on the
DND surface than the paramagnetic % spins attributed to the
Cu?* ions (see Online Supplementary Materials). Some copper
may be on the surface in states other than Cu?*, such as Cul* or
clusters of several atoms. The criterion for the correctness of the
performed studies is that the content of impurity nitrogen in the
inner regions of DND particles in all samples is ~2.3 at%, which
entirely agrees with the known data2! and does not depend on the
process of chemical adsorption of copper atoms by particles.

The data obtained by EPR, EDX and XPS methods are generally
in good agreement with each other, considering that, at a copper
content of more than 1 wt%, some of it can be found on the DND
surface in forms other than Cu?*.

Thus, for concentrations of chelated copper on the surface of
DND particles above 1 wt%, express tracking of the approximate
copper content can be performed by recording the broadening of
the main DND EPR signal, including its narrow (>9 G) and broad
(>17 G) Lorentz-type components. This procedure does not require
weighing the sample to be measured. In turn, the quantitative
analysis of copper in the Cu?* state can be carried out by double
integration of the EPR signal of the Cu**@DND sample in a
wide range of magnetic fields (1000 G) with the subsequent
subtraction from it of the contribution from the DND intrinsic
paramagnetic centers (singlet signal with a g-factor of 2.0027).
An additional independent calibration can be the concentration
of paramagnetic centers in DND (~1300 ppm or ~15 spins per
5-nm particle), which is approximately the same (in a confidence
interval of £ 25%) for all commercially available DNDs produced
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from the optimal (in terms of product yield*) mixture of trinitro-
toluene-hexogen. This approach is, in principle, applicable to
other Cu-DND structures obtained by alternative methods.3!

In conclusion, the amount of ionic copper on the surface of
DND particles in the concentration range above 1 wt% can be
estimated by recording the broadening of the main EPR signal of
DND, including its broader (>17 G) Lorentzian component associated
with shallow paramagnetic centers.
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