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We report on investigation of detonation nanodiamond annealed at 800 °C in chlorine atmosphere
by means of 'H, '3C and *CI nuclear magnetic resonance and X-ray photoelectron spectroscopy.
The results of these methods are found to be consistent with each other and evidence formation
of chlorine-carbon groups and sp? carbon shell on the nanodiamond surface. The data obtained
provide detailed information about the structure and bonding in this diamond nanoparticle. Inter-
action of nuclear spins with unpaired electron spins of dangling bonds results in fast '*C nuclear
spin-lattice relaxation.
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1. INTRODUCTION

Diamond nanoparticles have risen to the forefront of
materials research over the last two decades due to
great potential for a variety of materials and biomedical
applications.'"® These materials are mainly fabricated by
detonation technique accompanied by a subsequent purifi-
cation, allowing industrial production of the diamond
nanoparticles. The resulting product is called detonation
nanodiamond (DND). Substantial technological progress
has recently been achieved in preparation hydrosols of
mono-dispersed nanodiamond particles with narrow size
distribution, having maximum around 4 nm.>!' The DND
particle consists of a mechanically stable and chemi-
cally inert diamond core and chemically active surface,
which can be easily modified with a variety of tech-
niques. Purposeful functionalization of the DND sur-
face with targeted species and functional groups'>'3
allows controllable preparation of DNDs with speci-
fied chemical, physical, and electronic properties. Due
to their high biocompatibility and non-toxicity, nanodia-
monds are promising multi-functional systems for medical
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applications, such as drug delivery, cancer therapeutics,
microbiological fluorescence probes and biomarkers. For
in vivo drug delivery, the surface charge of NDs must be
controlled without size increase. Moreover, surface func-
tional groups are essential to provide specific properties in
physiological media such as stability and solubility.

An important stage in solving the problems of the
biomedical applications of DNDs is a detailed characteri-
zation of the surface after its coating and grafting by dif-
ferent physical methods that are sensitive to the chemical
structure and bonding and can distinguish between dif-
ferent functional groups. For this purpose, the most use-
ful and frequently used are spectroscopic methods such
as nuclear magnetic resonance (NMR), electron paramag-
netic resonance (EPR), X-ray photoelectron spectroscopy
(XPS), infra-red (IR) and Raman spectroscopy.'*?

In the present paper, we report on our 'H, *C and
3Cl1 NMR and XPS investigation of detonation nanodia-
mond, whose surface was modified by annealing at 800 °C
in chlorine atmosphere (hereafter called CI-DND). Such
a material is of interest since halogenation leads to an
activation of the nanodiamond surface, making it capable
of further functionalization and conjugation of therapeutic
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materials, thus expanding eventual biomedical applications
of NDs (Refs. [13, 30] and references therein). The results
of the above-mentioned methods are found to be consis-
tent with each other and evidence formation of chlorine-
carbonic groups and sp? carbon spots on the nanodiamond
surface. The data obtained provide detailed information
about the structure and bonding in such diamond nanopar-
ticles. The sample reveals a significant number of param-
agnetic defects (1.44 x 10% spin/g compared to N, = 6.3 x
10" spins/g in well-purified nanodiamonds®), resulting in
fast 3C nuclear spin-lattice relaxation.

2. EXPERIMENTAL DETAILS

Initial DND sample was prepared by dry synthesis, care-
fully purified from metallic magnetic impurities in potas-
sium bichromate and hydrochloric acid. Then the powder
sample was annealed in chlorine atmosphere at 800 °C
to receive CI-DND compound under study. The process-
ing was carried out in a flow reactor (electric furnace
with a tubular graphitic heater, into which the nanodia-
mond sample was placed). Heating to a desired temperature
was held in a flow of Argon, which was then replaced by
gaseous Cl,. Specific Cl, flow was 0.5 liter/min, the treat-
ment time was 30 min. Cooling of the sample was done
in Argon flow with a specific flow rate of 0.5 liter/min for
40 min. The mass loss was 14.7%, herewith the powder
changed its color from grey to black. The composition of
initial and chlorine-modified samples, measured by energy
dispersive analysis using Quanta 200 microscope equipped
with EDAX attachment, is shown in Table I. The chemical
treatment used in this work yields stable material, though,
as one can find from Table I, only partial chlorination of
the ND surface is obtained. The received chlorine content
(4.18 at. %, which corresponds to 11.3 wt. %), is much
larger than 2.9 wt. % achieved in Ref. [30] after 8 h of
photochemical chlorination of nanodiamond. However, it is
twice less than 8.6 at. % obtained for nanodiamond fluori-
nation by a mixture of fluorine and hydrogen gases in the
temperature range 150 to 470 °C for 48 h.'* Such a differ-
ence may presumably be attributed to higher electronega-
tivity and reactivity of fluorine comparing to chlorine.
Static and magic angle spinning (MAS) "C and
'"H nuclear magnetic resonance (NMR) spectra, spin-
lattice (7)) and spin—spin (7,) relaxation times have been
measured at room temperature using FT-NMR Bruker
Avance TII™ 400 MHz WB and Tecmag Libra 340 MHz
spectrometers equipped by superconducting magnets.

Table I. Composition of initial and chlorine-modified samples.

Composition, at. %

C O Al C Cr Ni S

Initial sample 9226 7.56 0.07 0.06 0.05 - -
Chlorine-modified sample 95.40 0.18 0.04 4.18 - 0.18 0.02
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The measurements were made in the applied magnetic
fields B, = 9.398 and 8.0196 T, corresponding to 'H res-
onance frequencies of 400.15 and 341.44 MHz and "*C
resonance frequencies of 100.62 and 85.86 MHz, respec-
tively. MAS measurements were carried out with 2.5 mm
rotor at spinning rate 30 kHz. Static room temperature *Cl
NMR spectrum was measured in an applied magnetic field
B, =7.99946 T at a resonance frequency of 33.38 MHz.
3C and 'H chemical shifts are given relative to '*C and
'H resonances in tetramethylsilane (TMS) at 0 ppm. **Cl
chemical shift is given relative to 0.1 mol solution of NaCl
in D,O at 0 ppm. The spin-lattice relaxation time 7, was
measured using a saturation-comb sequence. The spin—
spin relaxation time 7, was measured using the 2D set of
nuclear spin echo signals with a variable delay between
pulses. 7, was determined using a plot of the decaying
echo amplitude as the point at which this amplitude falls
to 1/e of its initial value.

X-ray photoelectron spectroscopy (XPS) spectra were
measured using ESCALAB 250 spectrometer with Al
X-ray source and monochromator. Calibration was per-
formed according to the position of the Au 4f7 line. Gen-
eral survey and high-resolution spectra of elements were
recorded.

Room temperature (7 = 295 K) electron paramagnetic
resonance (EPR) measurement was done using a Bruker
EMX-220 X-band (v = 9.4 GHz) spectrometer. This mea-
surement reveals density of paramagnetic defects N, =
1.44 x 10%° spin/g.

3. RESULTS AND DISCUSSION
3.1. 13C NMR Spectra, Spin-Lattice and

Spin-Spin Relaxation
The static *C NMR spectrum of the CI-DND (Fig. 1) can
be deconvoluted into two components. An intense narrow
signal with a chemical shift o('*C) =354 1 ppm is char-
acteristic of bulk diamond'®*'** and is attributed to the
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Figure 1. Static *C spectrum of CI-DND (102400 scans, recycle
delay 1 s). Deconvolution into two components is shown by dashed lines.
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sp3-carbons of the nanodiamond core and to the surface
carbon atoms with sp* hybridization. The second compo-
nent reveals a broad asymmetric line characteristic of axi-
ally symmetric chemical shielding tensor with the center of
gravity at gy, ~ 130 ppm and Ao = g — o, ~ 160 ppm;
the maximum of this spectrum is positioned at o, ~
180 ppm. This component is characteristic of aromatic car-
bons and is attributed to graphitic-like carbon atoms at
the surface of the diamond core. (For comparison, bulk
graphite reveals o, = 119 ppm and Ao = 178 ppm**).
More detailed information comes from the *C NMR
measurement of the CI-DND sample using magic angle
spinning (MAS) at the spinning rate of 30 kHz, which aver-
ages anisotropic interactions of nuclear spins and yields
well-resolved lines positioned at their centers of gravities
(0,)- One can find from Figure 2 that the 3C MAS spec-
trum reveals three components. An intense narrow signal
with a chemical shift o('*C) = 35 ppm is attributed to
the sp3-carbons of the nanodiamond core. A weak com-
ponent at o(*C) = 50 ppm is assigned to carbon atoms
involved into the C—Cl bonds. The chemical shift of the
third component, o ('3C) = 124 ppm, is characteristic of
aromatic sp? carbons and is attributed to a graphene-like
shell that covers the diamond core. This finding clearly
indicates graphitization of the diamond surface and forma-
tion of the covalently bound chlorine-carbon groups under
annealing at 800 °C in the chlorine atmosphere. One can
find from the line intensities that the sp> carbons, C—CI
bound carbons and sp? carbons account for 68, 3 and 29%
of all carbons, respectively. While the sp? shell is nearly not
apparent in the '3C MAS spectrum of the initial sample, 3
in the annealed chlorinated compound it is large enough
to cover the 4.5 nm nanodiamond particle by 1.5-2 lay-
ers of graphene-like shell. This finding correlates well with
our recent *C NMR study,* which shows that sp*-to-sp>
transformation under annealing of nanodiamond in vacuum
starts at temperatures above 600 °C, and that graphitization
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Figure 2. '3C MAS spectrum of CI-DND (spinning rate 30 kHz, 40
000 scans, recycle delay 2 s).
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of the nanodiamond surface accounts for ~24% of all car-
bons at 800 °C. Similar nanodiamond surface reconstruc-
tion into graphitic domains obtained in the XPS study has
recently been reported by Petit et al.’” and Panich et al.3% 3

The *C nuclear spin-lattice relaxation measurements for
carbons corresponding to the diamond core, at the peak
of 35 ppm, reveal that the magnetization recovery is well
described by a stretched exponential

ol ()] o

where M, is the equilibrium magnetization, 7; = 220+
10 ms is the spin-lattice relaxation time, and a =
0.66 +0.03. The anomalous reduction in the '*C spin-
lattice relaxation time from several hours in natu-
ral diamond®>*-*! to 220 ms in CI-DND, and the
stretched exponential character of the magnetization recov-
ery are attributed to the interaction of nuclear spins
with unpaired electron spins of paramagnetic defects (in
the case in question, broken bonds) observed in EPR
measurements.'>'4 1624 We note that the stretched expo-
nential relaxation is a widely used approach that fits relax-
ation processes in systems with a number of different
relaxation environments. Here the stretched exponential
relaxation appears due to a distribution of the nuclear spin-
lattice relaxation times in a system of nuclear spins fixed at
different distances from the paramagnetic centers.'®%? The
theory of such relaxation'®*>* shows that the parameter
a =1 is typical for the case of rapid nuclear spin diffu-
sion, while in the regime of vanishing spin-diffusion its
value is between 0.5 and 1.13:4%% Spin diffusion is driven
by the dipole—dipole interaction causing mutual flips of
adjacent nuclear spins. Such process should be slow in the
case of '*C nuclear spins in nanodiamonds due to low nat-
ural abundance (1.1%) of the '*C isotope (the only carbon
isotope having nuclear spin) that makes the compound a
dilute system with respect to nuclear spins.'%2!4? This is
reflected in the experimentally obtained value of a = 0.66.

Well-purified nanodiamonds with the density of para-
magnetic defects of N, = 6.3 x 10" spins/g® exhibit 7,
around 500 ms,'?13:18:21-25.42 \hile the CI-DND sample
under study show twice shorter 7; = 220 ms. This find-
ing correlates well with the twice larger density of para-
magnetic centers in CI-DND (N, = 1.44 x 10% spin/g)
compared with that in initial DND, readily supporting
the spin-lattice relaxation mechanism via paramagnetic
defects. Similar situation was observed by us in fluorinated
DND."

Next, the surface sp? carbons show T, = 80 £ 14 ms,
i.e., faster spin-lattice relaxation compared with that for
the carbons of the diamond core. This finding supports our
structural model of diamond nanoparticle,'®?' in which
paramagnetic centers are positioned somewhat closer to
the DND surface rather than to the center of the core and
therefore cause stronger electron-nuclear interaction with
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Figure 3. Decay of '*C spin echo amplitude (7, measurements) in Cl-
DND in semi-logarithmic scale. Inset shows initial part of the decay.

the surface and shell carbon spins. One can suggest that
these centers are covered by the sp*-like spots obtained
in our experiment, which thus protects them from hydro-
gen and chlorine termination. On the other hand, they may
be positioned in the defected interface shell that covers
the nanodiamond core. Anyhow increase in the density of
the paramagnetic defects under chlorination points out the
specific role of chlorine atoms in breaking the C—C cova-
lent bonds at the diamond surface and in creation new,
additional dangling bonds with uncoupled electron spins.
The '*C spin—spin relaxation time (7,) measurement of
the CI-DND sample shows that the semi-logarithmic plot
of the echo amplitude decay consists of at least two linear
segments (Fig. 3), and the echo decay may be well fitted
by a superposition of two exponentials:

t

- ) + M, (0) exp(

21

)

M(1) = M,(0) exp (
22

This fact indicates existence of at least two types of car-
bons with the values of 7,; =0.24+0.15 and 7,, =2.48+
0.17 ms. The longer 7, (i.e., Ty,) is attributed to carbons
of the diamond core, since these carbons spins experience
relatively weak nuclear dipole—dipole interactions owing
to low natural abundance of '*C isotopes. The spin-spin
relaxation of surface carbon spins (75,) is much faster due

to their stronger dipole—dipole coupling with hydrogen and
chlorine spins.

3.2. 'H NMR Spectra and Relaxation

High temperature annealing was shown to result in for-
mation of the carboxyl (-.COOH) groups by oxidation
of the surface carbon atoms and hydrocarbon groups,'! 3¢
and to progressive removal of O—H groups with anneal-
ing temperature.’®3¢ However, hydrogen atoms at the
CI-DND surface still become apparent in the 'H NMR
measurements. Static 'H NMR spectrum (Fig. 4) is well
deconvoluted into two lines, a broad component with a
line width Ay =21.1 kHz and a narrow component with
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Figure 4. Static 'H spectrum of CI-DND (320 scans, recycle delay
100 ms). Deconvolution into two components is shown by dashed lines.
Inset exhibits both total spectrum and its narrow component measured
using dipolar dephasing with delay between pulses 128 us, when the
broad component with shorter 7, disappears.

Ay = 3.6 kHz, respectively. The former is attributed to
the residual closely set hydrocarbon and hydroxyl groups,
while the narrow component is assigned to the moisture
adsorbed on the DND surface. This assignment results
from the hydrophilicity of the DND surface!® and from the
significant reduction of the intensity of the narrow compo-
nent after pumping out the sample.!!- 151

Existence of two groups of hydrogen atoms is also
reflected in the spin—spin relaxation measurements, which
are well fit by two exponentials (Fig. 5) with 7,, =0.039+
0.003 ms and 7,, = 0.389 +0.019 ms. Spin-lattice relax-
ation measurements show T,(H) = 11.6440.5 ms.

'H MAS spectrum of CI-DND (Fig. 6) is well decon-
voluted into two components with chemical shifts of o =
3.23 and 8.97 ppm. The weak signal at 3.23 ppm is
assigned to the residual C—H and C—OH groups on
the ND surface, while the intense signal at 8.97 ppm
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Figure 5. Decay of 'H spin echo amplitude (7, measurements) in linear
and semi-logarithmic (inset) scales in the CI-DND. Red and blue lines
show single- and bi-exponential fit, respectively.
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Figure 6. 'H MAS NMR spectrum of CI-DND measured with spinning

rate 30 kHz (100 scans, recycle delay 100 ms). Deconvolution into two
components is shown by dashed lines.

is attributed to adsorbed moisture and -COOH groups.
We note that the chemical shift of this component differs
from that of bulk water and of water molecules adsorbed
on the initial nanodiamond surface, o = 4.76 ppm and
5.8-6 ppm, respectively.’® This deviation may reflect the
proton exchange between carboxyl group (whose shift
varies between 9 to 13 ppm*) and adsorbed water
molecules.!! Such a process is characteristic of carboxyl
groups involved into chemical exchange, whose spec-
trum usually occurs as a singlet with exact chemical shift
depending on the actual content of water molecules.

3.3. 3Cl NMR Spectrum

Chlorinated nanodiamond under study contains around
4% of chlorine (Table I). *Cl isotope has nuclear
spin I = 3/2 and possesses quadrupole moment of
Q(**Cl) = —0.0855 b, thus it is sensitive to the electric
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Figure 7. Experimental room temperature *Cl NMR spectrum of Cl-
DND at resonance frequency 33.38 MHz (black continuous line, 3200000
scans, recycle delay 100 ms) and the calculated spectrum (red dash line)
for v, =24 MHz and n=1.
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field gradient that arises at a nuclear site of a non-cubic
symmetry. The quadrupolar contribution gives rise to a
large line width of the powder spectra. The low con-
centration of chlorine in the nanodiamond sample under
study, low resonant frequency for 3°Cl isotope, and large
line width result in the low *Cl signal intensity. There-
fore the **CI NMR spectrum (Fig. 7) is represented by
a weak broad line. The observed **Cl chemical shift of
~580 ppm (relative to 0.1 mol solution of NaCl in D,O at
0 ppm) is in the range typical of covalent C—Cl bonds.*¢
This finding confirms that chlorine is indeed bound to the
nanodiamond surface. Spectrum simulation yields room
temperature °Cl quadrupolar frequency vy~ 24 MHz and
asymmetry parameter 17 &~ 1. The value of v, lies close to
the range of chlorine quadrupolar frequencies in organic
compounds with covalent C—Cl bonds, 27-40 MHz.

3.4. XPS Spectra

XPS measurement of the CI-DND sample reveals the sur-
face composition as 93.3 at.% of carbon, 2.28 at.% of oxy-
gen and 4.41 at.% of chlorine atoms. Figure 8(a) shows
the C 1 s spectrum that is deconvoluted into three lines
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Figure 8. (a) Carbon 1s and (b) chlorine 2 p XPS spectra of CI-DND.
Deconvolutions into (a) three and (b) two components are shown by
dashed lines.
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assigned to three kinds of carbon atoms. Here the dom-
inant C 1s peak with the binding energy 286.6 £0.2 eV
was definitely assigned to the sp*® carbons of the diamond
core* that embodies most of the carbon atoms. The
weaker peaks showing binding energies of 284.6+0.2 eV
and 288.4£0.2 eV are attributed to sp?> carbons and to
carbon atoms forming C—CI bonds, respectively.*’>* We
note that carbon atoms involved in carbon—halogen bonds
usually show larger binding energies compared to those of
non-halogenated carbons.™

The chlorine 2p XPS spectrum (Fig. 8(b)) reveals a C1
2p3 peak centered around 201 eV, which corresponds to
the C—Cl bonds.> This finding is in accordance with the
aforementioned C 1s XPS and NMR data. The peak results
from chlorine 2p electrons, and its shape is governed by
the spin split of the electrons of 2p level.

4. CONCLUSION

We have carried out a combined 'H, '*C and »Cl NMR
and XPS investigation of the structure and chemical bond-
ing in detonation nanodiamond annealed at 800 °C in chlo-
rine atmosphere. This study leads to conclusion that the
hydrocarbon and hydroxyl groups are partially removed
from the DND surface in the process of chlorination and
substituted by chemically active chlorine atoms, resulting
in the occurrence of the chlorine-carbon groups on the
DND surface. The annealing at 800 °C also results in a
partial graphitization of the diamond surface and appear-
ance of a sp’-like carbon shell. Chlorine atoms are cova-
lently bound to the carbon atoms at the surface of the
nanoparticles. Interaction between paramagnetic centers
(uncoupled electron spins of broken bonds) and nuclear
spins results in fast '*C nuclear spin-lattice relaxation.
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