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Abstract

We report here on a robust and easy-to-implement method for the labeling of detonation
nanodiamonds (DND) with hydrogen isotopes (deuterium and tritium), using thermal annealing
performed in a closed system. With this method, we have synthesized and fully characterized
(FTIR, Raman, DLS, *H/”H/'H and '3C MAS NMR) deuterium-treated and tritium-treated
DND and demonstrated usefulness of the isotope incorporation to investigate the surface
chemistry of such nanomaterials. For instance, surface treatment with deuterium coupled to
FTIR spectroscopy allowed us to discriminate the origin of the C-H terminations at the DND
surface after hydrogenation process. Complementary, tritium appeared very useful for
quantification purposes, while '**H NMR confirmed the nature of the C-'**H bonds created.
This isotopic study provides new insights on the characteristics of hydrogen-treated DND.

1) Introduction

Diamond nanoparticles (or nanodiamonds) are nowadays extensively studied to synthesize
composite materials in polymer matrix!, to elaborate a new generation of lubricants®> and
advanced catalysts®, to be used as biomarkers and drug delivery nanocarriers in biomedical
applications*. Among the different sources of nanodiamonds, detonation nanodiamonds (DND)
are particularly attractive with a primary particle size of 4-5 nm, a stable inert core and a
versatile surface chemistry’. Moreover, DND still possess several outstanding properties of
bulk diamond like hardness, low friction coefficient, chemical resilience and biocompatibility*.
Due to the broad scope of their application fields, a deeper understanding and a control of the
surface properties of DND is crucial. Different strategies were reported to obtain DND with a
homogeneous surface chemistry and stable colloidal stability’. In this context, surface
hydrogenation appears as a solution of choice®'” because it combines the removal of non-
diamond carbons, the reduction of oxygen functional groups and the formation of C-H bonds
at DND surface.

According to the literature, this surface treatment also confers: 1) a stability in aqueous
solutions with a positive Zeta potential'! which permits, via an electrostatic grafting, to use
DND as a vector of biologics such as small interfering RNA!? or as seeds for diamond growth
by chemical vapor deposition'?; 2) modifications in the structure of water molecules

surrounding hydrogen-treated DND compared to other surface chemistries according to



spectroscopic investigations'*!>; 3) a radiosensitisation behavior reported in vitro for

radioresistant cancer cells'® and an overproduction of hydroxyl radicals in water under X-ray
irradiation'’; 4) the grafting of biomolecules through diverse functionalization strategies’!%!%;
5) specific fluorescence properties®®. Until now, two different approaches were developed to
hydrogenate DND: one involving a hydrogen microwave plasma’!, the other, a thermal

annealing under hydrogen??2*,

Despite recent progress in the understanding of hydrogenation treatment effects on the surface
chemistry of DND!!""6, the development of novel analytical tools allowing the identification of
newly created bonds and a quantification of the hydrogen amount grafted at the surface or
embedded in the diamond core remains challenging. For this purpose, the DND labelling using
hydrogen isotopes appears as an attractive approach. On one hand, deuterium labelling can be
used to study the hydrogen/surface interactions using Fourier-Transform InfraRed (FTIR) or
Nuclear Magnetic Resonnance (NMR) spectroscopies. Both techniques can provide important
information concerning the origin of the hydrogen-treated terminations present at the surface
of DND and bring a better understanding of hydrogenation treatment outcome in terms of
surface modification. Tritium incorporation, thanks to its radioactive properties, can be used for
quantification purposes to determine the number of hydrogen-treated terminations and their
locations (surface and core)®>2’. Moreover, tritium-labeled ND are of great interest for the
study of the in-vivo fate and more particularly the assessment of their toxicity, tissue distribution
and elimination. One of the major challenge in the field of isotopically labelled nanoparticles
synthesis resides in the development of reproducible and easy to implement synthetic protocols
allowing the incorporation of isotopes without changing the surface properties in comparison
with the hydrogen-treated analogues. In the case of tritium-treated ND, the two methods
published so far, imply very high reaction temperatures and complex reaction set-ups.
Nevertheless, in both cases, the characterization of the obtained radioactive analogues was
incomplete. In the present work, we describe a robust and scalable method to control the
deuterium and tritium incorporation in DND in a closed system using D> or T> gases. According
to our knowledge, for the first time, isotopically labelled DND have been fully characterized
and the isotope incorporation used to unravel the interactions between hydrogen-treated species
and the nanomaterial.

2) Results and discussion

2.1 Design and optimization of the thermal hydrogenation in a closed system

Up to now, reported hydrogen annealing procedures of DND were performed under hydrogen
gas flow. This experimental set-up allows notably to remove desorbed species from the reactive
atmosphere which facilitate the surface hydrogenation. However, this approach can be
considered as undesirable for the preparation of deuterium-treated DND (using expensive
deuterium gas) and unreasonable in the context of the synthesis of tritium-treated DND (using
radioactive tritium gas). Therefore, we have developed and optimized a new experimental
approach to perform such thermal annealing using small gas volumes with no gas flow (see
experimental section). To optimize the annealing procedure, we have monitored the formation
of C-H bonds and the decrease of C-O related groups using FTIR depending on the temperature,
the gas pressure and the annealing time.



Figure 1 shows FTIR spectra of as-received DND and DND treated at 450°C and 550°C under
either 20 or 200 mbar of hydrogen for 1 hour. All spectra were normalized according to their
fingerprints (around 1100-1200 cm™). Samples were in-situ dried for at least 24h under dry
nitrogen. However, physisorbed water residues remain, leading to O-H bending modes at
1630 cm™ and O-H stretching modes located between 3000 and 3600 cm™.

As-received DND exhibit a broad band around 1730-1790 cm™ associated with C=0 stretching
involved in carboxylic acid groups and anhydride functionalities (various types of surface
carbonyl groups®®). Between 900 and 1300 cm™!, a broad absorbance region is observed, usually
attributed to diamond core defects and C-O related groups, such as ether-like bonds or hydroxyl
groups'®. Finally, small features can be observed between 2800 and 3000 cm™, attributed to C-
H stretching modes.

After annealing, even for the smoothest conditions, a shift of the band related to C=0O stretching
modes occurs, down to 1710 cm™, along with a decrease of its area. The direct comparison of
peak intensities between these different spectra is rather difficult due to the presence of water
residues and normalization issues. However, it seems obvious that the complete vanishing of
the C=O0 stretching modes is obtained only for the harshest conditions, i.e. 550°C and 200 mbar.
The reduction of the C=0 related groups correlated with a modification of the 900-1300 cm™!
area attributed to the decrease of C-O related groups.

At the same time, depending on the temperature and pressure, a modification of the C-H
stretching modes occurs. Starting from a specific signature of as-received samples related to
surface hydrocarbons and disordered carbon, the shape of the C-H modes progressively evolves
up to a well-defined structure composed with two peaks located at 2875 and 2930 cm ™! related
to symmetric and asymmetric C-H stretching of CHy features®® (Figure 1). This C-H signature
is in agreement with the C-H structures reported in the literature for ND treated under hydrogen
flow?928
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Figure 1: FTIR spectra of DND as-received and annealed under H». Insert: Magnification of
C-H stretching modes. Spectra were normalized to the maximum absorbance.

To evaluate the carbon crystalline structure of DND after hydrogenation treatment, Raman
spectroscopy was performed. Spectra of as-received and hydrogen-treated DND under 550°C
at 200 mbar are plotted in Figure 2. Both spectra look very similar with a first order Raman
mode of cubic diamond lattice observed near 1320 cm™', in agreement with the signature of
DND for which a phonon-confinement effect is observed’. In addition, a broad asymmetric
contribution with a maximum lying at 1620 cm™ could be assigned to the “G” band of carbon
compounds. This “G” band on DND originates from the complex chemistry of the particle
associating sp? carbon signatures in different forms (fullerene like reconstructions, sp? chains,
etc.), lattice defects as well as some contributions of C-O related groups®!. Note that the
intensity ratio of the diamond peak to the “G” band is not modified by hydrogen annealing. The
similarity of the Raman spectra confirms that hydrogenation treatment in these specific
conditions alters neither the diamond core nor the surface carbon structure. Finally, the shoulder
detected at 1500 cm™! was previously reported on DND characterized by Raman using the same
wavelength range®!
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Figure 2: Raman spectra of as-received DND and DNDox before and after annealing under
different atmospheres. Laser excitation 532 nm.

2.2 Application to the preparation of deuterium-treated nanodiamonds

We first apply our new thermal annealing protocol to the preparation of deuterium-treated
DND. Beside this synthetic application of our new protocol, we thought that such labelling may
be used to gain more insights onto the hydrogenation annealing of DND taking advantage of
the large differences between C-H/C-D stretching modes. The most efficient annealing
conditions were used (550°C, 200 mbar, 1h) with exactly the same experimental protocol using
D; gas instead of Ha gas.

FTIR spectrum of deuterium-treated sample is compared with hydrogen-treated particles
prepared in the same conditions and as-received DND (Figure 3). As with hydrogen, under
deuterium atmosphere, a complete reduction of C=0 related groups is evidenced with the
disappearance of the band near 1730-1790 cm! on the FTIR spectrum. Furthermore, the
appearance of a broad band near 2150 cm!, associated with C-D ((i.e. C->H) stretching shows
an effective deuteration of DND*. Surprisingly, the vibrations in the 2800-3000 cm™ region
associated with C-H stretching are enhanced, with the appearance of the typical two peaks
signature of hydrogen-treated DND. However, when normalized to the 1100-1200 cm™ area,
C-H stretching modes of the deuterium-treated sample appears less intense than for the
hydrogen-treated one. Nevertheless, this clear signature suggests the formation of hydrogen
terminations on DND’s surface while treatment was performed in pure D> atmosphere. These
C-H bonds may arise from native DND or from physisorbed species present on DND’s surface.

Additionally, the Raman spectrum of deuterium-treated DND looks very similar to the one
obtained for thermal hydrogenation exhibiting the first order Raman peak of diamond
comparable to the one of as-received DND (Figure 2).
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Figure 3: FTIR spectra of as-received, hydrogen-treated and deuterium-treated DND at 550°C
and 200 mbar during 1h. Spectra were normalized to the maximum absorbance.

To investigate the origin of the hydrogen responsible for the creation of C-H terminations in
pure D> atmosphere, two experiments were conducted. The first one consisted in the exposure
of DND to pure D2 atmosphere in a larger volume to dilute the hydrogen species desorbed from
the particles. The second experiment included a purge of the closed system between two D>
treatments. FTIR spectra and absorbance ratios calculated from C-D and C-H stretching modes
are presented on Figure 4 and Table 1, respectively. In both cases, creation of C-D bonds
appears more effective, compared to the simple D> treatment in small volume without
intermediate purge. Finally, when a pretreatment of DND under argon atmosphere at 350°C is
applied just before D> annealing, no reduction of the amount of C-H created is seen, which
seems to exclude water residues as the source of hydrogen.
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Figure 4: FTIR spectra and magnification in 2000-3000 cm™ range for hydrogen-treated and
deuterium-treated DND in different conditions (200 mbar, 1h). Spectra were normalized to the
maximum absorbance.

Table 1: Absorbance ratio R of C-D to C-H stretching modes located at 2140 and 2870 cm’!

Treatment Ratio C-D/C-H
H> 550°C 200 mbar 0
D> 550°C 200 mbar 1.2
D, larger volume 2
D,/ purge / D2 550°C 200 mbar 2.3
Ar 350°C / purge / D> 550°C 200 mbar 1.2
D, 550°C 200 mbar on DNDox 2.3

2.3 Hydrogenation and deuteration of pre-oxidized DND

To confirm that the hydrogen initially present at the surface of DND can be involved in the
hydrogenation process, as-received DND were cleaned by a thermal oxidation step. Indeed,
such surface treatment induces the removal of non-diamond carbon, a better homogenization of
oxygen groups with more numerous carboxylic groups according to Boehm titration®* and
provide a better colloidal stability in aqueous suspensions with a negative Zeta potential®*,

As-received DND were oxidized in a furnace for 1h30 at 550°C leading to air oxidized DND
(DNDox). Note that the diamond core is preserved, as shown by the Raman spectrum
(Figure 2). The FTIR spectrum still shows a well-defined band located at 1730-1790 cm™



assigned to C=0 bonds (Figure 5) as well as an almost complete vanishing of the C-H stretching
modes between 2800 and 3000 cm™'.
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Figure 5: FTIR spectra of DNDox, hydrogen-treated DNDox and deuterium-treated DNDox.
Hydrogenation and deuteration were performed during 4h at 550°C and 200 mbar. Spectra were
normalized to the 1100-1200 cm™! band.

After annealing under hydrogen for 1h (550°C, 200 mbar), the FTIR spectrum indicates only a
partial reduction of the C=0 groups at the surface. Therefore, on these oxidized DND, a longer
thermal hydrogenation is needed (up to 4h), to fully remove the C=0O related bands around
1730-1790 cm™ (Figure 5). The same behavior occurred for deuterium annealing (Figure 5).

Different hypotheses can be made to explain this slower kinetic compared to as-received DND.
First, the nature of the oxygen-related groups present at the DND surface may be modified by
annealing under air with the creation of anhydrides for instance. Indeed, the maximum intensity
peak of the C=0 stretching mode is shifted from 1750 cm™ to 1780 cm™ after air annealing,
which is in agreement with anhydrides formation®>. As a second hypothesis, the amount of
oxygen-related groups may be higher after air annealing. However, no reliable quantitative
information can be extracted from FTIR spectroscopy. It can only be noticed that, according to
the spectra, the ratio between the fingerprint area (1100-1200 cm™) and the C=0 stretching
mode remain rather similar before and after air annealing. Finally, based on the mechanism
proposed by Cheng and Williams®, we can consider that the amount of Cs species at the origin
of the catalytic process (enabling the H dissociation) may be strongly affected by air annealing.
Indeed, such carbon species can be efficiently etched during this annealing.



Concerning C-H stretching modes, hydrogen-treated DNDox exhibit enhanced vibrations in the
2800-3000 cm™! region (Figure 5) comparable to hydrogen-treated as-received DND (Figure 4).
When treated under deuterium, the broad band near 2150 cm™!, associated with C-D stretching
confirms an effective deuteration of DND. At the same time, C-H stretching modes are still
visible on the FTIR spectrum, which suggests the creation of some C-H terminations on these
strongly oxidized DND. However, the phenomenon remains limited with a C-D/C-H ratio R of
2.3 (Table 1). The oxidation treatment is thus an efficient way to better control the amount of
C-H bonds generated during thermal hydrogenation. The quantification of trittum-treated DND
will allow an estimation of the hydrogen coverage.

2.4 Colloidal behavior of hydrogen-treated and deuterium-treated DND

Colloidal properties of hydrogen-treated and deuterium-treated as-received DND and DNDox
suspended in water were measured by Dynamic Light Scattering (DLS) (see Figure S1).
Hydrogen-treated as-received DND and DNDox exhibit similar hydrodynamic mean diameter
around 35 nm. The Zeta potential are also very close, with a charge of +45 +£5 mV when as-
received DND are hydrogen-treated versus +53 +£1 mV when DNDox are hydrogen-treated. We
can conclude here that the oxidizing pre-treatment does not seem to affect the final colloidal
properties (while DNDox exhibited a strong negative Zeta potential of -57 +5 mV). These
positive Zeta potentials are in line with reported studies dealing with hydrogen-treated DND
whatever the hydrogenation method (annealing'® or plasma'!). Its origin is still under debate,
according to spectroscopic investigations, it may imply the interactions with surrounding water
molecules!*134,

Such independence from the initial surface chemistry was also observed for deuterium-treated
DND, which exhibits a rather constant hydrodynamic mean diameter around 30 nm, whatever
the initial powder (see Figure S1) and Zeta potentials in the same range of +38 mV to +51 mV.
More generally, colloidal properties of hydrogen-treated and deuterium-treated DND in water
look very similar with or without the oxidation pretreatment. Covering the DND surface with
hydrogen or deuterium does not seem to affect the interactions with water, at least not
sufficiently to de-stabilize the particles. Note that this ability of deuterium-treated DND to be
suspended in water the same way the hydrogen-treated DND may open the door to more
advanced structural studies, toward better understanding of the water/DND interface.

2.5 Thermal and plasma tritiation

Going further in the use of hydrogen isotopes to investigate the hydrogenation process of DND,
tritium was used instead of hydrogen in our closed system. The use of tritium permits to assess
the amount retained by DND thanks to liquid scintillation counting. Indeed, an important
question emerges in the literature concerning the hydrogen amount which can be bonded to
DND depending on methods or on experimental conditions’.

Tritiation of DND was performed on as-received DND and on oxidized ones using annealing
procedures described above. To complete the study, as-received DND were also reduced using
the plasma labeling method previously reported®® as a comparison with our previous works.



Raman spectrum of tritium-treated DNDox (Figure 2) exhibits a comparable signature than
those obtained after hydrogen or deuterium treatments (in the same experimental conditions).
It clearly shows the non-alteration of the diamond core.

Quantification of the tritium incorporation was assessed by measuring the radioactivity in the
combustion gas of tritium-treated DND heated in air using liquid scintillation counting.
Regarding the quantification of the tritium atoms bonded to the DND surface, the specific
activity was first measured by performing a complete combustion of the tritium-treated DND
under air for 3 h at 600°C. Exposed to a pure tritium atmosphere, the specific activity is 9 times
higher compared to plasma-treated DND, i.e. 154 mCi.mg"' compared to 17 mCi.mg™' (Table
2). Note that the specific activity measured here for plasma treatment is in the same range than
the one reported previously for a plasma treatment but using another DND source (9 mCi.mg"
1%, To explain the difference between annealed and plasma-treated DND, we need to consider
the applied pressures used, i.e. 200 mbar for annealing and 12 mbar for plasma treatment.
However, a difference in terms of surface reactivity and hydrogen radical production
mechanisms cannot be excluded.

Annealing under a trititum atmosphere was also conducted on DNDox. To obtain comparable
results in terms of specific activity regarding the plasma treated DND, the tritium concentration
was lowered to 10% of the total atmosphere during annealing, the 90% remaining being
composed of pure H,. Taking into account the *H»/'Ha ratio in the gas phase, a comparable
specific activity is measured, i.e.13 mCi.mg™'. It thus appeared that the amount of bonded
tritium can be efficiently tuned by lowering the tritium concentration in the gas phase during
the annealing process.

Table 2: Total radioactivity measured by liquid scintillation counting for plasma and annealed
DND (as-received or pre-oxidized). Two tritium concentrations were used.

Treatment DND H2 (%) Specific
activity
(mCi.mg™)
Plasma as-received 100 17
Annealing as-received 100 154
Annealing oxidized 10 13

To identify and quantify the different trittum binding states, the radioactivity counting was
performed at several desorption isotherms during one hour for each (20°C, 200°C, 400°C,
600°C). The radioactivity released from 3 mg of tritium-treated DND by annealing according
to the different temperature thresholds is reported in Table 3.

Table 3: Radioactivity distribution of tritium released from 3 mg tritium-annealed DND
according to different temperature thresholds with 1 hour of stabilization. Note that two tritium
concentrations were used.

Temperature (°C)

as-received DND
using 100 % tritium

oxidized DND
using 10 % tritium

20 - -
200 8% 5%
400 72% 83%




600 20% 12%
Total activity measured from 463 40
thermodesorption studies (mCi)

Regarding the two DND, no significant tritium desorption was observed at room temperature.
For tritium-treated as-received DND, after 1 hour at 200°C, a weak amount of 35 mCi was
measured in the combustion gas representing 8% of the total radioactivity. At this stage,
desorption only affects the tritium species weakly bonded to the DND surface (electrostatic
adsorption, hydrogen bonds). After one hour at 400°C, 332 mCi were released corresponding
to 72% of the total radioactivity. At the later temperature threshold, a strong oxidation occurs
with the formation of carbonyls and carboxylic groups and covalent surface terminations are
desorbed®. Accordingly, the major part of tritium labeling is associated with *H strongly
bonded at the DND surface. After the final threshold at 600°C, the measured total activity is
131 mCi which means that 20% of radioactivity remains in the diamond lattice. This result
indicates a possible diffusion mechanism of tritium into the diamond cores of DND or in their
embedded defects made of disordered graphitic carbon. This mechanism was previously
demonstrated for hydrogen and deuterium into bulk diamond*® while using higher annealing
temperatures. These results also show that tritium labeling of DND using an annealing pathway
is very efficient. The high specific activity of 154 mCi.mg! significantly exceeds standards
regarding biodistribution studies®’.

Radioactivity values collected during the same temperature thresholds for tritium-treated
DNDox are in the same range as the values obtained for DND (Table 3). After a first annealing
at 200°C, 2 mCi (i.e. 5 % of the total radioactivity) was measured. After one hour at 400°C,
33 mCi was released corresponding to 83 % of the total radioactivity. After the final threshold
at 600°C, the total activity released is 40 mCi. The radioactivity collected during the last
annealing represents 12% of this value.

A similar proportion of radioactivity is measured for weakly bonded tritium for both tritium
annealing (8% and 5%). Nevertheless, the amount of tritium covalently bonded at DND surface
increases significantly (+ 11%) for pre-oxidized DND leading to less trittum located in the
diamond core (12% compared to 20%). This lower value can be explained by the fact that 10%
of trittum only is present in the gas atmosphere and is available for diffusion in diamond lattice.

This tritium repartition is consistent with our previous work on tritium-treated DND by
microwave plasma®’. In that case, 7% of the tritium was located in the diamond core and 83 %
covalently bonded at the surface. At that time, using the developed surface area and the activity,
we estimated that 1 carbon atom over 20 was susceptible to be linked to a tritium atom. Here,
using the annealing treatment, we can suggest that the trittum coverage is close to 50%. These
results demonstrate that our new protocol can be used for the preparation of tritium-treated
DND with tunable specific activities, which is crucial for future biodistribution and
pharmacokinetics studies of such largely applied nanoparticles.

Finally, trittum-treated DNDox were suspended in water using a protocol similar to the one
used for hydrogen-treated and deuterium-treated DND. DLS measurement (see Figure S1)
reveals a colloidal behavior with a mean hydrodynamic diameter close to 15 nm, which is
slightly smaller than for hydrogen-treated and deuterium-treated DND. Anyway, this result
open the door to further biological experiments, where the stability of tritium-treated DND is a
pre-requisite.



2.6 NMR investigations of hydrogen-treated, deuterium-treated and tritium-treated DND

The previous DND annealed under hydrogen, deuterium or tritium atmosphere were then
studied by Magic Angle Spinning (MAS) NMR to better investigate the nature of the carbon
structure and the C-H bonds®®*.The '*C MAS NMR spectra are shown in Figure 6a for
hydrogen-treated and deuterium-treated DND (with or without pre-oxidation). Dashed lines
highlight the positions of the three main peaks observed, in agreement with previous studies®®
42 The most intense one, located at around 34 ppm, is generally assigned to carbon atoms that
are in the DND crystalline core (narrow component of the peak) and in the shell near the surface
that covers the diamond core. This main peak is observed whatever the DND, confirming the
persistence of a diamond core revealed by Raman spectroscopy (Figure 2). A second narrow
resonance at a lower chemical shift (here 28 ppm) appears but the assignment of this band is
still unclear (see a short discussion in Panich et al. paper®® and references therein). A third broad
shoulder centered at ~45 ppm is generally assigned to hydrogen-treated surface species (CH
and CH,). So far, with these '*C MAS spectra, no clear distinctions can be made between the
different surface chemistries.
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Figure 6 a) ’°C MAS NMR spectra of hydrogen-treated (A-DND-H), oxidized (A-DNDox) and
deuterium-treated (A-DND-D) as-received DND and deuterium-treated preoxidized (A-
DNDox-D). b) 3C CPMAS NMR spectra of the four investigated DND. Dashed lines highlight
the main peaks. Spectra are normalized to the same area.

Therefore, to enhance the signal from the surface carbon atoms near proton atoms, '*C/'H Cross
Polarization MAS (CPMAS) experiments were performed (Figure 6b) with a contact time of
2 ms (this period controls the length scale of the magnetization transfer from the protons to the
carbons, see below) for which a maximum of '3C signal was observed. A close examination of
the line shape of those CPMAS spectra shows that the peak at 34 ppm is broader than the one
in direct acquisition spectra. This suggests that the bulk carbon sites characterized by a narrow



peak are too far from the protons to be cross-polarized (i.e. magnetized) and has been therefore
filtered out by the CPMAS sequence. This peak is now dominated by the carbon in the inner
shell close to the hydrogen-treated species at 44 ppm which are more efficiently excited by the
CP process (at short CP times, the peak at 44 ppm is stronger than the one at 34 ppm). This was
clearly shown in the detailed NMR study of Fang et al.*® and also observed for our samples (see
for example CPMAS spectra acquired at variable contact times for A-DND-H in the
supplementary materials, Figure S2). Now, if we compare the different surface chemistries, this
contribution at 44 ppm is observed for hydrogen-treated DND but also for deuterium-treated
DND and DNDox, while almost absent on oxidized DND. This is in agreement with FTIR
experiments, also revealing C-H stretching modes on all samples except DNDox. If we consider
the 34 and 44 ppm components, CPMAS experiments tend to show also a weaker proportion of
C-H on deuterium-treated DNDox. The component at 72 and 98 ppm on DNDox sample is
assigned to C-OH groups and other more oxidized groups *.

’H MAS NMR spectra collected on deuterium-treated DND and DNDox samples are shown in
Figure 7. The center band (see insert) is around 1.8 ppm, which correspond to aliphatic protons
that we can assign to C-D terminations. This position nicely matches the value observed for the
same samples on 'H-'3C 2D HETCOR spectrum (see Figure S3), also exhibiting 'H-C
contributions at 1.8 ppm and coming from residual hydrogen reacting during deuterium
treatment. Note that this low value seems specific to our treated DND and therefore to C-H
terminations, while literature reports on 3.8 ppm protons for untreated samples*®. But note that
in our samples H peak shows a tail extending up to 5 ppm (insert figure S4). Quadrupolar
spinning sideband manifold of both samples could be nicely fitted using a quadrupolar coupling
constant of 170 kHz and asymmetry parameter of 0.1, values typical of a C-H bond (see
Figure S5).

Finally, comparison between *H and ?H (center band only) MAS NMR for tritium-treated and
deuterium-treated pre-oxidized DND is shown in Figure 8. Both spectra are centered on the
same chemical shift region around 1.8 ppm. All these results confirm the suitability to compare
1.23H treatments as all of them lead to similar C-""*°H creation.

— a-DND-H
— a-DND,_ -’H
ox
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10 5 0 -5
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Figure 7 *H MAS NMR spectra of deuterium-treated DND (A-DND-D) and deuterium-
treated DNDox (A-DNDox-D).
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Figure 8: 2H MAS NMR spectrum of deuterium-treated DNDox (A-DNDox-D) and *H MAS
NMR spectrum of tritium-treated DNDox (A-DNDox-T).

3) Conclusions

The present study was conducted on DND using hydrogen and its isotopes (*H, *H) via an
annealing reduction method. This surface treatment was first optimized for hydrogenation in a
closed set-up leading to a total reduction of C=0 bonds and the formation of C-H terminations.
It was further adapted to deuterium and tritium atmosphere leading to C-D and C-T creation at
the surface of DND, as confirmed by FTIR and NMR experiments. NMR and Raman
investigations demonstrated that the DND diamond core remain unaffected after annealing
under hydrogen, deuterium and tritium. Raman also permits to confirm that no enhanced surface
graphitization occurs after treatment. From experiments with deuterium, we have shown that
residual hydrogen from DND is also active for C-H formation under annealing. Such cross-
reaction can be limited by a preoxidation of DND. Nevertheless, it reveals the importance of
the initial surface chemistry for such annealing treatments, which can participate to the reaction
mechanism. Quantifications were assessed from tritium labeling of DND. As for plasma
treatment, the major part of tritium is strongly bonded at DND surface while a non-negligible
part diffuses inside the diamond core. Surprisingly, the annealing method led to ten times more
tritium bonded to DND compared to plasma one. Interestingly, the specific activity of the
radiolabeled DND can be easily tuned by playing with the initial H2/T> ratio in the gas phase.
Moreover, the labeling efficiency can be tuned adjusting the trittum concentration in hydrogen.
Resulting colloidal aqueous suspensions possess similar properties compared to hydrogen-



treated and deuterium-treated DND. Thus, isotopic labelling appears to be a powerful tool to
better understand DND surface chemistry. It could be very useful to investigate their
interactions with surrounding molecules in colloids, especially interactions with water
molecules which appear specific for hydrogen-treated DND'3 and may be involved in radical
overproduction under irradiation'”. Annealing using isotopes could be further adapted to other
nanomaterials to investigate their surface properties for applications in nanomedicine or
catalysis.

4) Materials and Methods

Tritium (T2) was purchased from TRITEC (purity 99%). H> and D> of a high-purity grade
(99.999%) were purchased from Air product and Eurisotop respectively. MiliQ water was
obtained after purification on a Milipore systeme (resistivity 18 m€). Detonation
nanodiamonds (DND) powder was provided by Plasmachem Compagny (Germany, G02
grade).

Samples preparation:

Particles were manually milled in a mortar to obtain a fine powder before being modified.
Oxidized DND were produced by the annealing of 100 mg of as-received DND placed in an
alumina crucible under air for 1h30 at 550°C. They will be designated here as DNDox.
Hydrogenated, deuterium-treated or tritium-treated DND were produced either by annealing
using appropriate gas or by microwave assisted plasma treatment.

Annealing treatment. 30 mg of DND were placed in a quartz tube (3.5 mL) with an isolation
valve, an in/out gas connection and connected to a cold trap. Vacuum was made and appropriate
pressure of gas was loaded. Tube was placed in the oven, and connection was made with
trapping set up. Oven was turned for 1 to 4 h at 450 to 550°C. Powder was then pumped for 30
min before disconnection and air exposure. For tritium-treated DND, powder was poured in
methanol (4 ml) and the solvent was evaporated. The cleaning operation was repeated twice to
allow complete removal of labile tritium. Treated DND were stored as a dry powder under
nitrogen atmosphere. Annealed particles will be called here A-DND.

Plasma treatment: 20 mg of DND were deposited in a quartz tube and connected to in/out gas
and vacuum connection. Appropriate gas was used with a pressure of 12 mbar during the
treatment. Sealed tube was inserted into a plasma Downstream source (Sairem SAS, France).
Plasma was generated in the quartz tube at a micro-wave power of 100 to 250 W (2.45 GHz).
Multiple loading was done until plasma is stable. During the plasma, the tube was air-cooled.
ND were exposed to plasma for 20 min, leading to P-DND.

Suspensions:
Particles were dispersed in ultrapure water (18.2 MQ.cm) and sonicated (Heilscher UP400s,

300W, 24 kHz) for 1 h under a cooling system. To remove highly aggregated particles, the
suspensions were centrifuged for 40 min (2400g, 4754 rpm) followed by supernatant separation.
The final concentration was calculated by measuring the mass of particles after drying a
calibrated volume of the initial suspension. Note that the amount of particles loss during the
centrifugation roughly represent half of the initial mass.

Dynamic light scattering (DLS) and Zeta potential measurements:
Hydrodynamic size and Zeta potential of DND in water suspension were measured on
supernatants using Malvern ZetaSeizer Nano ZS. Hydrodynamic size and zeta potential




analysis were performed with 633 nm laser at 25° C and the scattering angle of 173°. For
measurements, the samples were diluted down to 0.1 mg/mL. Zeta potential were measured at
the pH of the native suspension measured at 6.5, without any adjustment.

Fourier transform infrared (FTIR) spectroscopy:

The FTIR spectra were recorded on a Thermo Nicolet 8700 spectrometer using transmission
mode. KBr pellets (1 wt %) were prepared with DND and dried in-situ under a dry nitrogen
flow.

Thermodesorption:

Desorption is determined by exposing the samples (powder) to air flow (500 ml/min) until
reaching a plateau at determined temperature in the cumulated amount of desorbed tritium. The
outlet flow is connected to a tritium analyzer. The remaining tritium concentration in the
samples is determined by liquid scintillation counting (LSC).

Liquid scintillation counting:

Liquid scintillation countings were performed using a Perkin Elmer Tricarb 2910 TR Liquid
Scintillation analyzer equipped with automatic external standardization. The samples for liquid
scintillation counting were prepared with 10 mL Ultima GoldTM LLT scintillator in 20 mL
Perkin Elmer super polyethylene vials. For each measurement, 3 countings have been realized
and the result given correspond to an average of these 3 values. The global uncertainty, taking
into account the one related to the liquid scintillation counter and the uncertainty related to the
preparation of the analytic samples, is about 13.5% for each measurement.

u-Raman:
pRaman spectra were recorded on a LabRam HR Microspectrometer with an Olympus

microscope and an x50 long-range objective. A laser beam with a wavelength of 532 nm was
used as excitation source and the power outputs kept at a value of ~5 mW to avoid any thermal
degradation. pRaman spectra were accumulated on a Peltier-cooled CCD camera until a
satisfactory signal-to-noise ratio could be obtained. The samples were kept in airtight boxes
with a 1 mm thick glass window. The window revealed the entire surface of the samples, but
due to its thickness, conventional higher-order magnification optics with a large optical aperture
could not be used. An additional radiological confinement was used for tritiated DND by
keeping the samples between a glass slide and a glass lamella glued together using epoxy resin.

NMR:

NMR spectra have been collected on a Bruker S00WB Avance II NMR spectrometer operating
at a magnetic field of 11.72T. 13C and 2H MAS NMR spectra have been acquired using a Bruker
HX CPMAS 4mm (outer diameter of the ZrO; rotors) probe at a spinning frequency of 12.5
kHz and with cw 'H decoupling at high power (>80kHz). For '*C, we used a rotor-synchronized
spin echo pulse sequence with a delay of one rotor period to remove the probe background
signal and a recycle delay of 2s. No change in lineshape is observed for longer delays. For “H,
a short single pulse excitation and recycle delay of 2s are used. °H MAS NMR spectra have
been acquired using a specific DOTY MAS NMR probe described in ** with a single pulse
excitation, 'H decoupling and a recycle delay of 2s. For all 1D spectra, typically from 1k to 8k
scans were accumulated. *C-"H 1D CPMAS and 2D HETCOR spectra were collected using
standard cross polarization with matched RF cw irradiation on both channels (experimentally
optimized) and a recycle delay of 1s. All data have been processed and fitted using an in-house



software (T. Charpentier). "**H and '*C chemical shifts are referenced to water at 5 ppm and
to the carboxyl peak position of alanine (176.5 ppm), respectively.
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