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Abstract

Practically hydrogen-free nanodiamond (HFND), aspextive neutron-optical material, was
prepared (in up to 3% vyield) by detonating puregoaphite-doped RDX in an ice shell and
comprehensively characterized by elemental analysisay diffraction, TEM, SAED, EELS,

Raman and IR spectra, ESR, DSC/TGA, and specifiasel (BET) determination. The primary
diamond grains are larger (15-16 nm) than in omyimanodiamond from RDX/TNT blends (ca. 5
nm) but smaller than in HFND from benzotrifurox&v (nm), with electron spins distributed in
volume. HFND is much less hygroscopic and more@ro oxidation than ordinary nanodiamond.
When heated in air up to 4@°HFND shown a drastic increase of oxygen/carbtio mithout an

apparent loss of mass. The mechanism of hydrogenrcootamination (through segregation of

detonation gases) and particle growth is discussed.
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1. Introduction

Different allotropic forms of nanocarbon [1] attratense interest and find a widening variety of
applications, due to their multifunctional propesti Thus, composites involving graphitic-type?{sp
C) nanophases, such as carbon black [2], nanot[#36$ and 2D-carbon flakes [7] and are

prospective for catalytic, optoelectronic, gas-sorp and ion-scavenging applications, thermally
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reduced graphene for copolymer building blocks &id graphene quantum dots for photo-
luminescence and supercapacitance devices [9].h®rother hand, nanodiamond (ND) particles
(sp-C) [10, 11] which are now industrially produced2]lat low cost by detonation of high
explosives, have actual and potential applicatioasging from drug delivery to quantum
computers, besides more conventional uses, suahrasive materials. Another prospective area is
‘neutron optics’. ND is the most efficient reflectof very cold neutrons (VCN) in their entire
energy range, due to fortunate combination of mlaysparameters: the size of nanoparticles is
comparable with the VCN wave length, they providghimeutronoptical potential and low neutron
absorption [13-15]. The energy of a cold neutrom tee further reduced on interaction with
ultracold ND [13]. Thus the density of VCN can Ioereased by many orders of magnitude, with
exciting methodical results. Unfortunately, ND usu@&ontains up to 1% of hydrogen, most of
which cannot be removed by degassing, thermalntesat;, etc. Large inelastic scattering By
makes it a most unwelcome impurity, causing laags lof neutrons and much devaluing ND as a
neutron-optics material [15], while its isotopicpl@cement with deuterium is very difficult.
Therefore it is highly desirable to prepare inticafly hydrogen-free ND (HFND).

The formation of ND, both chemically and physically a far-from-equilibrium, multi-stage
process of great complexity, still imperfectly urateod [12, 16-21]. Indeed, the very appearance of
condensed carbon is a challenge the canonicalyttddhe plane wave steady detonation process
[22]. Two conditions are considered indispensatiie: explosive having negative oxygen balance
(OB), i.e. an excess of carbon over oxygen, and daitdéftermodynamic parameters on the
Chapman-Jouguet (CJ) plane [23-25], i.e. the sarfabere the reacting gases just reach sonic
velocity as the chemical reaction (and energy seleas essentially complete. These parameters,
temperatur@dc; and pressurc; depend on the detonation velocwy, hence on the composition,
structure and porosity of the explosive. IndudijaND is usually prepared by detonating RDX
(hexogen, GHeNgOg) blended in various proportions with trinitrotohee (TNT, GHsN3Os).
Formation of ND require3c; >3000 K andPq; > 30 GPa and begins with nucleation (near the CJ
plane) of carbon nanoclusters from supersaturaadubo vapour. During the subsequent isentropic
expansion of the detonation products, these ckist@agulate into nanodroplets of carbon, which
crystallize and grow in the diamond structure, athese conditions (3400-2900 K, 16.5-10 GPa)
nanodiamond is thermodynamically more stable thraplgte [17]. As the opposite is true at lower

pressures, the products must be cooled rapidly o temperature where thermodynamic



favourability of the diamone-graphite conversion is nullified by its high kiretbarrier. This is
achieved by allowing the detonation gases to expaindarge volume of a blast chamber and/or by
surrounding the charge with a shell of ice or ltjuiater (the so-called ‘wet method’) which both
reduces the temperatuaad extends the duration of high pressure. Then tlst-@plosion soot is
treated by oxidizing acids (HCKODHNOs/oleum, aqua regis, etc.) or by ozone to eliminate the
graphitic phase.

This scheme has many cave&@sB. is conventionally calculated assuming onbCHN, and CQ
as gaseous products, but in fact the reactiontenahcomplete and yields CO. It was therefore
suggested [26] that th®B <0 condition is not enough and the carbon/oxygeme ratio must
exceed 1, in which case pure RDX should not yield. Momogenous nucleation model fits
awkwardly with highly non-homogenous nature of pdstonation media. On nanoscale, both the
melting conditions and the equilibrium between ditgpand diamond are different from those of
the bulk phases (to which the conventional phaagrdim refers!), but even for the latter the melting
conditions of diamond are debatable. Carbon co#gnlabeing exothermic, the droplets can
become much hotter than tkdetonation products themselves; CJ plane is not easy to define for
multistage reaction. The experimental studies,jialiff due to extreme rapidity of the reactions,
aimed primarily at increasing the yield of ND, ahérefore paid relatively little attention to theed
of impurities. Thus, to our knowledge, there hasrbeno inquiry whether the hydrogen
contamination comes from the explosive(s), the aatobdr even the oxidizing solution.

Recently, we prepared HFND by detonation of a hgdmefree explosive, benzotrifuroxan (BTF,
CsNsOg) [27]. (Interestingly, Titov et al used the samelesive in 1993 [28] and probably obtained
HFND without recognizing it, as neither elementahlgsis nor chemical properties of the ND
product were reported.) However, the synthesis TF R9] is expensive, and the yield of HFND
from it is low (ca. 5%). Therefore in the presemrkvwe developed a technique of preparing HFND
from cheap mass-produced explosives. In the prosessclarified some general aspects of ND
synthesis and comprehensively characterized theigdrghemical properties of HFND, which

differ substantially from those of ND prepared centionally from RDX/TNT blends.

2. Experimental part

Commercial RDX was obtained from tA#ay Federal Scientific-Industrial Centre (Biysk, Ria3s
BTF from the Soyuz Federal State Unitary Enterprise (Moscow Regionsdia), carbon black

(particles size ca. 200 nm, elemental analysis9731; N, 0.19; H, 0.35%) from the Technical



Carbon Co (Yaroslavl, Russia), synthatio-sized diamond powder from Euro Superabrasives Ltd
(Darlington, UK).

Detonation experiments used a cylindrical explogikiarge assembled of 10 pressed disks, 8.8
mm thick and 20.1 mm in diameter, enclosed in ansieell and detonated in a nitrogen-filled steel
chamber. The recovered soot was refluxed with aunaged perchloric acid to remove the graphitic
component and then repeatedly refluxed with freshtigns of boiling de-ionized water until
approximately neutral reaction, whereupon ND wascipitated from colloidal solutions by
centrifugation (at 15,000 rpm) and dried in ai2@€°C until constant weight. The explosive charge
consisted either of pure commercial RDX or of RD&pdd with 5% of graphitic carbon black,
yielding ND productsl and 2, respectively. BTF-derived HFNDB [27] and ordinary ND4 [30]
were prepared as described earlier and purifiectickly to1 and2. Teflon and (for centrifugation)
nalgene vessels were used throughout, to exclugt@mination by silica from glassware.

CHN analysis was carried out on a freshly calilma@arlo Erba 1106 automatic analyzer [31]
samples were burnt under flow of oxygen at 1060(2800T at the moment of flash), the
combustion products @N CO,, H,O) were chromatographed in a flow of He gas. Theax
diffraction patterns were recorded on a modern2B®ON powder diffractometer (CKe-radiation,

A=154.18 pm). Grain sizes,were calculated using Scherrer equation

_ KA
7 _-ﬁcose (1)

whereK = 0.94 and’ is the peak half-width in radians. The total paetisizesD were estimated
from the observed specific surface aBand density (henceV = 1), assuming spherical particle

shapes, as
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Specific surfaces were measured on a Gemini VII02¥9.02t instrument (Micromeritics
Instrument Co) by bl gas adsorption at 77.3 K, using an adaptive rate static volumetric
technique. Samples were dried and degassed 4€2@ten kept under vacuum for 12 h before
being weighed and analysed; the data were processed using Brunnauer-Emmett-Teller (BET) model.
Densities of HFND powders were measured by liquah@metry in toluene. ESR spectra were
recorded using the State Standard Instrument iftoh&t Research Institute of Physical-Technical
Measurements (Russia) with the signal modulatiof.6fGs. IR spectra were recorded on Perkin

Elmer Spectrum One and Universal ATR Accessoryrumsént by the method of full internal



reflection. Raman spectra were recorded using @k aobin-Yvon LabRamHR, equipped with a
532 nm laser, and calibrated against Si line (520)c DSC/TGA measurements were carried out
using a NETZSCHSTA 409 PC/PG instrument, heatitg 18 K/min.

TEM and SAED experiments were performed on a JEQQOZ field emission gun instrument
(microscope voltage 80 kV). The solution containmagodiamond was sonicated and deposited on
a holey carbon grid. Energy-dispersive X-ray sgeatere recorded on an Oxford Instruments EDX
spectrometer. EELS spectrum was recorded on Gatiherfi instrument, including spectrum
imaging in scanning TEM (STEM) mode [32].

3. Results

3.1 Preparation of HFND

Our approach was based on comparison of the rel@aaameters of explosives (Table 1). Note
that in the RDX/TNT blend, commonly used in ND pwotion, TNT is the major source of excess
carbon, whereas RDX is needed to enhance the peedssi theOB, detonation velocity and CJ
pressure of pure RDX are all comparable to tho€#TdF (which is known to yield HFND), we used
RDX to prepare HFEND. It is well known that both ttermodynamic parameters and the products
of detonation strongly depend on the porosity, the. effective bulk densityp) of the explosive
charge (the values in Table 1 refer to monolitramnples with the maximum densipy). We
calculated these dependences according to relh@3oand that an increase @fi.e. a decrease of
porosity, should loweT; and rise the yield of solid soot (Fig. 1). Detooatof pure pressed RDX
with p = 1.72 g ci® (94% of the monolithig,) yielded 7.5% of soot, from which 3% (relative to
the initial charge mass) of HFND was isolated (picidl). In view of the theory, we tried to
increase the yield by doping RDX with 5% of grajhitarbon black and thereby increasmgo
1.76 g cm®. While this indeed boosted the yield st to 10%, the yield of HFND (produ®)
actually fell to 2%.

Table1 Properties of explosives [24]

Explosive BTF RDX TNT RDX/TNT blend
Formula GNgOs C3HgNeOs C7H5N306 C3HgNeOg
-C7H5N30s
OB, % -14.0 -21.6 -74.0 -47.8

Po, g CM° 1.90 1.83 1.65 1.70




Wy, kms™ 8.62 8.85 6.95 7.75
Tcy, K 4200 3300 3000 3150
Pc;, GPa 34.9 33.8 19.0 27.3

yield of soot, %

detonation temperature, K

RDX+TNT (T)

3000 T T T T T T T T 0
10 11 12 13 14 15 16 17 18 1.9

£, glem?3

Figure 1. Detonation temperature, 7¢;y (solid lines) and soot yield (dashed lines) as functions of

density (p) of explosives

Table 2 Composition of fresh and air-oxidized ND

T (°C) and time of  C, % N,% H % 0,%"

air exposure

as prepared * 88.63 1.03 0 94
250 (2 days) 75.89 0.97 0 22.1
400 (3 days) 70.15 0.66 0 28.2
470 (2 hours)” 61.30 0.47 0 38.2
550 (2 hours)* 54.40 0.00 0 44.6
670 (2 hours) 39.1 0.00 0.25 60.6
25 (2 years) 63.97 0.75 0.33 33.0

as prepared * 80.92 1.16 0 16.9



2 250 (2 days) 78.28 1.05 0 19.7
2 300 (3 days) 77.47 0.96 0 20.4
2 400 (3 days) 77.29 0.72 0 21.0
2 25 (2 years) 60.49 0.78 0.19 37.5
3 as prepared® 86.7 2.6 0 10.7

3 as prepared? 84.0 2.3 012  12.6

4 as prepared 85.13 1.97 0.69 11.9
4 400 (3 days) 84.23 225 066  11.9
4 25 (2 years) 84.64 1.97 0.86 11.5

2 average, for individual samples see Table Stass loss 2.99%6; mass loss 19.5%" balance,
assuming 1% Fé&;from pressed BTF:from BTF doped with 5% of carbon blackief. 27

3.2 Characterisation of HFND

The elemental analyses are presented in Table th. Band?2 containedca. 1% of nitrogen (an
ubiquitous impurity in ND) andta. 1% of iron originating from the walls of the biashamber
(which yielded 1.5% of non-combustible,Bg residue) while carbon contents varied. The balance
was presumably oxygen, which is always present n [\2?]. HFND samples3, obtained from
pressed BTF witp = 1.84 g cri® or from loose BTF powder with= 0.88 g cri® (Table 1), as well
as those obtained earlier [21] from BTF with vadaadditives, had similar carbon contents (81-
91%), although their nitrogen contents varied widigbm 1.2 to 8.0%. EDS spectra of eitieor 2
(Figure 2) show a prominent peak of C and admistafeO, Fe and Si, the latter probably extracted
by shock waves from Si-containing steel of the toatheamber [33].

The hydrogen content ifh and 2, as in3, was found to be nil within the experimental error
Admittedly, the latter amounts to 0.2% for this éypf analyzers [31] and is substantial relative to
the hydrogen content of ordinary ND. Neverthel#ss,absence of hydrogen was reproducible for a
variety of samples. Unfortunately, alternative noeth for hydrogen determination (e.g. NMR
spectroscopy [34]) cannot easily prove dssence, especially when the location and chemical
bonding state of hydrogen is uncleardé infra). Furthermore, ND is notoriously ill-suited for

mass-spectroscopy, being non-volatile, difficulidnize and prone to graphitization, although some



encouraging results have been obtained recently with diamond films, using industrial hydrogen

analyzer and hydrogen extraction at high temperature [35].

wt% error at%
9523 022 96.84
331 020 253
i 145 010 063
o
si
cu

error at%
025 9717
021 220
010 045
011 0.19

Figure 2. EDS spectra ol (top) and2 (bottom). Copper signals come from the grid and @arb
(partly) from the holey

Table 3 Physical properties of ND
Characteristics HFND 1 HFND 2 HFND 3¢ ND 4




Parent explosive RDX RDX+carbon powder BTF RDX/Thl&nd

Formula GN6Os CsHsNgOs C/HsN3Os  CaHeNeOs' CrHsN3Os

7, NM 15.2(8) 15.8(11) 26°9 5.4(4)

S nfg* 45.4 51.3 37.1 316

p, g cm® 3.345 3.425 3.10 3.35

D, nm 39.5 34.2 52.2 5.9

ESR:A, Gs 7.05 6.30 7.03 8.50
Cx10" 5.36 5.92 8.00
C<10%/g 6.4, 3.8 7.9, 6.6 6.9 8.0, 8.0

3 from ref. 7;° cf. 20-40 nm from TEM [27] after heating for 2 h at 150°C

X-ray diffraction patterns ol and 2 (see SlI, Figures S1, S2 and Tables S1, S2) shouwed t
reflections (111), (220) and (311) of cubic diamdad= 0.3569 nm) with usual relative intensities
of 100:18:9. A few additional weak reflections wepeesent, alongside a broad feature of
amorphous/turbostratic carbon, ranging frodr28 to 30° [36]. The reflection with6212.6° d =~
7.2 A) probably belongs to graphite oxide [37] whicesulted from incomplete oxidation of
graphitic phase during purification. According teetliterature, the position of this reflection may
vary widely, from 2~=10 to over 12°, depending on the oxidation condgifB87]. It is noteworthy,
however, that the major reflection of fullereng, Gccurs in the same range [38]. The peakbat 2
26.6° is evidently the (002) reflection of residuain-oxidized h-graphite, that a~24.8° can be
attributed to ‘disordered’ graphite which formsg.eduring ball-milling and has wider inter-layer
separations, further increasing as the particle giminishes [36]. The reflections &~385.5° and
33.2° to thep-form of carbon nitride €N, [39]. The latter phase is known to form under high
energy ball-milling, hence may also be generatedeurdetonation shog¢kthe nitrogen may
originate from the B with which the explosive chamber was filled, adlvas from the explosive
itself. The non-diamond peaks are much less pramiive product2 than in1; they were also
observed in BTF-derive® (Figure S3). As shown in Table 3, the mean sizef diamond
nanopatrticles (i.e. of the regions of coherent Xgeattering) inlL and2 are much smaller than in
HFEND 3 obtained from BTF but larger than in ordinary N4). (High-resolution TEM (Figure 3)

broadly confirmed these sizes and showed thatadhyst grains coexist with amorphous regions,
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especially in 1, whereas 2 shows higher degree of crystallinity. Selected-area electron diffraction
(SAED, Figure 4) showed discrete reflections from nanocrystals overlapping with diffuse rings, the
Bragg angles of both characteristic of cubic diamond. A few sharp reflections, however, are not
attributable to diamond and suggest different nanocrystalline phase(s), in agreement with X-ray
diffraction. EELS spectra (Figure 5) of crystalline regions were typical of ND, while amorphous

. . 2
regions contained larger amount of sp” carbon.

Figure 3.High-resolution TEM images of 1 and 2.

Figure4. SAED patterns of HFND sampléqgleft) and2 (right)
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Fig. 7. IR spectra of nanodiamond sampled.

Raman spectroscopy of ND is complicated by its strong luminescence. The first-order Raman
spectrum of monocrystalline natural (gem-grade) diamond consists of a single narrow peak around
1331 ecm™ and that of polycrystalline (micron-sized) synthetic diamond powder is very similar
(Figure 6), both 1 and 2 show the diamond peak slightly downshifted (to ca. 1318 cm™) and
broadened. These changes indicate weakened C—C bonding and defect-rich structures in the
nanoparticles and have been observed in ordinary ND as well [40]. An additional broader peak
around 1600 cm™ (with the maximum at 1620 cm™) in 1 and 2 is likewise commonly observed in
ordinary ND and resembles G-band of graphite (1590 cm™). However, HEND lacks the broad and
rather intense feature at 1500-1800 cm™, typical for ordinary ND and attributed to adsorbed
molecules and surface functional groups, especially O—H and C=0 [19]. Likewise, IR spectra of

HFND (1-3) do not show the v(O—H) bands typical for ordinary ND (Figure 7), in agreement with
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much lower hydrophilicity of HFND. The ESR spectra of 1-4 (Table 3) have similar shapes, with g=
2.0021 +£0.0001.

The measured specific surface areas S suggest the total (‘mechanical’) particle sizes D more than
twice the T in 1 or 2, but only slightly larger than 1 in 4. Interestingly, product 3 from BTF powder is
similar in this respect to 1 and 2 (D>>t, see Table 3) while 3 obtained from pressed BTF (at much
lower temperature) shows D=28.9 nm very close to t=27.5 nm.

3.3 Oxidation of HFND

heat flow, W/g

exoT go

13974 JIg

38562 J/g

| HFND 1 91.0%

36701 J/g

HFND 2 AR o

[\ |

8119 '8
t6

13944 J/g \ [
':7’ \ \ L4

19709 J/g& - o —
- e N 30 t2
e Iy

= e \ v [

= to

204 e NN

T T T T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000 1100 1200

Temperature,®C

Fig. 8. TGA/DSC for nanodiamond samples 1, 2and4 (oxidation in air)

DSC/TGA study of 1, 2 and 4 on heating in air (Figure 8), showed the combustion (i.e. an
exothermic peak simultaneous with a rapid weight loss) between 500 and 800 °C for 1 and 2, and

between ca. 400 and 650 °C for 4. This well-known stage is preceded, however, by an exothermic
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processwithout any apparent weight loss. To explore it, we subjected sampleslpf2 and4 to
protracted heating in air at various constant teatpees (Table 2), as distinct to fast increase of
temperature during DSC/TGA study. Subsequent el@ahanalyses revealed a striking change of
composition, i.e. an increase of oxygen/carboroyatithin a constant weight. At 470 and 5%0 °
oxygen content il increased further, albeit accompanied by a wdimgg. The changes were less
drastic in2 than in1, although it must be taken into account thabntained more oxygen to begin
with. The samples of and2 which were long exposed to atmospheric air at reemperature,
showed a similar oxidation (Table 3). On the camwtrardinary ND 4) showed little change, either
on heating to 400C°(i.e. just under the onset of combustion) or dutong storage in air. In either
case, long-exposure samples acquired small amaodifitgdrogen, probably through hydrolysis of
the surface layer by atmospheric moisture.

X-ray diffraction of these samples oxidized at 2330, 490 and 550C° (see SI) is still
dominated by the diamond reflections which shovbraadening. On heating to 290 and 390°C, the
reflections of all admixtures remain virtually uetged, on further heating they gradually diminish
with a corresponding increase of the amorphousotahalo. Finally,1 oxidized at 670C shows
mainly this halo, as well as sharp peaks of h-gtapdnd carbon nitride and much weakened and
broadened reflections (111) and (220) of HFND. Tgidure agrees with earlier observations that
oxidation of diamond is accompanied by its graghtion [41].

We also recorded ESR spectra after heating the lsanfipr 2 hours at 150° For1 and2, Cs
decreased roughly in proportion to the decreasemtpan content (see above), while remaining
unchanged fod, which does not oxidize under these conditionsis,Tagain, suggests a fairly
uniform distribution of spins in the volume of tparticles, and probably their diamond cores as
well as the outer shells.

4. Discussion

To understand the results, three distinct but aotenected questions must be answered: (i) why
ND is not contaminated with hydrogen in the pressge — or why it usually is, (ii) why HFND
forms bigger particles than ordinary ND and (iiipywthe agglomeration modes of HFND and ND
are different. As a matter of fact, hydrogen cagioate only from the explosive itself: note thag w
detonated both BTF [27] and RDX (the present wankjce shells and purified the products by
HCIO, in water, without contaminating them. BTF is jistdrogen-free, but RDX contains more

hydrogen than TNT, relative both to carbamd to oxygen. H has lower electronegativity than C
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and therefore must oxidize first, so it may seenpmsing that RDX yields HFND whereas
RDX/TNT blends do not. The simplest answer is tBBtof RDX being less negative than that of
TNT, growing ND particles loose competition for hgden to a more oxidative medium, as the
formation of HO is thermodynamically preferable to C-H bondingr Fnore sophisticated
explanation, let us consider decomposition of TNill &DX in detail. According to theoretical
simulations [20], a TNT molecule first loses itdbstituents. Carbon clusters begin to form at this
stage and (as proven BC labeling experiments [16]) include disproportitydarge amount of
carbon atoms from the methyl groups. The latterrmteentirely decomposed in the process [16]
and so can carry H atoms into ND particles. Thenate ring, due to its high resonance energy,
survives longer and its carbon goes largely inapQitic soot.

An RDX molecule already contains N-N fragments ref@e its decomposition begins with
rapid (10 ps) ejection of Nmolecules, followed by slightly slower (30 ps) guation of HO and
much slower (900 ps) release of CO and,G{nultaneous with growth of carbon and carbon-
oxygen clusters [21]. Such different rates may raglpeffective segregation of the post-explosion
gas mixture into spatially-separated components ntiechanism of which we described elsewhere
[42]. At the later stage, this can produce carlion-(but impurity-poor!) regions from which the
hydrogen-free nanoparticles can grow. Incidentatys helps to answer question (ii). Note that
detonation-produced ND is uniqgue among manufactagatbmaterials in having a rather narrow
size distribution of primary particles (typically,= 5 nm), which so far defied a comprehensive
explanation and largely frustrated attempts torahes size. Thus, prolonging the duration of high
pressure by a 20-fold increase of a TNT/RDX chabgeely increased particle sizes twofold, from
3-4 to 6-8 nm [18]. By contrast, BTF easily gavB-fold increase, to 27 nm (Table 2), which was
initially attributed to higheffc; of BTF (Table 1) [28], but in the present work algtained particles
of 15-16 nm from RDX, i.e. without any substantintrease ofTc; The succession can be
rationalised thus. Growth of a particle, whetheuid or solid, requires sufficient number of
collisions betweendentical molecules/atoms, hence simply having fewer compisne the gas
facilitates growth. Irnl and2, this is due only to spatial segregation of congmis, while for BTF,
the detonation gas also has fewer components tio béth, as the absence of hydrogen excludes
H20, CH;, etc.

A complementary explanation is that hydrogen ith@iflers the growth of ordinary ND crystals,

being (by virtue of its monovalence) the most &t terminating agent for dangling bonds on the
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ND surface, which otherwise could link to furthearlbpon atoms. Indeed, there is experimental
evidence [43] that such hindering actually occungth increasing hydrogen concentration,
minimum conditions for diamond synthesis increasey, while an excess of Titsuppresses
diamond growth altogether. Without this inhibitioAFND particles grow bigger, hence have
relatively fewer surface atoms and fewer siteshigadrogen, which in ND is mostly located at the
surface (as shown by NMR [27]), although it carogdarticipate in internal defects [44, 45].

Different agglomeration modes can be explained.tibe surface of ordinary ND is terminated
by hydrogen atoms and/or hydrogen-containing groigplygroscopic and covered by interfacial
water [46, 47], all of which makes the particlesieato disaggregate. In contrast, HFND patrticles
are not hygroscopic [28] and (as revealed by TEM)maore tightly agglomerated, either directly or
through outer shells of non-diamond carbon, whisb anay evolve because the diamond surface is
less efficiently terminated and instead is stabdiby amorphization and/or graphitization.

For RDX/TNT blends, the yield of ND depends lingaoh the proportion of explosives [17].
Extrapolation of this dependence to pure RDX suiggibe yield of 4-8%, in broad agreement with
our results.

The availability of larger particles provides newdence for the long-standing controversy about
the origin of ESR signals in ND. The early naivewidentifying these signals with dangling bonds
on the surface has been disproven by NMR spectra sunsistent with electron spins distributed
within the disordered shell, 0.4 to 1 nm from theface [48]. Furthermore, paramagnetism of ND is
not affected substantially by the method of prefppama[49] and purification used, or even by
chemical modification of the surface[bhis also suggests that paramagnetic centres are located in
the interior. It has even been argued that aneehlid particle can be regarded as a giant molecular
radical [49]. For ordinary ND, it is difficult toistinguish between surface and volume effects,
precisely because the particle size and hence uhacs-to-volume ratio always vary in an
unusually (for nanomaterials) narrow range. Nowfawend that the spin concentratio@s relative
to mass are very similar fdr4, notwithstanding the difference in particles sjzgsecific areas and
chemical nature of their surfaces. This stronglypsuts the view that spins are widely distributed i
the volume of the particles.

The most unusual feature of HFND is its thermal avabur: although it burns at higher
temperature than ordinary ND, HFND is much morenprto pre-combustion oxidation than ND.

From the particles size alone, the opposite co@dekpected: oxidation of a solid requires an



17

expenditure of atomization energy, which is lower for smaller nanoparticles [51]. Instead, one
should conclude that the surface of ordinary ND is thermodynamically stabilized by C-H
termination, which rids the surface of dangling bonds. This is impossible in HFND and leaves it
prone to surface oxidation, the heat of which facilitates the diamond to graphite phase transition. In
principle, it is possible to envisage an oxidation process whereby removal of surface carbon atoms
in the form of CO, (or CO with its subsequent oxidation in the gas phase) is compensated by
binding of O atoms to the same surface. However, it would require some highly unusual mechanism
to achieve a precise compensation of mass in this process, so that four carbon atoms are replaced
exactly by three oxygen ones — the more so because neither ND nor HFND have stoichiometric
composition themselves — nor does graphene oxide, an obvious example of nanocarbon oxidation.
The following, entirely hypothetical, scheme can illustrate that such substitution is not impossible in
principle. Let us consider the oxidation of a {111} face, which is, alongside {100}, the most
common for smaller nanoparticles of diamond [52] and also the one preferentially oxidized [53, 54].
This face can be described as a puckered hexagonal layer, half of atoms in which have outward-
directed dangling bonds. In the virtual absence of hydrogen, the latter cannot be terminated by OH
or COOH groups, whereas an —O-bridge between two unsaturated C atoms is geometrically
impossible. However, such atoms can be connected by a —C(=0)O-bridge (Figure 9) [55]. Thus,
removing a layer of 2N carbon atoms and terminating the resulting N dangling bonds with N/2
bridging CO, groups, amounts to replacing three carbon with two oxygen atoms. On an {100} face,
or an edge between two {111} faces, where dicoordinate carbon atoms are present, these can be
replaced by equal number of O atoms. Whilst the combination of these two may amount to a 4C/30
substitution, there are numerous sources of perturbations, from crystal defects to possible presence
of carbonyl (C=0) groups or —C(=0O)OC(=0)— bridges. Note also that, contrary to common
perception, oxygen in ND can be present in the interior of the particle and not exclusively on the
surface [56]. In any case, this issue is extremely interesting and deserves further investigation,

which is currently in progress.
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Fig. 9. A hypothetical scheme for HFND surface oxidation. Top: face {111} showing dangling
bonds (blue) and their bridging by CO, groups (red). Bottom: face {100} showing dicoordinate

atoms (blue) and their partial replacement by oxygen

An important corollary is: one should not presume that constant weight guarantees constant
chemical identity — until this is proven analytically! It may be necessary to reassess the common
routine of drying ND after wet purification to constant weight at 150-250 °C or even at higher
temperatures. The risks of skipping elemental analysis are manifest in the history of the Dalan
diamond synthesis [57], a technique intermediate between detonation ND production (where the
source of carbon is the explosive itself) and the conventional diamond synthesis, where the
explosive is only a source of pressure applied to graphite or carbon black. Dalan uses a mixture of
RDX with graphite (19%) or carbon black (12.5%) and thus resembles our preparation of HFND 2.
With RDX/graphite blend, Dalan also gives enlarged ND grains, of 10-20 nm. Thus it is not
impossible that HFND was obtained — but not recognised, as the product (intended for industrial

uses) was only crudely purified and neither its chemical nor phase composition was reported.

5. Conclusions and outlook

We have demonstrated that preparation of HFND from RDX is a practicable process; it can be
viable even with the current low yield, given the immense possibilities which an efficient neutron-
optics material can open in various fields of materials science. Our further work (currently in
progress) is aimed at raising the yield of HFND by optimizing the preparation protocol, as well as
exploring the relation (which is predicted theoretically) between the particle size of HFND and its
efficiency as a reflector of neutrons, and how the latter is affected by various impurities other than
hydrogen.

We also found that HFND has larger particle sizes than ordinary ND but similar concentration of

electron spins, proving that the latter are not confined to the surface. HFND is less hygroscopic than
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ND but is oxidized easier and, amazingly, the CGdiorincreases while the mass remains constant
on heating up to 40QC% which implies a near-quantitative replacemend afarbon with 3 oxygen
atoms. The mechanism of this oxidation, unprecedkm both materials chemistry and organic
chemistry, requires further investigation whiclcisrently planned. A practical corollary is thaéth
common routine of drying ND to constant weight magt guarantee constant chemical
composition.

Another currently ongoing study in our laboratooncerns aqueous colloids of various types of
ND (including HFND), both as an important stageNDB preparation [1, 12, 46] and because of
their unique physical properties [30, 47] and pcWwiological behavior [58].
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