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Abstract. In this paper we pursue the natural consequencadume ratio and active surface chemistry (Hill et al. 1998). The
of the structure of nanodiamonds and their surface relaxatiofrared spectra of the extracted nanodiamonds are dominated
and reconstruction to surfaces exhibiting sprbon atoms. We by surface adsorbates introduced during laboratory extraction
show that in the interstellar radiation field nanodiamonds cand, as Hill et al. (1998) pointed out, this is clearly the case with
be stochastically heated to temperatures as high as 1000 K arashy published presolar nanodiamond spectra (e.g., Koike et al.
give rise to discrete emission bands associated with the surfa685; Mutschke et al. 1995; Andersen et al. 1998). This active
structures. We therefore speculate that nanodiamonds can meakéace chemistry, while aiding their extraction (e.g., Anders
a significant contribution towards tf8e— 15 pm unidentified & Zinner 1993), has clearly been a hindrance to the search for

mid-infrared emission bands. observable nanodiamond signatures.
Allamandolaetal. (1992, 1993) suggested that an absorption
Key words: ISM: dust, extinction — ISM: general band at 3.47:m could be due to a tertiary carbon CH stretching

mode on the surfaces of nanodiamonds. However, this band is
probably not unique to nanodiamonds as it seems that it could
have other origins (Brooke et al. 1996). Recently, Guillois et al.

1. Introduction (1999) showed that infrared emission features observed at 3.43

Diamonds were first proposed as a component of interstellar gl 3.53um in two sources are WeII—m.atched by surface CH
by Saslaw & Gaustad in 1969. However, it was only in 1987 thfoups o~ 50 nm radius diamond particles. _

presolar nanometre-sized diamond grains (nanodiamonds) were-€Wis et al. (1989) suggested that diamond grains may be
first detected, not in the interstellar medium, but in the extractégtectable in emission, and Hill et al. (1998) noted that they
fractions from primitive meteorites (Lewis et al. 1987). Thed&®Y °”'Y be observable in emission. Hill et a!. (1998)_ showed
diamond grains are composed of almost pure carbon with 1448t @ diamond feature at 21 um was consistent with the
than 1% by mass of impurities with atomic masses greaterthaWédem'f_'ed emission feature seen at this wavelength in some
(Bernatowicz et al. 1989). They contain isotopic anomalies, e §2ron-rich protoplanetary nebulae (PPNe). _

15N depletions and likely— andr—process Xe compositions, The measurement of the intrinsic infrared to ultraviolet spec-

and enhanced D/H ratios, that clearly indicate a presolar oridfit ©f nanometre-sized diamond particles and their physical
(e.g., Anders & Zinner 1993). properties is central to determining the observability of inter-
l\ianodiamonds are, by over two orders of magnitude stellar nanodiamonds. The extrapolation of bulk diamond prop-
mass, the most abundant presolar grains recovered from prﬁﬂies is clearly not appropriate because a large fraction of the
itive meteorites. Their euhedral morphologies (weII-forme?jtomS are in or near the surface where the structure is different

crystal shapes) indicate that they have undergone little altiR™ that of the bulk material. In this paper we model the struc-
ation (Daulton et al. 1996). tural properties of nanometre-sized diamonds and discuss their

It has been postulated that interstellar diamonds will be oppfrared properties.

servable only with great difficulty (Lewis et al. 1989). This is,

however, a conclgsion inferred p_rincipally from the gxtrapol%. The formation of nanodiamonds

tion of the bulk diamond properties to hanometre size-scales.

However, as Bernatowicz et al. (1989) caution, attempting R§esolar nanodiamonds were originally isolated on the basis

model interstellar diamonds as smaller versions of macroscogfdheir anomalous Xenon isotopic ratios, the so-called Xe-HL

diamond will lead to errors. meteoritic component (Lewis et al. 1987). This isotopic compo-
The search for observable intrinsic nanodiamond propertiggnt seems to indicate a supernova origin for the nanodiamonds.

in the laboratory has been hampered by their high surfaceHewever, their formation in supernovae is seemingly inconsis-

tent with the requirement for a carbon-rich environment (e.g.,
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Daulton et al. (1996) showed that the twinning structurdsas a hexagonal structural form (lonsdaleite) which is thought to
and the paucity of dislocations within the bulk structure of mdse the less stable of the two. The presolar nanodiamonds clearly
teoritic nanodiamonds imply rapid, isotropic growth and vaposhow the characteristics expected of the perfect cubic diamond
phase processes for their formation. The measured Log-norffical lattice (e.g., Bernatowicz et al. 1990; Daulton et al. 1996).
nanodiamond size distribution also seems to be consistent with@vever, it has long been known that perfect diamond (111)
growth mechanism rather than a fragmentation formation prEurfaces can reconstruct tox2) and/or (% 2) sg*-dominated
cess, and indicates minimal contribution from sputtering amstiuctures (e.g., Vanderbilt & Louie 1984; Mitsuda et al. 1991).
erosion processes (Lewis et al. 1989; Daulton et al. 1996). In several studies (Blake et al. 1988; Bernatowicz etal. 1990;

In the chemical vapour deposition (CVD) formation of diDorschner et al. 1996; Hill 1998) an observed— 7* tran-
amond in the laboratory, growth occurs at the gas-solid intaition in the electron energy loss spectra (EELS) of meteoritic
face and both atomic hydrogen and oxygen play important rolegnodiamonds was taken to be evidence for the presence of a
in the preferential erosion of non-diamond carbon, principalonded carbon component on the surfaces. The observation of
graphitic carbon, from the growth surface (e.g., Angus et dhis intimately related spcomponent in these studies was taken
1989). The synthesis of diamond in the laboratory requiresbe strong evidence for surface reconstruction in nanometre-
0.8 < C/O < 1.3 (Bachmann et al. 1991) which is entirelysized diamonds and was assumed to be a natural consequence of
consistent with the observed C/O ratios for carbon stars (Lathe small particle sizes. The corresponding/sp’ ratios were
bert et al. 1986). found to be~ 25% (Blake et al. 1988);> 25% (Bernatowicz et

Although diamond growth by CVD processes is now real. 1990),~ 20 — 27% (Dorschner et al. 1996) and 10 — 20%
sonably well understood (e.g., Angus et al. 1989), the initi@Hill 1998).
nucleation process is not clear. It is, however, clear that the Bernatowicz et al. (1990) found that the surface material
graphite/diamond interface plays a very fundamental role imost consistent with their EELS data was a form of hydro-
CVD diamond formation and growth (e.g., Lambrecht et aj)enated amorphous carbon (a-C:H), rather than graphite or
1993). Lambrecht et al. (1993) have shown that the initial foasmorphous carbon (a-C). In particular, they noted the constancy
mation steps in diamond growth can occur by nucleation oroéthe proportion ofr-bonded carbon ($pto fcc carbon (sp) in
graphite surface through a hydrogenation process. Interestinghg meteoritic nanodiamonds. They modelled their EELS spec-
Cso and Gy fullerenes have also been shown to act as diamotrd using diamond mantled with graphite, a-C and a-C:H, and
nucleation centres under CVD conditions and to induce hifipund a best fit for 46% by volume of fcc diamond and 54%
diamond nucleation rates (Meilunas et al. 1991). These vday volume of a-C:H (with35 — 60% of hydrogen) which was
fundamental processes therefore point towards a very intimassumed to be in the form of a coating on the presolar dia-
connection between 3pliamond and shgraphite surfaces andmonds. These data are consistent with the fact that the nanodi-
interfaces. amond residues are brown and transparent, i.e., neither black,

Nanodiamonds can also be formed by the intense ultraviotet expected for graphite and a-C, nor completely transparent,
irradiation of graphitic and amorphous carbon particles (Fas would be the case for pure uncoated diamond. In addition,
doseev et al. 1983; Alam et al. 1989). Such processes in they found that the specific density of the nanodiamonds (2.22—
astrophysical context have been invoked to explain diamond f@r33 g cnt?2, Lewis et al. 1987) was entirely consistent with
mation in supernovae (Nuth & Allen 1992; Ozima & Mochizukthis two component diamond core and a-C:H coating.

1993). However, the thermal processing of nanodiamonds at Daulton et al. (1996) have shown that the shape of the preso-
temperatures of the orderbf00—1800 K leads to the loss of the lar nanodiamonds is variable but that well-faceted particles (eu-
diamond structure and their conversion to onion-like graphitiedral morphologies) predominate. For the examined meteoritic
particles (Kuznetsov et al. 1994). It has been noted that, at nreknodiamonds they find significant departures from spherical
atively low temperature, pressure exerted on graphite along fewmetry, Log-normal size distributions and a median radius of
direction of the crystallographicaxis can induce the formation~ 1.4 nm.

of lonsdaleite (see discussion of diamond polytypes by Daulton

etal. 1996). The presence of lonsdaleite in meteorites may there- ,

fore indicate the shock transformation of graphite in the intef: A model for the structural properties

stellar medium (e.g., Tielens et al. 1987). However, this diamond®f Nanometre-sized diamonds

polytype can also have a low-pressure origin (Frenklach et @he fraction of surface and near surface carbon atoms in a
1989) and so the evidence for shock-produced interstellar nggnometre-sized diamond particle will be only weakly depen-
odiamonds is equivocal. The contribution of shock-producegént upon the particle size. This is simply because the number
nanodiamonds to the meteoritic nanodiamond budget seemsfigurface atoms varies as the square of the particle radius while
any event, to be small (Daulton et al. 1996). the total number of atoms varies as the cube of the radius. The
ratio of the number of surface atoms to the total number of atoms
is then simply proportional to the inverse of the particle radius.
Thus, a factor of eight increase in the nanodiamond mass (or a
The cubic form of diamond has a structure consisting of twapubling of the radius) will lead to only a factor of two decrease
interleaved face-centred cubic (fcc) lattices, but diamond alsothe fraction of surface atoms. For the 1 — 2 nm radius

3. Presolar nanodiamonds: Structure, size and shape
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Table 1.Model results for typical meteoritic nanodiamond-sized struc-
tures. The right hand column gives the ratio of the number of surface

atoms to the total number of carbon atoms in the particle.

~ Radius Number of spcarbon atoms Fraction
(nm) Total 2 3° 4° in surface

0.6 226 42 60 124 0.45

1.0 678 78 140 460 0.32

1.2 1274 120 218 936 0.27

14 2124 180 304 1640 0.23

1.7 3275 225 436 2614 0.20

1.9 4851 270 584 3997 0.18

21 6728 336 740 5652 0.16

vacancies. The surface to total carbon atom ratio is then simply
the number of 2 and 3 atoms divided by the total number of

Fig. 1. A 226 carbon atom diamond nanoparticle. In this stick figur@toms' We also note that the (111)-type faces antam chly 3
of the three-dimensional particle the end-points of each line, whié"P0On atoms and that the (100)-type faces contain dntag
represents a C—C bond, mark the position of a carbon atom in the QN atoms (Fig. 1). From the total number 6féhd 3 carbon
diamond lattice. The upper, lower, upper right and lower left faces @0ms in the particles (Table 1) we therefore conclude that in
predominantly diamond (111)-type crystal planes. The upper left atitese particles there are approximately twice as many atoms in
lower right are predominantly diamond (100)-type crystal planes. Thiee (111)-type crystallographic face structures as in the (100)-
frontand back faces are composed of (111)-type and (100)-type crypif@le faces. This preference may be further accentuated in the
planes (as per the left and right faces seen edge-on). meteoritic diamonds which show euhedral morphologies and
significant departures from spherical shapes.

Obviously the dangling bonds on the surfaces of these small
presolar diamonds the surface atom fraction thus only varidismond particles (due to carbon atoms bonded to less than four
by a small factor. For the measured meteoritic nanodiamoratbers) can be terminated with hydrogen atoms. If this is the
the size distribution seems to be relatively independent of tbase then on the grain surface we will find only €pH, (2°)
source meteorite (e.g., Bernatowicz et al. 1990; Daulton et ahd CH (3) groups. Recall that we have deliberately excluded
1996) and so the surface atom fraction for presolar diamondgignary, I, carbon atoms and hence there can be ng@blups
essentially constant. on the generated particles. The surface hydrocarbon groups are

We have computed the structural properties of approxjenerally isolated from one another by at least one carbon atom
mately spherical nanodiamond particles using a cubic grid filledl higher order on the regular crystal faces, i.8.CH, groups
with sp® carbon atoms according to the cubic fcc diamond struare separated by 2ind 4 sites, and 3CH groups are separated
ture. We then generated a nanodiamond particle by selecting4® sites. However, along the particle edges this is no longer
only those carbon atoms within a defined radius. In order tawe because many adjacent carbon atoms are hydrogenated.
model compact structures we remove from the particle any car- The formulae for the diamond particles in Table 1 are
bon atoms that are only attached to one other carbon atom (then; GogH144, Cs7sH206, Ci274Hass, Co124Hg64, C3275Hss6,
primary, T, carbon atom sites). As a result the particles exhiltygs1 Hi124 and GragHi412. The H/C ratios lie between 0.64
spheroidal shapes showing some reasonably well-defined daa-the smallest particles and 0.21 for the largest. In Fig. 2 we
mond (111)-type and (100)-type crystallographic faces. In Figshow the structure of the perfect fcc nanodiamond particle of
we show an example of a 226 carbon atom diamond particleraflius=~ 1.4 nm (Table 1). This particle corresponds to approx-
radius~ 0.6 nm. The illustrated particle exhibits (111)-type animately the mean meteoritic diamond dimensions (Daulton et
(100)-type crystallographic faces which contain approximatedy. 1996).
equal numbers of carbon atoms. Although, as we show below The discussion, so far, has considered only the case of the
the (111)-type faces are more abundant in these particles. perfectfcc diamond lattice terminated with'<pH bonds. How-

In Table 1 we show the results for nanodiamond structureger, the evidence presented in Sect. 3 clearly shows that dia-
with radii in the~ 0.6 — 2.1 nm range which covers the typ-mond surfaces can reconstruct to structures that are dominated
ical presolar nanodiamond sizes (I — 2 nm). The data in by sp# carbon atoms. It is thus necessary to consider the conse-
Table 1 show the number of secondaf, tertiary, 3, and qua- quences for this surface reconstruction in the above structural
ternary, 4, (bonded to 2, 3 and 4 other atoms, respectivelyypodel. In the absence of overlying layers of a different carbon
sp® carbon atoms as a function of the particle size. Within thesemposition, which we consider below, a limit to the effects of
structures only atoms bonded to four othersdtbm sites) can surface reconstruction can be estimated by assuming that all sur-
be within the bulk, and those bonded to less than fobiraf@ face 2 and 3 atom sites become $parbon atom sites. In this
3° atom sites) must be surface atoms in the absence of intefmgbothetical sp limit we can assume that all surface CC bonds
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Fig. 3.Schematic cross section of the reconstructédsspface layer of

Fig. 2. An idealised spheroidal meteoritic diamond nanoparticle wid™ 1-5> nmradius nanodiamond particle with an ellipticity of 0.95 typi-
perfect fcc structure and radias 1.4 nm. Again, in this stick figure cal of the meteoritic nanodiamonds (Daulton etal. 1996). This structure

of the three-dimensional particle the end-points of each line, whihanalogous to the periphery of a large compact PAH structure. The
represents a C—C bond, mark the position of a carbon atom in the ffligd circles represent surface and near-surfa&e:a[i_)on atoms, and

diamond lattice. In the profile of this particle it can be seen that tifae lines between them represent C—C bonds. The lines pointing inward
upper, lower, upper right and lower left faces are dominated diamoﬁ’d)resem connections to the core diamond structure. Each line point-

(111)-type crystal planes, and the upper left and lower right are diamdhé outward represents a surface CH bond. In this schematic section
(100)-type crystal planes. through the nanoparticle it can be seen that there are only solo and duo

CH groups present in about equal numbers.

are entirely olefinic or aromatic and identical in character, astruct to an sphydrogenated configuration. The reconstruction
that this results from the breaking of the bonds betweesit8s process seems in little doubt (e.g., Blake et al. 1988; Bernatow-
only. In Fig. 3 we show a schematic cross section of the recoaz et al. 1990; Mitsuda et al. 1991; Chin et al. 1992; Dorschner
structed surface of a nanodiamond. As Figs. 1, 2 and 3 show, ¢hel. 1996; Hill 1998), however, the role of hydrogen on these
reconstruction of the surface to?spill result in the majority of nanodiamond surfaces is not yet clear. On macroscopic diamond
the surface olefinic or aromatic CH bonds having solo and darystal faces this surface reconstruction can be transformed back
CH configurations with perhaps some trio CH groups presednta spg dominated surface by hydrogen atom adsorption (e.g.,
at steps and edges on the surface. The fraction of the duo &inin et al. 1992). Whether or not this same process can occur on
trio sites may diminish somewhat as the particle size increasasianodiamond particle in the interstellar medium is not at all
but the solo/(duo+trio) CH ratio will not be particularly sensielear. Although, the presence of meteoritic presolar diamonds
tive to the particle size. It is intriguing to note that about half ofith a considerable gpsurface component (Bernatowicz et al.
the surface CH bonds could be solo (see Fig. 3) and that thid890) would seem to indicate strongly that the surface recon-
relatively independent of the particle size. struction is preserved in nanometre-sized diamonds.
Bernatowicz et al. (1990) find that a surface layer of a-C:H
with about an equal volume to the diamond grain centre is cqn- . . .
sistent with their EELS data. This implies that on average t 'eThe infrared properties of nanodiamonds
a-C:H layer has a thickness of about 0.3 times the radius of #Wth the above assumption that the outer few layers of the preso-
diamond core (as schematically shown in Fig. 3). For a 0.6 rlax nanodiamonds are reconstructed to & sjate from their
radius grain, such as the one shown in Fig. 1, this is equivaleisual sp hybridisation state, we can make some important de-
to about one monolayer of a-C:H or the complete reconstrudiictions on the infrared properties of nanodiamonds. Here we
tion to the sp configuration of all the surface C—C bonds irassume that Spsurface atoms reconstruct to’sgarbon atoms
this particle. For the more typical meteoritic diamond dimerand that all dangling carbon bonds are hydrogenated. We now
sions (radius~ 1.4 nm, e.g., Fig. 2) this would correspond taconsider the contributions that nanodiamonds can make to the
2—-3 monolayers of a-C:H, or equivalently the outer 2—3 atomibserved infrared emission from interstellar dust.
layers existing in a reconstructedspnfiguration (e.g., Fig. 3). One somewhat intriguing aspect of the observed and
The model presented here rests principally upon the hypotmidentified interstellar and circumstellar infrared emission
esis that the surfaces of interstellar nanodiamonds will recdrands in the 3—1pm wavelength region is the approximate con-
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stancy of the band positions, widths and the band-to-band inten- Defects, such as vacancies and nitrogen atoms, also exist
sity ratios in the most common types of infrared emission bamdthin the bulk structure of nanodiamonds. Hill et al. (1997)
spectra (e.g., Geballe 1997, Boulanger 1999). This seems to puinted out that the anomalous nitrogen component in the me-
ply that the carriers of these bands show little variation in the&oritic diamonds is only liberated at high temperatures in com-
composition from one region to another, and over five orddssstion experiments. This nitrogen must therefore be embedded
of magnitude in the radiation field intensity (Boulanger 1999)vithin the crystallite structure.
Aromatic hydrocarbon materials (Duley & Williams 1983) and In the meteoritic nanodiamonds the nitrogen atom concen-
polycyclic aromatic carbons, PAHs,&ger & Puget 1984) were tration is at most 13,000 ppm (Russell et al. 1996). As Hill et al.
long ago proposed as the carriers of the unidentified infrar€®97) showed this is equivalent to only one nitrogen atom in a
emission bands. It has always been somewhat difficult to eéxnam radius nanodiamond and of the ordef of 10 nitrogen
plain the apparent constancy and the band widths and p@bms i a 2 nmparticle. Thus, there are few nitrogen atoms per
tions with the PAH hypothesis because of the widely varyintanodiamond but their signatures may still be detectable. They
spectral characteristics exhibited by these large planar molewiit be very weak in absorption and probably only detectable in
lar species. However, recent attempts at matching the emisstomssion. Interestingly, the nitrogen impurities in the diamond
band spectrum of several sources (Allamandola et al. 1999) hatéice show infrared absorption bands in the 10 um region.
been more successful. A coal model for the origin of the emils particular, bands at 8.8, 7.8 and &6 due, respectively, to
sion bands (Papoular et al. 1989) was also proposed and tas, two, and four nitrogen atom substitutions for carbon in the
provided a good match to the observed emission band positigiesmond lattice are seen (e.g., Davies 1977). Braatz et al. (1998)
and profiles. However, this model too is not without its problenague, based on their presolar diamond spectra, that the 8.6 and
regarding, in particular, the emission mechanism (e.g., Puge8et um bands are probably the most likely bands in presolar
al. 1995). diamonds.

One solution to the conundrum of the uniformity of the emis-
sion bands would be to put the_PAH-typg of emlt_tmg Species 8N, o\ face features
the surface of a three-dimensional particle, which would then
greatly reduce variations in the carrier structures and hendee infrared spectroscopy of presolar nanodiamonds has shown
the variability of their emission spectra. Small grains of norhat surface species dominate the measured spectra, as Hill et al.
carbonaceous materials, e.g., silicates or metal oxides, will §5998) demonstrated. The strongest nanodiamonds modes will
provide the correct lattice structure for the preservation of titieerefore be those associated with surface groups and structures.
planar sp carbon atom surface-coating structures. Thus, nafellowing the conclusion of Bernatowicz et al. (1990), that the
odiamond surfaces appear to be the only viable species with sheface layer of the presolar diamonds appears to be similarto an
ability to preserve planar $arbon atom surface structures o@-C:H material, we adopt a-C:H as a model for the nanodiamond
a resilient particle. surface structure. We then take the infrared signatures of a-C:H
materials (e.g., Robertson 1986) as an indicator of the infrared
properties of reconstructed nanodiamond surfaces: see next sub-
section and the discussions in Sect. 4. It is clear that aromatic
Quaternary (%) sp’ carbon atoms in the bulk of a perfect diaer olefinic CH and CC modes should dominate and could be
mond lattice probably play little role in the observable propertiebservable as a set of infrared emission bands from particles
of nanodiamonds; other than contributing to the overall partidieeated by the the interstellar radiation field provided that they
size and absorption at ultraviolet wavelengths. However, defects) reach an appropriate emission temperature (see Sect. 6).
within the bulk due to vacancies or substituted nitrogen atoms Solo and duo CH modes will dominate because many of the
could be responsible for emission features inthe30 um re- surface CH groups will be isolated. Trio CH groups may also be
gion. Defects break the lattice symmetry and allow one phonpresent at the particle edges but will be much less abundant than
modes to become active in this wavelength region. In the perféoe solo and duo CH groups. As noted in Sect. 4 and by Berna-
diamond lattice only two and three phonon modes are allowtmvicz et al. (1990) the surface composition of nanodiamonds is
(e.g., Hill et al. 1998; Hill 1998). Two and three phonon modeglatively independent of the particle size. Therefore the infrared
inthe3.5 — 5.5 um region are suppressed in nanodiamonds aadhission bands and the band-to-band intensity ratios should be
will be very weak with respectto surfaces modes and CC and @¢latively insensitive to the particle size.
features (Hill 1998). Infrared-active modes in the 15 um re-
gionin defec_tive diamonds (Morelli _et al. 1993; Hill et al. 1998%_3_ The infrared modes of nanodiamonds
may be equivalent to thé — 15 um infrared modes expected
from nanodiamond surface structures. However, these will hbe reconstructed surfaces of nanodiamonds may be very
surface and not bulk features. As an example of the importaratesely related to the diamond-like a-C:H materials (Bernatow-
of bulk modes in interstellar nanodiamond particles Hill et aicz et al. 1990) that have been extensively studied in the labora-
(1998) have shown that a band-~at 21 uzm in defective dia- tory (e.g., Angus et al. 1989). Thus, based on the interpretation
monds may be related to the observed®1 um emission band of the infrared features seen in laboratory a-C:H materials (e.g.,
observed in some carbon-rich PPNe. Robertson 1986) we present in Table 2 some of the expected

5.1. Bulk features
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Table 2. The expected infrared modes of surface-reconstructed nandaind at 11.Qum also seems to be a common feature of these
amond a-C:H surfaces (Bernatowicz et al. 1990) based on the lab@pectra (e.g., Verstraete et al. 1996). Without detailed modelling
tory data for a-C:H (Robertson 1986), with the exception of the#6  of the of the surface bonds on nanodiamonds it is clearly prema-
band assignment which was takenfrom Allamandola (1989). Relatijge to attempt to explain all of the commonly observed emis-

band strengths have not been assigned. sion bands in terms of the emission from these grains. We do,

Band Position

um

cm

—1

Origin of the Band

C—H stretching modes

however, note one interesting fact that may be of relevance,
concerning the position of the solo CH band in the linear PAHs
anthracene, tetracene and pentacene. As the laboratory infrared
spectral catalogues (e.g., Aldrich and Sadtler) show, for this se-

3.28 3045  sparomatic C-H ries of PAHs, the solo CH band occurs at 11.3, 11.1 and/rh.0
3.33 3000  spolefinic C-H for the three, four and five adjacent rings, respectively. For the
3.42 2920  spCH&CH: non-linear three to five ring PAHs the catalogues show that the
3.51 2850  shCH, solo CH band always occurs in the.2 — 11.5 um region. Thus,

C—H bending modes

it appears that as the number of unperturbed adjacent solo CH

8.6 1150 sp aromatic, in-plane sites increases the 1im band shifts to shorter wavelengths.
11.36 880 spsolo aromatic, out-of-plane Such a linear arrangement of solo CH groups is analogous to
12.2-12.8 780-820 3muoltrio aromatic, out-of-plane the structures expected to form on nanodiamond surfaces (see

C—C modes Sect. 4 and Fig. 3). Conversely, in the non-linear PAHs the solo
6.17 1620 spolefinic C—C stretch CH sites are usually not adjacent, and are often perturbed by
6.37 1570  sparomatic C—C stretch steric effects due to the location of adjacent CH groups at con-
6.63 1509 2 cavities atthe edge of the PAHSs. These sites would be analogous
6.99 1430 sparomatic C—C stretch to the CH groups at, and near, steps and edges on a nanodi-
7.32 1367 disorder mode amond surface. Thus, as a natural consequence of the surface
7.69 1300 sp C—C stretch structure of nanodiamond particles, the presence of a weak band

at 11.0pm and the origin of the more prominent 1181 band
can be explained.

infrared active modes for surface-reconstructed nanodiamonds.
The reconstruction or aromatisation of a nanodiamond surfaé:
and the formation of spcarbon atom CC and CH bonds requires’
asupression of Spurface carbons. If this process is incomplef€he meteoritic nanodiamonds provide a model for the prop-
the residual shCH bonds will give rise to aliphatic 3.4 anderties of the stochastically-heated interstellar grains with sizes
3.5um CH features. Hill (1998) has shown that the3.42 and intermediate between PAH molecules and large grains, i.e., the
~ 3.53 um bands of the diamond precursor molecule adamase-called Very Small Grains (VSGs,&Bert et al. 1990). The
tane, GoH16, may be consistent with the observed emissiqresolar nanodiamonds are, in effect, core/mantle particles with
bands at these wavelengths in some PPNe, and Guillois etcakes that absorb strongly at ultraviolet wavelengths, and man-
(1999) have shown them to be consistent witls0 nm radius tles that emit at infrared wavelengths. Thus, because the heat
diamond particles. capacity per unit volume of diamond is greater than that of
The tabulated feature assignments given by Robertsgraphite and a-C:H, and because diamond is a weak infrared
(1986) do not include a band at 8.6 um. However, the in- emitter, the diamond core will act as a thermal reservoir that
frared absorption spectra presented do show some structur@omps infrared emission from the surface material.
the long wavelength side of the band centred &t ym which We have estimated the thermal properties of the meteoritic
could be related to a feature-at8.6 um seen in the interstellar diamonds in order to calculate the maximum temperatures of
medium (e.g., Allamandola 1989). The infrared bands seentivese particles upon absorption of a single photon from the
laboratory a-C:Hs (Table 2) thus bear a remarkable wavelengtterstellar radiation field. In this calculation we assumed the
coincidence to the strong infrared emission bands observesahodiamond structure of Bernatowicz et al. (1990), i.e., 46%
3.3, 6.2, 7.7, 8.6, 11.3 and 12uMm and also to the weakerby volume of fcc diamond and 54% by volume of a-C:H in the
bands at 3.4 and 3.5Im (e.g., Allamandola 1989). Kapitonovform of a coating. For the diamond heat capacity we used the
& Kon’kov (1998) noted this similarity in the a-C:H bands andiata from Lide (1992) and adopted a Debye temperaf\iief,
proposed these materials as carriers of the unidentified mi}34.4 K to extrapolate these data to lower temperatures us-
infrared emission bands. Similarly, Koike etal. (1995) suggested) C(T), « (T/0)3 smoothly fitted to the Lide (1992) data at
that diamond-like materials could be one of the carriers of tB80 K. As we do not know the heat capacity of the a-C:H coating
minor unidentified infrared bands. material we have adopted the heat capacity for graphite from
The most commonly observed emission spectra show dobide (1992) and extrapolated this to lower temperatures using
inant bands at 3.3, 6.2, 7.7 and 113, weaker bands at 3.4,a Debye temperature of 1819.7 K, in the same way as for the
5.25 and 8.6um, and broad plateaux in th&3 — 3.6 and diamond core. However, in this case we make allowance for the
11.3 — 12.6 um regions (Geballe 1997). In addition a weakower density of a-C:H, with respect to graphite, by multiplying

®r'he thermal properties of nanodiamonds
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Fig. 4. Nanodiamond maximum temperatures as a function of partigigy 5. Nanodiamond equilibrium temperatures as a function of the
size and absorbed photon energy. The horizontal dashed lines mafénsity of the interstellar radiation field, in units of the standard local
the approximate range of dust temperatures required to produce dation field in the Solar neighbourhoals. In this regime, particle

infrared emission bands-(200 to 1000 K). The vertical dotted lines sjze< wavelength, the nanodiamond temperatures are independent of
mark the visible photon energy range. the radius.

the derived heat capacity by the ratio of the specific densities, . . ] )
(pa/py), Wherep, andp, are the specific mass densities of a- We therefore find thatsma.II mterstellar nano.dlamonds, with
C:H and graphite, respectively. We also make allowance for tidii Of the order of 0.5 nm, will likely have maximum temper-
fact that the particle surface is hydrogenated and that these fires of the order of 1000 K for ultraviolet photon absorption.
drogen atoms can contribute to the heat capacity. For the €Hch high temperatures are likely to eject loosely bound surface
bond heat capacity7; (T'), we use the values given by Dwek egpecies and thus continually scrub the grain surfaces clean of
al. (1997). The specific heat capacity of a nanodiamond particjé¢akly adsorbed atoms or molecular groups. This process may
as a function of its radius, can therefore be estimated usingherefore provide the means to preserve the surface structure
the following expression, and composition of the interstellar nanodiamonds.

In Fig. 5 we show the equilibrium temperatures of nanodia-
monds as a function of the radiation field in units(gf, where
G is the radiation field in the Solar neighbourhood. The data in
Fig. 5 were calculated usin@,,;, values in the long wavelength
limit derived for core/mantle grains using the a-C:H refractive

4 4 index data (sample BE of Rouleau & Martin 1991) and the di-

Nor(@)o Cu(T) ]/ 3T @) amond refractive index data from Roberts & Walker (1967).

where, N (a); and N(a), are the number of atoms in the Olia_Note that in Fig. 5 the nanodiamond equilibrium temperatures

mond and a-C:H phases af:(T"); andCe (T), are the heat are much less than the maximum temperatures shown in Fig. 4.
. g

capacities per carbon atom for diamond and graphite, resp%EQChaSt'C heat!ng wil thgrefore be the do_m|'nant. heatlng pro-
ess for nanodiamonds in almost all radiation field environ-

tively. Nsg(a), is the number of surface hydrogen atoms o ! e
the a-C:H mantle (we have assumed 50% surface coverag ents. However, if the calculated equilibrium temperatures, for
y Go < 10% (i.e.,~ 25 — 70 K), are indicative of the mean nan-

our calculations). . o . -
In Fig. 4 we show the maximum nanodiamond temperatur%d'amond temperatures, then this implies continuum emission
{5?,"” these grains in the 40 — 120 pm region.

Taz, s afunction of the particle size and the absorbed pho . o . .
max P P Infrared continuum emission from nanodiamonds will prob-

energy,E, calculated by solution of the equation, o o
9y y d ably be sensitive to the thermal connectivity between the bulk
4 /Tmam atoms and the surface structures. In low excitation regions emis-

C(T) =[0.46 N(a)q Cc(T)q +

0.54 N(a)q (pa/pg) Cc(T)g +

E=gma C(T)dT, (2)  sion from the surface CC and CH modes will dominate in the
mid-infrared because the grain thermal energy will be chan-
where, T} is the grain temperature prior to photon absorptiomelled through these modes. In high excitation regions the bulk
which we have taken to be zero. For grains to emit efficientfgay also contribute to the emission at the same time as con-
at wavelengths in thg — 15 um region they must have temperdinuing to pump the surface emission modes. Thus, at higher
atures in the rang200 — 1000 K. From Fig. 4 we can see thatgrain temperatures the bulk infrared bands in the diamond one
emission in the3 — 15 um region from nanodiamond surfacephonon region, i.e., in thé0 — 15 and~ 21 um bands, may
sp? CC and CH groups requires grain radii in thé — 1.5 nm  also be seen in emission (Hill et al. 1998). The diamond two and
range, i.e., sizes entirely consistent with the presolar meteoriticee phonon nanodiamond modes in 3% — 5.5 um region
diamonds. may also appear as two weak emission bands centred atm

To
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and~ 5 pum (Hill 1998). Interstellar nanodiamonds heated todiamonds should contribute to the ultraviolet extinction (Lewis
temperatures of the order of 1000 K (Fig. 4) may also be retal. 1989).
sponsible for continuum emission at wavelengths of the order
of a few MICTONS. 7.2. Observational constraints
The grain temperature arguments presented here are consis-
tent with emission features in the mid-infrared from surface Ci@ the model proposed here one type of particle, namely surface-
and CH groups on nanodiamond surfaces. However, becauseeobnstructed nanodiamonds, is invoked as the carrier of three
uncertainties in the details of the calculation of the specific hedifferent observed interstellar dust properties; the infrared emis-
capacities of nanometre-sized amorphous particles these @an bands (a property of the sparbon surface CC and CH
clusions need to be verified experimentally. Clearly, in order fgroups), the ultraviolet extinction bump (a property of thé sp
nanodiamonds to be responsible for the mid-infrared emissisurface connectivity) and a contribution to the ultraviolet ex-
bands their sizes must extend down to sizes of 0.5 nm. In the ltigetion (a property of the overall grain radius and optical prop-
normal size distribution of the presolar diamonds in the Murchésties). The first two properties are related to different surface
son meteorite particles with radii smaller than 0.5 nm seem toéfects and the third is due to the particle size and absorptivity.
present (Daulton et al. 1996). The presolar diamond size disfrhese three observable properties of nanodiamond may there-
bution therefore seems to be entirely consistent with the abdoee not be well correlated, even though they arise from the same
requirement for small nanodiamonds (radii0.5 — 1.5 nm) to  particles. A lack of correlation between the 217.5 nm extinction
explain the mid-infrared emission bands. bump and the ultraviolet extinction is clearly required by the
observational constraints (e.g., Mathis 1990). However, a cor-
) ) ) _ relation between the area of the extinction bump and the strength
7. Nanodiamonds in the interstellar medium of the infrared emission bands has been observed (Boulanger et

Nanodiamonds are very stable and resilient species: they 8nl994) which would be consistent with both features arising
survive the passage of supernova-generated shocks. OnljniHe same type of particles.

very fast shocks (velocities in excess of 200 kmi)swill they Recent tight observational constraints on the abundance of
be eroded by thermal sputtering in the more than million degrg@rbon in the interstellar medium now place severe limitations
post-shock gas (Jones et al. 1996,1997). The need for a veryidinterstellar dust models (e.g., Snow & Witt 1995, 1996).
fractory carbonaceous interstellar dust material is indicated bjus. any dust model that uses one material, in the same dust
observations which show an almost constant abundance of Bagicles, to explain several of the observed properties of in-
phase carbon over a wide range of molecular hydrogen abtﬁ{ste”ar dust will more eaS”y be able to meet the strict abun-
dance (Cardelli et al. 1996; Sofia et al. 1997). Thus, indicatiﬁ’&nce constraints. Interstellar nanodiamonds as an abundantand
little exchange of carbon between the gaseous and solid phdgirtant grain component, would therefore certainly help to
in the interstellar medium. This would be consistent with a larg@Solve this problem.

fraction of the solid carbon being in a very refractory phase such

as diamond. 8. Summary
We propose that nanodiamonds are an important component of
interstellar dust, and that far from being difficult to observe we
Presolar nanodiamonds in the laboratory are a pale greyhawe infact long been observing them. We suggest, principally
brown colour and therefore absorb visible radiation. Then pased on laboratory work on the morphological properties of
implication, infrared emission bands arising on nanodiamopdesolar nanodiamonds, that they may be a major contributor to
surfaces will be excited by visible photons. Such absorptiontlse unidentified interstellar mid-infrared emission bands in the
required to explain the emission bands observed in the reflectboa 15 m region. The emission from nanodiamonds in inter-
nebula vdB 133 (Uchida et al. 1998), the galaxy M31 (Cesarsgiellar and circumstellar media will be driven by the stochastic
et al. 1998; Pagani et al. 1999), and elliptical galaxies (Maddahsorption of visible and ultraviolet photons leading to peak
et al. 1999), where there is little ultraviolet radiation. temperatures in the range 100 — 1000 K.

Duley (1988) noted a remarkable similarity in the sharp It seems apparent that this model inherently encompasses
emission features observed in the luminescence spectra of éspects of both the PAH (e.g., the specific polyatomic emitting
restrial diamonds and those seen in the Red Rectangle. T8pscies) and coal model hypotheses (e.qg., the three-dimensional
observation therefore seems to lend further support to the pnesture of the carrier), and may thus provide a bridge between
ence of diamonds in the interstellar medium. these two research fields.

Sandford (1996) suggested that the meteoritic diamonds The nanodiamond hypothesis presented here naturally ex-
could be the carrier of the 217.5 nm extinction feature. Hydains the positions of the emission bands, the dominance of the
argument was that complete surface reconstructionie@ap 11.3um solo CH feature, the presence of a bandiab ym,
bon will de-localise ther electrons (e.g., Fig. 3) and lead to and the relative invariance of the emission spectra and the band-
surface plasmon mode analogous to that of graphite. Diamdoeband intensity ratios. These are explained by a nanodiamond
absorbs strongly at ultraviolet wavelengths and therefore nawwface origin for the bands and by the fact that the structural

7.1. Visible and ultraviolet absorption and emission
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