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ABSTRACT

Aims. Interplanetary dust particle (IDP) matter probably evolved under irradiation in the interstellar medium (ISM) and the solar
nebula. Currently IDPs are exposed to irradiation in the Solar System. Here the effects of UV and proton processing on IDP matter
are studied experimentally. The structure and chemical composition of the bulk of carbon matter in IDPs is characterized.

Methods. Several IDPs were further irradiated in the laboratory using ultraviolet (UV) photons and protons in order to study the
effects of such processing. By means of infrared and Raman spectroscopy, IDPs were also compared to different materials that serve
as analogs of carbon grains in the dense and diffuse ISM.

Results. The carbonaceous fraction of IDPs is dehydrogenated by exposure to hard UV photons or 1 MeV protons. On the other
hand, proton irradiation at lower energies (20 keV) leads to an efficient hydrogenation of the carbonaceous IDP matter. The dominant
type of carbon in IDPs, observed with Raman and infrared spectroscopy, is found to be either a form of amorphous carbon (a-C) or
hydrogenated amorphous carbon (a-C:H), depending on the IDP, consisting of aromatic units with an average domain size of 1.35 nm
(5-6 rings in diameter), linked by aliphatic chains.

Conclusions. The D- and '*N-enrichments associated to an aliphatic component in some IDPs are probably the result of chemical
reactions at cold temperatures. It is proposed that the amorphous carbon in IDPs was formed by energetic processing (UV photons
and cosmic rays) of icy grains, maybe during the dense cloud stage, and more likely on the surface of the disk during the T Tauri
phase of our Sun. This would explain the isotopic anomalies and morphology of IDPs. Partial annealing, 300—400 °C, is required to
convert an organic residue from ice photoprocessing into the amorphous carbon with low heteroatom content found in IDPs. Such

annealing might have occurred as the particles approached the Sun and/or during atmospheric entry heating.

Key words. infrared: ISM — infrared: solar system — methods: laboratory — molecular processes

1. Introduction

Interplanetary dust particles (IDPs), with sizes ranging from a
few microns to tens of microns, are collected by NASA air-
crafts from the Earth’s stratosphere. These particles mainly con-
sist of silicate grains coated by carbonaceous material (Brownlee
1978). IDPs have an average carbon content of 10-12%
(Schramm et al. 1989). They often show an aliphatic component,
responsible for the infrared 3.4 ym band (2800-3000 cm™!,
CH str.) and sometimes for carbonyl (C=0) groups, with str. ab-
sorption around 1700 cm™! in the infrared (Flynn et al. 2003,
2004; Matrajt et al. 2005). Keller et al. (2004) propose that the
aliphatic hydrocarbons are likely to occur as branches or side
bands on more complex macromolecular material. Previous at-
tempts to characterize the nature of the carbonaceous fraction in
IDPs by electron energy loss spectroscopy (Keller et al. 1994)
and carbon-X-ray absorption near edge structure measurements
(Bajt et al. 1996), indicate that graphitic or amorphous carbon
is the dominant type of carbon present in some of the IDPs.

http://www.aanda.org

The amorphous carbon characterization, however, has been put
in doubt by Flynn et al. (2004), suggesting that approximately
one-half of the total of 12 wt% carbon in typical IDPs is present
as organic carbon.

Chondritic IDPs are generally classified by their silicate con-
tent (Sandford & Walker 1985; Bradley et al. 1992): anhydrous
IDPs contain pyroxenes and olivines and hydrated IDPs contain
layer silicates. The formation mechanism of the carbon fraction
of IDPs and the environment in which this material formed are
currently unknown. The fact that both anhydrous and hydrated
IDPs contain organic matter of similar types and abundances
seems to indicate that the organic content in IDPs is not pro-
duced by aqueous alteration of carbonaceous material on aster-
oids, and suggests either a solar nebula or an interstellar origin
(Flynn et al. 2003). Furthermore, H and N isotopic anomalies
in the carbonaceous component of IDPs support that such ma-
terial was formed by low-temperature reactions, although mass
fractionation during dynamic pyrometamorphism deserves con-
sideration (Rietmeijer 1998). This led some authors to the
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conclusion that the carbon IDP fraction originated in an inter-
stellar molecular cloud environment (e.g. Keller et al. 2004).

This article reports on the exposure of several IDPs to UV
and proton irradiation in order to study the effects of such pro-
cessing on the carbonaceous and silicate fractions of IDPs. This
provides constraints on the UV and proton fluences to which
IDPs were exposed in interplanetary or interstellar environments
and sheds light on their history of energetic processing. The evo-
lution of the carbonaceous IDP matter in space is most likely
connected to the interplay between UV and high energy cos-
mic rays, leading to dehydrogenation, and low-energy protons
(a few keV) or atomic hydrogen leading to rehydrogenation. In
addition, the annealing experienced by IDPs during atmospheric
entry should be considered (Rietmeijer 1998). To test this, we
annealed relevant laboratory analogs at different temperatures.

The infrared and Raman spectra of IDPs were compared to
those of laboratory analogs of carbon grains residing in diffuse
and dense cloud environments. We provide a characterization of
the dominant carbonaceous IDP matter that is consistent with
the comparison to laboratory analogs. Based on these laboratory
results, we elucidate a possible scenario for the formation and
evolution of the bulk of the carbon component in IDPs.

The layout of this paper is as follows: the experimental pro-
tocols and the micro-FTIR and Raman analysis are described in
Sect. 2. The experimental results are presented and evaluated in
Sect. 3. The final discussion and astrophysical implications are
given in Sect. 4.

2. Experimental

The IDPs used for this project were provided by the NASA-JSC
curation facility. They varied in size from 10 to 30 um. Each
IDP was stored between two glass plates. IDPs were exam-
ined and handled under an optical microscope in a laminar-
flow 10000-class clean room. The particles were rinsed 5 times
with high purity hexane (Aldrich) to remove the silicon oil used
in the collectors to decelerate the particles. Subsequently, the
particles were transfered to a KRS-5 (50% Thalium Bromide,
50% Thalium Iodide) infrared-transparent window, resistant to
HEF, with a brush hair mounted in a micromanipulator. The parti-
cles were squeezed onto the KRS-5 window using a previously-
cleaned glass plate. Some of the particles were treated with HF
to etch and remove the silicates (Matrajt et al. 2005).

2.1. FTIR analysis

Fourier-transform infrared spectroscopy was performed with
the use of a Nicolet Magna-IR 560 ESP spectrometer coupled
to a Nicolet Nicplan infrared microscope, in line with a syn-
chrotron radiation source located on line SUS at the Laboratoire
pour I’ Utilisation du Rayonnement Electromagnétique (LURE)
at the University of Paris-Sud, Orsay, France. The spectrome-
ter is equipped with a KBr beamsplitter and a nitrogen-cooled
Mercury-Cadmium-Tellure (MCT) detector working in the 4000
to 650 cm™! (2.5 to 15 um) spectral range. The microscope uses a
Schwarzchild-Cassegrain objective (32x) and a condenser (10x)
in the transmission mode. We used the standard internal light
source of the instrument, a conventional black body-like source
(Globar) that is very stable and allows spectroscopic analysis of
samples larger than about 6 um (Raynal et al. 2000b). For the
spectra of IDPs, it is important to enhance the signal-to-noise ra-
tio and minimize background fluctuations caused by purge vari-
ations. The spectra presented here are the average of 25 acquisi-
tions of 256 scans each at resolution 2 cm™'.
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The infrared spectra of IDPs were usually corrected for light-
scattering effects using a spline baseline through regions where
there are no absorption features. Integration of the absorbance
area of the features was performed using an in-house IDL
code. The column densities for aliphatics (N[3.4], in aliphatic
C atoms cm‘z), are also given. These column densities were de-
termined using the formula

N = T"_dv (1)

band A

where N is the column density in cm~2, 7 the optical depth of the

band, dv the wavenumber differential in cm~!, and A the band
strength in cm molec™!.

We calculated the column density of aliphatic C atoms as
N[3.4] = N(CH,) + N(CH3), where the absorbance areas of the
peaks at 2958 and 2920 cm~! (asymmetric CH; and CH, str.
modes) are calculated using a Gaussian fit of the data. The
adopted band strengths, A(CH3) = 1.25 X 1077 cm (C atom)™!
and A(CH,) = 8.4 x 107'® cm (C atom)~!, are those given in
Dartois et al. (2004) for hexane ice.

For the evaluation of the column density of the silicate band
around ~1000 cm™! (N[10]), A[10] =2.0x 107! cm (Si atom)~!
was used (Matrajt et al. 2005 and ref. therein).

2.2. Micro-Raman analysis

The samples were analyzed in Lyon, using a Raman spectrom-
eter of the Laboratoire de Sciences de la Terre (Labram HR800
vis Jobin Yvon, coupled to a Spectra Physics Argon* laser tuned
for these experiments in the green part (514.5 nm) of the visible
spectrum). The laser beam is focussed through microscope ob-
jectives (x50) down to a 2 um spot on samples, and the backscat-
tered light is collected through the same objective. For Raman
spectra, a 1800-lines grating was used in a wavelength range
centered around the D and G carbonaceous lines (~1600 cm™),
giving a resolution of A/A(1) = 600. Wavelength calibration was
checked against a silicon wafer sample, and it agreed within bet-
ter than 1 cm™' for all the experiments. Care was taken to irra-
diate the samples with low fluxes, in order not to modify their
structures, by interposing film densities (typically densities of 2
to 4). The laser power experienced by the samples was well be-
low 1 mW.

3. Experimental results

In this section, the results obtained from experiments dealing
with UV- and H*-irradiation of IDPs are reported and discussed.
Raman spectroscopy is used to characterize the carbon bulk in
IDPs. By means of FTIR and Raman spectroscopy, the carbon
fraction in IDPs is compared to laboratory analogs of i) molec-
ular cloud organics and ii) diffuse medium carbonaceous grains.
The results of these comparisons provide further evidence for
the characterization of the carbon bulk in IDPs.

3.1. UV-irradiation of IDPs

We submitted several IDPs to UV under vacuum (P =~ 1 X
1077 mbar) to see the evolution of the organic features as a
function of irradiation, using a microwave-stimulated hydrogen-
flow discharge lamp. The value of the UV flux was assumed
to be the one measured by Weber & Greenberg (1985) for
the same lamp model (output ~ 1.5 x 10" photonss~' and
Ephoton = 7.3—10.5 eV, see Mufioz Caro & Schutte 2003 for lamp
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Fig. 1. Left: infrared spectrum of IDPs before and after UV-irradiation. Right: blow up of the 3.4 um region corresponding to spectra in the left
panels after subtraction of a local spline baseline. Particle K2 (boffom) was treated previously with HF to remove the silicates.

Table 1. Experimental parameters corresponding to IDPs used in this work and before and after energetic processing. See text in Sects. 3.1 and 3.2

for explanation.

IDP fluence area[3.4] N[3.4] xggg;; area[10]  N[10]
(aliph. C cm™2) (Sicm™)
J2 (cluster, Px+Oli) 0.063 1.4 x 10'® 2.9 3.39 3.9 x 10
J2 (cluster, Px+Oli) 3.2 x 10" UV phot. cm™ <0.01 <22 %10 - - -
K2 (cluster, LLS+O0li), HF hyd. 0.17 1.9 x 106 5.5 0.90 1.1 x 10'°
K2 (cluster, LLS+Oli), HF hyd. 7.2 x 10'° UV phot. cm™ <0.02 <22 x 10 - - -
RO (cluster, Px+Oli) 0.14 2.0 x 1016 5.5 7.24 8.41 x 106
RO (cluster, Px+Oli) 10'% (20 keV H*) cm™2 0.30 4.3 x10'® 2.9 - -
RO (cluster, Px+Oli) 106 20 keV+1 MeV H) em™=  <0.05  <6.3x 105 - - -
N (chondritic, LLS+Px+O0li), HF hyd. 0.20 2.6 x 106 2.8 - -
N (chondritic, LLS+Px+Oli), HF hyd. 10'® 1 MeV H* cm™ <0.03 <3.9x 10 - - -

spectrum). The flux at the sample position is then estimated to
be ~5 x 10'* photons cm™2s™!

Figure 1, left column, shows the infrared spectra of the IDPs
before (bottom spectrum) and after (top spectrum) they were ex-
posed to UV-irradiation. Panels in the right column show a zoom
of the 3.4 um region after subtraction of a local spline baseline.
Table 1 provides the experimental parameters of the irradiation
experiments corresponding to IDPs 1.2054-J2, L2036-R9 (not
hydrolized), L2021-K2, and W7116B-N (hydrolized with HF),
respectively abbreviated as J2, R9, K2, and N. The first column
gives the name of the particle, the type (chondritic or cluster),
and the silicate content (Px = pyroxene, Oli = olivine, LLS =
layer lattice silicate). The second column gives the fluence (for
UV-irradiation it corresponds to the product ¢yyt where ¢yy =~

5 x 10" photons cm™2 s7! is the UV-flux at sample position

and ¢ is the irradiation time, 18 hr. for J2 and 40 hr. for K2).
The third and fourth columns are, respectively the absorbance
area, area[3.4], and column density, N[3.4], of the 3.4 um fea-
ture in the region 2800—3000 cm™', corresponding to the CH str.
of aliphatic species. The fifth column gives the ratio between the
column densities of the CH, and CH3 groups, N(CH;)/N(CHj3).
The last two columns provide the absorbance area, area[10] and
column density, N[10], of the 10 um feature (around 1000 cm™ 1)
of the silicates. The absorbance values were calculated after a
spline baseline correction.

The experimental results obtained from the UV-irradiation
of IDPs (see Fig. 1 and Table 1) show that the 3.4 ym feature is
reduced by at least 85% for particles J2 and K2 after irradiation.
For particle K2, the band at 1707 cm™! assigned to a carbonyl
(C=0) stretch also seems to disappear.



150

G. M. Muioz Caro et al.: Nature and evolution of carbonaceous matter in IDPs

Table 2. Values of the nuclear, S, and electron, S, stopping powers and penetration ranges, R, provided by TRIM for San Carlos olivine, silicone,
and a hydrocarbon material with C:H = 1:1 as target materials, using H* ions with kinetic energy E.

Material jon E[keV] S.[eV/A] S.eV/A] R[um]

San Carlos olivine H* 20 0.07 9.6 0.24
San Carlos olivine H* 1000 0.003 4.6 14.5
San Carlos olivine H* 1500 0.002 3.6 26.7
Silicone H* 20 0.06 10.1 0.23
Silicone H* 1000 0.003 4.1 16.33
Hydrocarbon C:H = 1:1 H* 20 0.055 8.1 0.33
Hydrocarbon C:H = 1:1 H* 1000 0.002 2.9 21.5

In experiments involving UV-photoprocessing, it is crucial to
check whether the irradiated sample is optically thin, given the
short penetration length of UV-photons. Experiments on pho-
toprocessing of a hexane ice layer with an absorbance value
of the 3.4 ym feature comparable to that of the IDPs studied
here, led to 95% destruction of the band after 3 hr. of irradia-
tion (Mufioz Caro et al. 2001). As a result, new features were
observed around 1650 and 2100 cm™!, respectively, assigned to
doubly and triply unsaturated C-C bonds that provide direct ev-
idence of the dehydrogenation of the samples. The formation of
additional bands due to unsaturated species was not observed in
the irradiated IDPs, maybe due to the low intrinsic strengths of
these features. Also the 3.4 um feature of more complex car-
bonaceous materials, like a type of hydrogenated carbon grain
(called ACH2, see Sect. 3.4.3) is very efficiently reduced upon
photolysis (Mennella et al. 2001). As a first approximation, as-
suming a constant destruction cross section, the photodestruc-
tion of the CH bonds is expected to lead to an exponential decay
of the integrated intensity of the 3.4 um feature, 7, expressed as

2

where 7 is the initial integrated intensity of the feature, ¢yv
the flux at the sample position in UV photon cm 257!, O des.UV
the destruction cross section of CH bonds per UV photon, and ¢
the irradiation time in seconds.

Using the values for the UV fluence and N[3.4] given in
Table 1, and assuming oges.yy = 1.0 x 1071° cm? UV-photon™!
obtained for ACH2 (Mennella et al. 2001), it is found that 95%
of the 3.4 um feature would be destroyed for particle J2 and 99%
for K2 if the carbon phase in the IDPs is similar to ACH2, in
agreement with the minimum of 85% destruction we reported
above. However, the absorption of the silicate phase in these
particles should be taken into account. The absorption of the
remaining silicates in particle K2, treated with HF, is N[10] =
1.1 x 10'% Si atoms cm™2 (Matrajt et al. 2005), which roughly
corresponds to Tyy[10] ~ 0.32, using a UV cross-section of
2.9 x 1077 cm? (Si atom)~! (Witt et al. 1998). For particle J2,
N[10] = 3.9 x 10'® Si atoms cm~2, giving Tyy[10] ~ 1.1, which
is optically thick. Therefore, the remaining silicate abundance
in the hydrolized IDP K2 is expected to absorb only a fraction
of the UV photons and should not prevent the aliphatic com-
ponent in IDPs from photolysis. This is even more valid if we
consider that the silicate phase in IDPs is not on top of the or-
ganics; instead, the silicate grains are generally coated by the
organic phases (e.g. Wopenka 1988). It is thus expected that
even the particles that were not hydrolized, therefore preserv-
ing the original silicates like J2 with Tyy[10] > 1 (thick in the
UV region), will still have a significant fraction of their organics
exposed to the UV photons. This explains the >85% CH bond
destruction reported above for IDP J2. In conclusion, as occurs
to simple aliphatic chains and ACH2 (Mufioz Caro et al. 2001;

T =170 exp—(uv * Tdes,uv * 1),

Mennella et al. 2001), UV irradiation of IDPs leads to the de-
struction of most of their aliphatic CH bonds.

3.2. H' -irradiation of IDPs

Two IDPs (R9 and N) were irradiated with an H" ion beam
at two different energies, 20 keV and 1 MeV, under vac-
uum (1077 mbar) at room temperature. The fluence was
10'6 atoms cm~2, and the beam intensity was maintained be-
low 5 uA at 20 keV and below 1 yA at 1 MeV. These ex-
periments were performed at CSNSM, located in Orsay. Low
energy irradiation (20 keV) was achieved with the isotope sep-
arator SIDONIE (Chauvin et al. 2004) and high energy irradia-
tion (1 MeV) with the use of the electrostatic tandem accelerator
ARAMIS (Bernas et al. 1992). The IDPs were analyzed before
and after irradiation by means of micro-FTIR spectroscopy.

For different target materials, we estimated the values of the
nuclear, Sy, and electron, S., stopping powers and penetration
ranges, R, for H* ions at the relevant kinetic energies, E, using
the TRIM Montecarlo simulation program (Table 2). San Carlos
olivine was selected as representative of the silicate phase in
IDP R9. The choice of silicate as the target material does not
affect the calculated parameter values considerably (silicone, for
instance, gives similar values to olivine, see Table 2). A hydro-
carbon with C:H = 1:1 was adopted as a crude representative of
the carbon fraction in IDPs.

Figure 2 illustrates the results obtained by irradiation of
IDPs R9 and N, see caption for description. The experimental
parameters corresponding to H*-irradiation of IDPs R9 and N
are given in Table 1 (see Sect. 3.1 for table description). The
bottom left panel in Fig. 2 shows that the 3.4 um feature has in-
creased considerably as a result of 20 keV-H* implantation on
the carbonaceous phase of IDP R9. The N[3.4] values for R9 in
Table 1 show that the number of C atoms forming CH bonds
increased by a factor 2.15, which indicates that the IDP was
efficiently hydrogenated. In fact, if we consider that CH, and
CH; bonds respectively need 2 and 3 H* ions to form, the
H* fluence required is at least 5.4 x 10'® H* cm™2, much higher
than the 1 x 10'® H* cm™2 value that was intended. The pos-
sibility of hydrocarbon contamination is very remote, so the
likely explanation is that the reported value of the fluence,
1x10'° H* cm™2, is not reliable. As a result of H* irradiation, the
aliphatic CH3 sym. str. absorption, rarely observed in IDPs, be-
comes recognizable (at 2872 cm™', bottom left panel in Fig. 2).
Another effect of the irradiation is that the ratio N(CH,)/N(CH3)
decreased from 5.5 to 2.9, indicating that the aliphatic chains
became more branched. Before 20 keV-H" irradiation, a weak
absorption around 2898 cm™! seemed to be present, that could
be due to olefinic CH groups. This band is not clearly observed
after irradiation, which is compatible with the strong hydrogena-
tion that took place.
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Table 3. Vibrational assignment of CH bending modes corresponding
to top spectrum in Fig. 2.

Position (cm™") Vibrational mode

1468 aliph. CH3 asym. bending
1448 aliph. CH, bending
1425 arom. CH bending
1406 olef. (CH3); sym. bending
1382 aliph. CH; sym. bending

The intrinsically weak bands assigned to the CH bending
modes of IDP R9 are difficult to observe prior to irradiation
(Fig. 2, bottom right panel, lower trace), despite the long inte-
gration time (25 X 256 scans with 2 cm™!, see Sect. 2.1). After
20 keV H? irradiation, the carbonaceous fraction of the IDP is
efficiently hydrogenated and these bands become barely observ-
able (Fig. 2, bottom right panel, upper trace), with poor signal-
to-noise ratios of S/N > 3-5, although they seem to be real
absorptions, which is also appreciated in the middle trace of the
top left panel in Fig. 2, due to the larger observable continuum.
The possible assignments of some of these weak bands are given
in Table 3, while others remain to be assigned. The carrier of the
prominent band at 1548 cm™! that appears after irradiation is
unknown. The band at 1595 cm™! in the spectrum before irradi-
ation is likely due to the aromatic C=C stretch. Hydrogenation
of the carbon in the particle by the effect of H* irradiation could
be responsible for the decrease in this band, as observed in the
bottom right panel of Fig. 2. Indeed, the large increase in the

number of CH bonds requires a decrease in the number of satu-
rated C-C bonds.

The estimated thickness of the crashed IDPs is at least 3 ym.
From Table 2, the penetration range of 20 keV H* in hydro-
carbons is about 0.3 um, and thus at most 10% of the carbona-
ceous IDP phase was exposed to irradiation, although we sus-
pect that the fraction of carbon exposed was larger, since the
carbonaceous phase in IDPs is generally coating the silicates
(Sect. 3.1). The exceedingly high hydrogenation of IDP R9 af-
ter 20 keV H™ irradiation, described above, needs to be tested
with new H* irradiation experiments of IDPs. Previous works
report the hydrogenation of carbon materials by keV H irradi-
ation. The formation of CH bonds on vapor-grown carbon fiber
(VGCF), due to successive irradiations of 6, 3, and 1 keV-H*,
has been observed by FTIR spectroscopy (Gotoh & Kajiura
1999).

It follows from Table 1 that the irradiation with 1 MeV H*
of particle N leads to at least an 85% decrease of the 3.4 um
feature. The carbonyl (C=O str.) band at 1714 cm™! also seems
to be reduced (Fig. 2, top right). The 1 MeV H* irradiation of
particle R9, previously irradiated with 20 keV H* (see above),
led to at least 90% decrease in the 3.4 um feature with respect to
the same feature after 20 keV H* irradiation (Fig. 2, top left, and
Table 1). Therefore, the CH bonds in the carbonaceous material
of IDPs N and R9 were efficiently destroyed by 1 MeV protons.

The estimated penetration range, R, of 1 MeV H* on a hy-
drocarbon with C:H = 1:1 is about 20 um and about 14 um
for olivine (Table 2), so that a crashed IDP with a few um
thickness is fully exposed to irradiation. Similar to the case of
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Table 4. Overview of experimental parameters for H* irradiation of IDPs reported here and those reported in the literature for irradiation of

interstellar silicate analogs.

Work Material ~ Sample thickness[um] E[keV] Fluence[ion cm 2] Amorphisation
Brucato et al. (2004)  Forsterite 0.038 30 7% 101 Negligible
Demyk et al. (2004)  Diopside 0.140 10 108 Yes

Day (1977) Olivine 1 1500 7 x 107 No
This work R9 (IDP) >3 20 >10'6 Negligible
This work R9 (IDP) >3 1000 10 Yes

UV-irradiation, Sect. 3.1, we can obtain an upper limit for the
decrease of the 3.4 um feature as the result of 1 MeV H* irradi-
ation, assuming a first order kinetic approach, using

3)

where ¢ mevur t = 1 X 10'° (1 MeV H*) cm2 and assuming
Odes.1 Mevi+ = 9.4 X 10716 cm? (1 MeV H*)™! (for ACARL_H,
Mennella et al. 2003; see Sect. 3.4.3) as the destruction cross
section of CH bonds per 1 MeV proton, the expected maximum
destruction for particle N would be above 99%. The 85% and
90% lower limits for the destruction of CH bonds in IDPs N
and R9 (see above) indicate that the destruction might be close
to the 99% value of the first-order kinetic approach.

The shape and strength of the 10 um silicate band has dras-
tically changed after irradiation, as a result of amorphisation
of the silicates. Such a large effect is not observed in the case
of 20 keV H™ irradiation. Table 4 lists the parameters of other
works dealing with H* irradiation of silicates. According to
Brucato et al. (2004), amorphisation in forsterite depends on the
nuclear elastic collisions between the impinging ions and the
target ions, while they observed no correlation between the ir-
radiation effects on the silicate structure and anaelastic electron
collisions. As the ion energy, E, increases, the nuclear stopping
power, S, decreases, as can be seen in Table 2. Indeed, ex-
periments using low E (10 keV) H* ions led to amorphisation
of the silicate target (Table 4), while experiments with higher
E (30—1500keV) H* ions led to negligible or no amorphisation.
Our result agrees with the work of Brucato et al. (2004). As dis-
cussed above, the fluence corresponding to the 20 keV H* ion
irradiation experiment was effectively much higher than 1 x
10'® H* cm~2. The estimated thickness of the crashed IDPs used
for irradiation was at least 3 um, about one order of magnitude
larger than R ~ 0.24 um for 20 keV H* (Table 2). This explains
the poor silicate amorphisation for 20 keV H* ions, as observed
by transmission FTIR. More surprising is the amorphisation in-
duced by 1 MeV H", since the thickness of the crashed IDP,
not much larger than about 3 um, is considerably lower than the
calculated R, see Table 2. More experiments are needed on the
irradiation of IDPs with high-energy H* ions to test the validity
of this preliminary result.

T =170 - €Xp —(P1 MeV H* * Tdes,1 MeV H* * 1)

3.3. Micro-Raman spectroscopy of IDPs
3.3.1. Raman spectroscopy of carbonaceous materials

Raman spectroscopy provides information on the chemical com-
position and structure of carbonaceous samples, making it a
useful tool for probing the evolution of the material as an ef-
fect of irradiation and/or thermal annealing (Tuinstra & Koening
1970). While microcrystalline graphite has a single line at
1582 cm™! (graphitic or G line, assigned to zone-center phonons
of E,, symmetry), disordered graphite shows two lines around
1350 cm™! (disorder or D line, assigned to K-point phonons of

Ay symmetry) and 1580-1600 cm™! (G line). The full width at
half maximum (FWHM) of the D band is related to the degree
of graphitisation of the carbonaceous material: as the degree of
order increases, the value of this parameter decreases. The posi-
tion of the G band is related to the structural type of the carbon
(nanocrystalline, polycrystalline, or amorphous) and, similar to
the D band, its FWHM increases as the degree of order decreases.
The intensity ratio of the first order D and G lines, I(D)/I(G), is
given by

D) _ c
1G) L,

where L, is the aromatic cluster diameter or in-plane correlation
length and C(515.5 nm) ~ 44 A. This relation, however, is not
valid for highly disordered carbon materials (Tuinstra & Koenig
1970).

The effects of the amorphisation of graphite on the evolu-
tion of the Raman spectrum, following the sequence graphite —
nanocrystalline graphite — amorphous carbon — tetrahedral
amorphous carbon, were discussed by Ferrari & Robertson
(2000). In particular, the effects these authors observed on
Raman spectroscopy as nanocrystalline graphite evolves towards
amorphous carbon (a-C) are:

(a) The G peak decreases from 1600 to ~1510 cm™".
(b) Eq. (4) is no longer valid. The relation
D) _ ., 2
—=C'W)-L
1G) (A)- Ly
where C’(514 nm) = 0.0055, is proposed.
(c) I(D)/I(G) goes from 2 to values close to zero.
(d) Increasing dispersion of the G peak occurs. The Raman spec-
tra of hydrogenated amorphous carbon (a-C:H) will present
first order peaks similar to amorphous carbon (a-C), unless
they are masked by photoluminescence.

“)

&)

Ferrari & Robertson (2000) conclude that the G mode is related
to the in-plane bond-stretching motion of pairs of C sp? atoms.
This mode does not require the presence of sixfold rings. The la-
bel G (for “graphitic”) is thus quite unfortunate, as this mode oc-
curs in any sp? paired carbon atoms. It occurs at all sp? sites, not
only those in rings, and can therefore occur in olefinic chains.
The D peak is a breathing mode of A, symmetry involving
phonons near the K zone boundary, which becomes active in
the presence of disorder, and its position depends on the pho-
ton excitation energy. Ferrari & Robertson (2000) show that the
intensity of the D peak is strictly connected to the presence of
sixfold aromatic rings.

3.3.2. Results from micro-Raman spectroscopy
of IDPs

The top panel of Fig. 3 shows the Raman spectra of 4 HF-
hydrolized IDPs: K2, N (already introduced), W7116B-Y, and
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Fig. 3. Top: Raman spectra of 4 hydrolized IDPs. Bottom: blow-up of
the first-order D and G bands after baseline correction (thick line) and
Lorentzian fits (thin line). The intensity of the spectra was shifted for
intercomparison.

L2021-K3 (abbreviated as Y and K3; see Sect. 3.3.3 for their in-
frared characterization). Except for IDP N, the continuum of the
spectra is relatively flat, indicating that only particle N presents
significant laser-induced fluorescence.

A blow-up of the first-order D and G bands is also given
in Fig. 3 (bottom panel), after subtraction of the continuum us-
ing a spline baseline. The Lorentzian fits of the D and G bands
separately and the sum of both Lorentzians (providing a fit
of the baseline corrected first-order spectrum) are also shown.
Table 5 provides the parameter values for the fits, namely the
derived D and G line positions and FWHM, and the intensity
ratio I(D)/I(G).

In order to compare the infrared and Raman spectra of the
carbonaceous fraction of IDPs, we analyzed the IDPs that were
treated with HF (see Sect. 3.3.3 for explanation). The Raman
parameters of these IDPs fall within the range of other IDPs
studied (Wopenka 1988). The average parameter values obtained
for 11 of the IDPs analyzed by Wopenka (1988), as reported by
Ferini et al. (2004), are included in Table 5. For each parame-
ter, the maximum and minimum values are given in parenthesis.
These average values are similar to the ones that can be deduced
from the Raman spectra of 10 other IDPs (Raynal 2003).

3.3.3. Comparison between infrared and Raman spectra
of IDPs

The IDPs K2, N, Y and K3 were characterized in the in-
frared before and after HF hydrolysis (Matrajt et al. 2005). The
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HF-hydrolysis of IDPs reduces their silicate contents and im-
proves the infrared detection of functional groups in organic
samples. However, it should be considered that some organics
can also be altered by the HF treatment. The four IDPs contained
layer-lattice silicates and have CH,/CHj3 ratios of 3.6, 5.5, 4.2,
and 2.8, respectively. The IDPs N and K3 show infrared features
around ~1600 cm™! (probably due to the C=C str. in aromatic
species) and ~1715 cm™! (which could be due to the C=0 str. in
ketones). The infrared spectrum of particle Y prior to HF hydrol-
ysis (see Fig. 4) shows a band at 1595 cm™! that is not observed
after the hydrolysis, and no carbonyl band, while the infrared
spectrum of particle K2 does not show any carbonyl or aromatic
features (Matrajt et al. 2005).

The photoluminescence background is known to increase
with increasing H content, but this is not the only cause of photo-
luminescence. This background overshadows the Raman signal
of a-C:H materials with H content over ~40—45 at.% (Ferrari
& Robertson 2000). The significant fluorescence of IDP N,
with respect to the other IDPs, might be related to the lower
CH,/CHj; ratio (which reflects a higher degree of ramification
of the aliphatic chains), giving a higher H/C ratio, but this needs
to be confirmed with a more extended statistical sample, given
the very limited number of particles investigated here. It does
not seem to be related to the infrared bands at ~1600 cm™! and
~1715 em™! attributed to an aromatic component (as known, not
all PAHs show fluorescence) and a carbonyl group, since these
bands are also observed in particle K3, which does not fluoresce
significantly.

From the comparison between infrared and Raman spec-
troscopy of the IDPs studied here we conclude that there is
no clear correlation between the infrared band intensity around
1600 cm™! and the intensity of the D peak in Raman. For in-
stance, the intensity of the D peak is comparable for IDPs K2
and K3, while the infrared 1600 cm~! band is only observed
in K3 (Fig. 5 in Matrajt et al. 2005). The fact that the D peak
is observed in the vast majority of the Raman spectra of IDPs
reported in the literature proves that these particles contain a
significant fraction of aromatic structures. However, given the
low intrinsic strength of the aromatic bands in the infrared and
the possible overlap with other bands (such as the bending mode
of H,O in phyllosilicates), they are not easily detectable using
micro-FTIR. On the other hand, the aliphatic component of IDPs
is difficult to infer from visible Raman spectroscopy, while it is
readily observed in the infrared.

3.3.4. Characterization of the bulk
of the carbonaceous IDP material

Previous works report on the Raman spectroscopy of IDPs
(Wopenka 1988; Keller et al. 1994; Raynal et al. 2000a). It was
found that the first-order spectra of different IDPs are rather sim-
ilar, containing broad D (around 1350 cm™') and G (around
1580 cm™!) bands that are well differentiated, which indicate
a poorly crystallized carbonaceous material. In this section we
characterize of the bulk of the carbonaceous material in IDPs
based on the recent literature on the interpretation of Raman
spectra of carbon materials (Ferrari & Robertson 2000).

From Eq. (5) in Sect. 3.3.1, the aromatic domain size,
L,, corresponding to the average IDP value of I(D)/I(G) ~ 1
(Table 5), is 1.35 nm (5 to 6 rings in diameter, or a total number
of ~30 rings and ~80 C atoms), an indication of a highly disor-
dered material. For the I(D)/I(G) values of IDPs with the highest
deviation, 0.66 and 1.39 (Table 5), the corresponding L, values
are 1.10 and 1.59 nm (i.e. a total number of 20 to 42 rings). In
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Table S. Lorentzian fit values for the D and G bands corresponding to line position, FWHM, and intensity ratio /(D)/I(G).

IDP D line position G line position D line FWHM G line FWHM I(D)/I(G)
(cm™) (cm™) (cm™) (cm™)
Y 1350 1580 96 80 0.88
K2 1365 1570 256 130 0.90
K3 1365 1585 256 108 0.84
N 1365 1585 256 100 1.17
11 IDPs (average)' 1362 (1345-1393) 1584 (1562-1594) 296 (141-476) 104 (72-159)  1.02 (0.66-1.39)

! Average values of Raman parameters corresponding to 11 IDPs (Wopenka 1988), reported by Ferini et al. (2004).
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Fig.4. Top: comparison between the infrared spectra of IDP Y
(bottom) and a residue (fop) made from UV-irradiation of the
H,0:CH30H:CO:CO,:NH; = 2:1:1:1:1 ice mixture (adapted from
Muiioz Caro & Schutte 2003). Bottom: comparison between the
Raman spectra of IDPs K3 (with Raman parameters close to the av-
erage values of 11 IDPs, Table 5) and N (with a high photolumi-
nescence) after HF hydrolysis, and a residue from UV-irradiation of
H,O:CH;0OH:NH; = 1:1:1 ice.

general, the aromatic domain size of amorphous carbon should
be lower than 2 nm (Ferrari & Robertson 2000). From the av-
erage G line position in IDPs (see Table 5), 1584 cm™!, includ-
ing the extreme values, 1562 and 1594 cm™!, the dispersion of
this peak (average FWHM value of 104 cm™!, ranging from 72
to 159 cm™!), and the corresponding I(D)/I(G) values (average
I(D)/I(G) of 1.02, ranging between 0.66 and 1.39), it can be con-
cluded that all the Raman spectra of IDPs reported by Wopenka
(1988), Raynal (2003), and this work (excluding group 6 from
Wopenka (1988) that show no first-order bands, but this might
be due to the absence of carbon in the particles), indicate that
the structure of the bulk of the carbonaceous material of IDPs
is that of amorphous, or hydrogenated amorphous, carbon. For
IDPs containing amorphous carbon (a-C), the sp? content varies

from almost O to near 10% (see Fig. 7 of Ferrari & Robertson
2000), while for IDPs containing hydrogenated amorphous car-
bon (a-C:H), as evidenced by the C-H modes in the infrared,
the sp® content could be, roughly, up to about 30%. The differ-
ent degree of hydrogenation of the amorphous carbon in IDPs
is, as we previously explained, not easy to observe by Raman
spectroscopy. However, in the infrared, IDPs with a low H/C ra-
tio will have no, or weak, 3.4 um absorption feature, while
IDPs with a high H/C ratio (corresponding to a-C:H) will have
a clearly observable band in that region. The non-detection of
a 3.3 um band (aromatic C-H str.) in IDPs is consistent with
aromatic units with a total number of 20 to 40 rings, as esti-
mated above, where most of the peripheric C-H bonds are re-
placed by aliphatic chains (IDPs containing a-C:H) or a carbon
sp>-skeleton (IDPs containing a-C).

3.4. Comparison to laboratory analogs of molecular cloud
organics and diffuse medium carbonaceous grains

There is a good match between the ~10 um feature of some
GEMS contained in some IDPs and astronomical amorphous sil-
icates, linking GEMS to interstellar molecular clouds (Bradley
et al. 1999). The D/H and °N excesses found are associated to
the carbonaceous component of IDPs, indicating this material
was formed at the cold temperatures characteristic of molecu-
lar clouds (e.g. Keller et al. 2004). Matter in molecular clouds
is present in the gas phase or in silicate/carbon grains of stel-
lar origin covered by ice mantles. Given the low temperatures,
T =~ 10 K, the formation of an organic refractory component
will mainly be driven by the energetic processing of the ice man-
tles. Thus, it is a priori justified to compare the carbonaceous
IDP component to residues obtained from irradiation (induced
by cosmic rays and UV photons) and warm-up of molecular
cloud ice analogs. Ice processing is also expected to take place
in the outer parts of circumstellar regions, where volatiles are
preserved. Since icy grain mantles are O-rich, mainly due to the
high H,O abundances, and species like CH3;0OH and CO, such
residues show high O/C ratios; for the residue resulting from
UV irradiation of H,O:CH30H:CO:CO,:NH5 = 2:1:1:1:1 ice,
O/C ~ 0.4 was found (Muifioz Caro & Schutte 2003).

IDPs are also compared to hydrogenated amorphous car-
bon films (a-C:H), prepared under different conditions, as they
are used as analogs of interstellar carbon grains in the diffuse
medium (e.g. Duley & Williams 1983; Mennella et al. 1999,
2001; Dartois et al. 2005, and ref. therein). The purpose was to
gain certainty on the Raman characterization of the bulk of the
carbon in IDPs as amorphous carbon (Sect. 3.4.3) and to com-
pare the carbon in IDPs to the best analog of carbon grains in the
diffuse ISM (Sect. 3.4.4).
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3.4.1. Comparison to residues made by UV-photoprocessing
and warm-up of molecular cloud/circumstellar ice
analogs

The residues are made by simultaneous deposition and UV-
irradiation at 7 ~ 12 K of H,O, CH30H, CO, CO,, and NHj3 ice
mixtures in different proportions, simulating the physical con-
ditions in dense clouds. After deposition/irradiation of the ice,
the system is slowly warmed up to room temperature and the re-
maining organic residue is analyzed in situ by means of FTIR
spectroscopy and ex situ by Raman spectroscopy (for more de-
tails on the experimental protocol, see Mufioz Caro & Schutte
2003).

The top panel of Fig. 4 shows the infrared spectra
of IDP Y and the residue made by UV-irradiation of the
H;0:CH3;0H:CO:CO;,:NH;3 = 2:1:1:1:1 ice mixture (adapted
from Mufioz Caro & Schutte 2003). Residues made from ice
photoprocessing contain a wide variety of organic molecules, in-
cluding ammonium salts of carboxylic acids [(R-COO™)(NH})],
hexamethylenetetramine [(CH;)¢N4], amides [H,NC(=0)-R],
esters [R-C(=0)-0-R’], and species related to polyoxymethy-
lene [(-CH,O-),]. These spectra are generally dominated by
OH (3500-2300 cm™!), C=0 (~1700 cm™!), and COO"~
(1586 cm™!) str. features, due to the significant incorporation of
O in the organic material (Mufioz Caro & Schutte 2003, and ref.
therein). The 3.4 um feature assigned to the aliphatic CH str.,
composed of just two shallow bands at ~2925 and 2875 cm™!,
is quite peculiar. Its shape is mainly the effect of the elec-
trophylic oxygen atom incorporated in the aliphatic structures
(Muioz Caro & Dartois 2007). Clearly, it differs from the 3.4 ym
feature profile of IDPs, composed of three subfeatures shared
by aliphatic species with no heteroatoms. Although some IDPs
are also known to contain carbonyl (C=0) groups (Reffner et al.
1994; Flynn et al. 2003; Matrajt et al. 2005) and hydrocarbon
chains in some IDPs host N (Keller et al. 2004), infrared absorp-
tion bands due to the NH and CN str. modes should be observ-
able if their N/C and especially the O/C elemental abundances
were as high as in the refractory organic residues made from the
UV irradiation of ice analogs in dense cloud and circumstellar
regions, and the presence of O-H, C=0, or COOH functional
groups, giving rise to strong infrared dipole absorptions, should
dominate the infrared spectrum, with intensities that are much
higher than the 3.4 um feature (C-H str.) observed in many IDPs.
Due to the presence of hydrated silicates in many IDPs, to scat-
tering effects, and to the choice of a baseline for correction that
especially affects the broad OH stretch band, it is not easy to give
a quantitative constraint of the OH absorption in these particles
that is caused exclusively by their carbonaceous fraction. The
absorption feature of the C=0O band in IDPs is, at most, com-
parable in optical depth to the absorption of the 3.4 um band,
and is generally not observed prior to hydrolysis of the particles
(Matrajt et al. 2005).

The visible Raman spectrum of these residues (Fig. 4, bot-
tom panel) is dominated by a strong photoluminescence, pre-
sumably due to its organic nature with high H/C and O/C ratios,
and the absence of first-order D and G bands. There might be
two poorly defined bands at 1474 and 1681 cm™!. This organic
macromolecular material is very different from the carbonaceous
material found in IDPs, already characterized as a type of amor-
phous carbon (Sect. 3.3.1).

Atmospheric entry heating is expected to alter the compo-
sition and structure of the carbon fraction in IDPs. To study
the effect of thermal annealing on an astrophysically relevant O
and N-rich organic material, we submitted a residue made by
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Fig. 5. Top: infrared spectra of an annealed organic residue made by
UV irradiation of the H,O:CH3;0OH:NH;3 = 2:1:1 ice mixture. The in-
frared spectrum of IDP Y is shown for comparison (thin line). Bottom:
comparison between the infrared 3.4 um region of IDPs Y and J2 and
residue shown in the left panel annealed at 300, 400, and 500 °C. The
peak optical depths are normalized for comparison and a local spline
baseline was subtracted.

UV irradiation of an HyO:CH;OH:NH3; = 2:1:1 ice mixture
to a sequence of heating steps in a vacuum oven at pressure
P < 1 x 107 mbar. The residue was heated one hour for each
temperature. After that time the oven was switched off and, once
the temperature dropped to room temperature, the residue was
extracted from the vacuum for micro-FTIR analysis. The results
are illustrated in Fig. 5. The left panel shows the infrared spec-
trum of the residue at different temperatures. Carbonization due
to the loss of heteroatoms, O and N, is shown by the diminu-
tion of the OH str. band between 3600—3000 cm™!, the carbonyl
C=0 str. band of esters and amides, respectively, at 1750 and
1662 cm™!, and other minor features like those at 1375 (CH scis-
soring) and 1225 cm™! (CN str.). Above 300—400 °C, the in-
frared spectrum of the residue is that of hydrogenated amor-
phous carbon (note the similarity with spectrum of IDP Y in the
same panel, provided that the silicate band around 1000 cm™!
and the silicon oil band at 1260 cm™! are omitted), and the
3.4 um feature between 2800—3000 cm™' is now similar to the
one observed in IDPs with N(CH,)/N(CH3) ratios between 3
and 4. The bottom panel in Fig. 5 provides a comparison be-
tween the 3.4 um feature of the residue at different temperatures,
from 300 to 500 °C, and that of IDPs Y and J2. This 3.4 um fea-
ture is absent above 600 °C and the weak 3.3 um feature due to
the aromatic/olefinic CH str. becomes observable, as well as a
prominent band at 1596 cm™! due to the aromatic C=C str.
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3.4.2. Comparison to residues made by ion irradiation
and warm-up of dense cloud and planetary system ice
analogs

Similar to the residues made by UV-irradiation of ice, dis-
cussed in Sect. 3.4.1, residues resulting from ion-irradiation
of O-containing ice species (such as H,O, CO, or CH30H)
show prominent bands from the O-H and C=O str. modes that
dominate the infrared spectrum (e.g. Strazzulla et al. 2001).
Therefore, the carbonaceous fraction of IDPs differs from
residues made from ion-irradiation of ice. A similar compari-
son was recently made by means of visible Raman spectroscopy
(Ferini et al. 2004), and it found that residues resulting from ion-
irradiation of ice are far less ordered than IDPs. Nevertheless, as
we found for the case of residues made from UV-irradiation of
ice mixtures (Sect. 3.4.1), thermal annealing of residues from
ion-irradiation of ice might also lead to amorphous carbon simi-
lar to IDPs.

3.4.3. Comparison to hydrogenated carbon grains

Hydrogenated amorphous carbon films have long been used
as an analog of interstellar carbonaceous materials (Duley &
Williams 1983). We selected those with infrared and Raman
spectra that were closer to the spectra of IDPs: ACH2 is pre-
pared by condensation of carbon vapor formed by arc discharge
between two carbon rods under a 10 mbar hydrogen atmo-
sphere (Mennella et al. 2001), ACARL consists of carbon grains
prepared by condensation of carbon vapor obtained by laser
evaporation of carbon rods under a 10 mbar argon atmosphere,
and ACARL_H is ACARL that is exposed to atomic hydrogen
(Mennella et al. 1999).

The top panel of Fig. 6 shows a comparison between the
3.4 um feature of ACH2 and ACARL_H, and that of IDPs Y
and J2. The band shape and positions are similar between IDP J2
and ACARL_H, which present comparable N(CH,)/N(CH3) ra-
tios, respectively, 2.9 + 0.4 and 2.6 + 0.4. The same holds for the
comparison between IDP Y and ACH2. The other features ob-
served in the infrared spectrum of hydrogenated carbon grains
correspond, in the case of ACARL_H, to the C=C skeletal vi-
brations of the sp? aromatic clusters at 1580 cm™!, the CH,
and CH; deformation modes at 1378 and 1457 cm™!, a broad
band at 780 cm™! that might be due to the phonon density of
states in amorphous carbon, and the C=0 str. feature that ap-
pears ~1700 cm™! by oxydation due to air exposure (Mennella
et al. 1999). The bottom panel of Fig. 6 compares IDP Y to
ACARL_H in the region where the C=C str. and the CH de-
formation bands appear. For ACARL_H, the integrated inten-
sities of the deformation bands at 1457 and 1378 cm™! is 14
and 35 times weaker than the whole 3.4 um feature (Mennella
et al. 1999). Similar deformation mode features are observed in
the spectrum of IDP Y (its unusually large organic-to-silicate
ratio allows the detection of these bands), as well as a band
around 1593 cm™!, which is probably due to the C=C str. in
aromatics. It is not possible to assess the presence of a band at
780 cm™! in IDP Y, because silicates dominate that part of the
spectrum, while the C=0 str. band around ~1700 cm~! caused
by air contamination, is not present in the spectrum of IDP Y.
We can conclude that the infrared absorbing carbonaceous com-
ponent of IDP Y presents a chemical structure that resembles
that of hydrogenated carbon grains. Except for the fact that the
N(CH,)/N(CH3) ratio can vary significantly between IDPs, most
of them show bands in the 3.4 ym region similar to those of
IDP Y, with subfeatures of equivalent widths and positions and
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Fig. 6. Top: comparison between the infrared 3.4 yum region of IDPs Y
and J2, an ACH2 sample (after Mennella et al. 2001), and an ACARL_H
sample (after Mennella et al. 1999). Bottom: comparison of the
CH bending modes between IDP Y and ACARL_H (after Mennella
et al. 1999). The peak optical depths are normalized for intercompari-
son.

no strong absorption bands from the incorporation of H and O in
the carbon skeleton. It is therefore apparent that the majority of
the IDPs with a substantial fraction of aliphatic carbon, relative
to the silicate fraction, contain a carbonaceous component with
a bulk composition that resembles hydrogenated carbon grains
like ACARL_H or ACH2.

This conclusion agrees with the similarity observed between
the Raman spectra of hydrogenated carbon grains and IDPs
(Ferini et al. 2004). In particular, the Raman parameters of
ACARL_H (see Table 6) are practically the same as for the
average of the 11 IDPs given in Table 5. It can be stated that
the dominant carbon structure of IDPs is analogous to ACARL
(for particles with no observable infrared 3.4 ym band) or to
ACARL_H (for particles showing an infrared 3.4 um band).
Indeed, the detailed characterization of the dominant carbon in
IDPs (Sect. 3.3.4) corresponds to amorphous carbon with differ-
ent degrees of hydrogenation, which is also the composition of
ACARL and ACARL_H.

3.4.4. Comparison to residues made by photoprocessing
and warm-up of aliphatic species, as analogs
of the 3.4 um carrier in the diffuse ISM

UV-irradiation of ice made of simple aliphatic species with
no oxygen, such as CHy, performed under interstellar con-
ditions (10 K and Ly-a photons) leads to the formation of
a hydrogenated amorphous carbon polymer called photopro-
duced (a-C:H). The composition of this material must be very
similar to that of carbonaceous grains in the diffuse medium,
as it provides a good match of all the observed mid-infrared
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Table 6. Lorentzian fit values for the D and G bands corresponding to line position, FWHM, and intensity ratio /(D)/I(G) of ACH2, ACARL, and

ACARL_H samples (adapted from Mennella et al. 2003).

Sample D line position

(em™)

G line position
(em™)

D line FWHM G line FWHM
(em™) (cm™)

I(D)/1(G)

ACH2
ACARL
ACARL_H

1347 + 4
1372 £ 2
1360 = 2

1570 £ 2
1589 + 1
1585 + 1

295 + 11 199 +£5
355+7 86 £2
284 +7 103 +3

0.61 + 0.04
1.04 + 0.04
0.96 + 0.06

Absorbance

ofc‘:H at 309 K

I I
3500 3000

I
1000

2500 2000
Frequency (cm™')

1500

Z¥'SS62
T l10'9z6C

T 89°/98¢

Absorbance

a—C:H at 300 K ]

J2 (IDP) x50

2900
Frequency (cm™")

Fig.7. Top: comparison between the infrared spectra of a-C:H at 300,
700, and 800 K (adapted from Dartois et al. 2005), and IDP Y. Bottom:
comparison between the 3.4 yum region of IDPs Y and J2, and a-C:H at
300 K.

absorption features and satisfies the ISM vapor pressure require-
ments, contrary to pure branched aliphatics (Dartois et al. 2004,
2005). In particular, the 3.4 um band of both materials is basi-
cally identical, and therefore differs from that observed in IDPs,
as earlier found (e.g. Flynn et al. 2003, Matrajt et al. 2005). In
fact, this difference is due to the different N(CH,)/N(CH3) ratio.
The top panel of Fig. 7 compares the infrared spectra of IDP Y
to photoproduced a-C:H at 300 K and annealed at 700 K and
800 K. The CH deformation modes at 1375 and 1452 cm™! in
aliphatics, as well as a band around 1600 cm™! that is probably
due to the C=C str. in aromatics, are observed both in IDP Y and
photoproduced a-C:H. The bottom panel of Fig. 7 shows a blow-
up of the 3.4 um region after local subtraction of a spline base-
line comparing IDPs Y and J2 to photoproduced a-C:H at 300 K.
Although the 3.4 um feature of IDP J2 is not very well-resolved,
it is close to the same feature in photoproduced a-C:H, given the
relatively low N(CH;)/N(CH3) ratio of 2.9 for this IDP, although
still higher than the diffuse ISM value around 2.2 (Matrajt et al.
2005 and ref. therein). The Raman spectrum of photoproduced
a-C:H (Dartois et al. 2005) corresponds to a considerably more
disordered carbon structure than that of IDPs.

An interesting question is whether carbon in IDPs
could originate from the diffuse medium and present higher

N(CH;)/N(CH3) ratios and higher values of the aromatic do-
main size, due to heating during atmospheric entry. Annealing
of photoproduced a-C:H samples that resemble diffuse interstel-
lar carbon grains to 700 K does not alter the 3.4 um band shape.
Further annealing to 800 K starts modifying this band, but a
3.3 um band due to the aromatic CH str. appears in the spec-
trum, which is not observed in most IDPs (see Fig. 7, top panel).
Therefore, as suggested by Matrajt et al. (2005), atmospheric en-
try heating does not seem to be responsible for the higher values
of the N(CH,;)/N(CH3) ratio observed in most IDP spectra when
compared to the diffuse medium spectrum.

4. Discussion

This is the first study of the response of IDP matter upon expo-
sure to UV and ion irradiation. Since IDPs of interstellar origin
would have suffered intense irradiation by photons and cosmic
rays, especially in the diffuse ISM and later in the interplane-
tary medium, the effects of such irradiation on these particles is
discussed in Sect. 4.1.

A possible scenario for the origin and evolution of IDPs
based on the literature and our results on the irradiation and
characterization of the dominant carbon in IDPs is sketched in
Sect. 4.2.

4.1. UV and ion irradiation of IDPs in space

The mass distribution of IDPs of interstellar origin has a maxi-
mum around 107! kg corresponding to radius @ ~ 0.2 um using
a density p = 2.5 x 10° kgm™ (Landgraf et al. 2000). Thus,
interstellar IDPs are similar in size to “classical” grains in the
diffuse medium (a > 0.1 um) and considerably smaller than the
micron-sized stratospheric IDPs considered here. Particle size
affects the absorption of radiation and needs to be considered
when extrapolating our results on the irradiation of stratospheric
IDPs to grains in the diffuse ISM.

The 3.4 um band assigned to the CH str. of the aliphatic com-
ponent in IDPs was efficiently destroyed by hard UV irradia-
tion. Particle J2 was exposed to a UV fluence of 3.2 x 10" UV
photons cm~2, corresponding to a residence time in the diffuse
medium of ~1.3 x 10* yr (for a UV flux ®yy = 8 x 107 pho-
tons cm~2s~!', Mathis et al. 1983), i.e. 3 orders of magnitude
lower than the canonical residence time that grains spend in the
diffuse medium before entering a dense cloud. Given the short
range of hard UV photons for carbon materials, the aliphatic
component of interstellar IDPs would also become dehydro-
genated in the diffuse ISM. It was reported here that 1 MeV pro-
tons interact with the carbon fraction of stratospheric IDPs
destroying the C-H bonds. High-energy ions with penetration
ranges larger than interstellar grain sizes will also lead to de-
hydrogenation of the aliphatic component (e.g., from the TRIM
simulation, a proton with £ > 11 keV can pass through a hy-
drocarbon grain of a ~ 0.1 um and elemental composition
C:H = 1:1, leading to dehydrogenation). However, the diffuse
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medium flux of keV protons is not well known. The estimated
flux of MeV protons is quite low, @ pey = 2 X 1073 pro-
tons cm~2s~!sr~! (Shen et al. 2004). Thus, even though the
destruction cross section for C-H bonds by 1 MeV protons
(9.4 + 03 x 107'® cm® (1 MeV proton)™! for ACARL_H)
is 4 orders of magnitude higher than for UV photons (1 X
1071 ¢cm? UV-photon™!), UV photons dominate the dehydro-
genation (Mennella et al. 2003 and ref. therein) in the diffuse
medium. On the other hand, protons with E < 11 keV will very
likely lead to H implantation of interstellar carbon grains with
a > 0.1 ym, in a similar way to the H implantation observed
for 20 keV proton irradiation of a stratospheric IDP (Sect. 3.2).
Also H atoms are expected to hydrogenate the carbonaceous
component of grains in the diffuse ISM, since ACARL, an ana-
log material, is efficiently hydrogenated by exposure to atomic
H (Mennella et al. 1999). Although the flux of protons with
E < 11 keV is not known, the neutral hydrogen flux alone,
@y = 8 x 10° H atoms cm™2s~! (Sorrell 1990), can counter-
act the photon-driven dehydrogenation (Mufioz Caro et al. 2001;
Mennella et al. 2001).

The conclusion is that, based on irradiation processing, inter-
stellar IDPs from the diffuse medium entering the Solar System
are expected to be hydrogenated, showing a 3.4 um feature sim-
ilar to what is observed toward the Galactic Center. The fact
that stratospheric IDPs present both different degrees of hy-
drogenation and different CH,/CH3 ratios, compared to diffuse
medium carbon grains, and larger aromatic domain sizes (aver-
age of about 30 rings in total, see Sect. 3.3.4, compared to the
expected 1-2 rings for the carrier of the 3.4 um band toward the
diffuse medium, see Dartois et al. 2005) indicates that the carbon
in IDPs did not originate in the diffuse ISM or that reprocessing
at a later stage was very significant.

It is believed that IDPs stay 10*~10° yr. in the interplane-
tary medium, where they are photoprocessed by solar-UV pho-
tons (Strazzulla et al. 2001), leading to dehydrogenation of the
IDP carbonaceous fraction. According to Strazzulla et al. (2001),
IDPs are exposed to 100 keV solar protons up to a total dose on
the order of 10—100 eV/mol. Also, neutral H is a solar wind
component. Therefore, hydrogenation by H and H*, with ener-
gies on the order of several keV, proceeds in the solar system, as
well as dehydrogenation by the solar-UV. However, unlike in the
diffuse ISM, these two processes are not necessarily in dynam-
ical equilibrium, which could account for the different degree
of hydrogenation between IDPs. Also, coagulation of IDPs into
larger bodies shielded the carbonaceous material from photopro-
cessing, inhibiting dehydrogenation.

4.2. Conclusions: A possible scenario for the birth
and evolution of IDPs in space

The structure and composition of the carbonaceous phases in
IDPs is related to the formation and evolution of this material
in space, followed by alteration during atmospheric entry heat-
ing. It is observed that the degree of order of the carbonaceous
fraction for different IDPs does not differ greatly, which might
be proof of a common origin and/or similar evolution of the car-
bon in these particles. On the other hand, the aliphatic H/C ratio
is quite diverse among IDPs, which might be due to a variable
equilibrium between hydrogenation and dehydrogenation pro-
cesses in space or to different degrees of annealing experienced
during atmospheric entry. It was found that the chemical struc-
ture of the bulk of the carbonaceous IDP component is that of
amorphous carbon (a-C), or hydrogenated amorphous carbon
(a-C:H) for particles with a significant 3.4 um infrared feature.
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This corresponds to a poorly graphitized carbon with an aro-
matic domain size between 1.1—1.6 nm (a total number of ~20
to 40 rings, depending on the particle), linked either by aliphatic
chains with N(CH,)/N(CH3) ratios varying from 2.8 to 5.5 for
IDPs containing a-C:H (Matrajt et al. 2005, this paper), or
a carbon sp*-skeleton for IDPs containing a-C. This material
presents low O/C and N/C ratios with respect to organic residues
made from ice irradiation, although thermal annealing of the
residues made from UV-irradiation of interstellar/circumstellar
ice analogs leads to a similar form of amorphous carbon. It was
shown that the observed infrared 3.4 um feature is not related to
organic species containing O and N. Instead, its shape is char-
acteristic of hydrogenated amorphous carbon (a-C:H), in agree-
ment with the Raman characterization.

Regarding the nature of the parent body of IDPs, whether
asteroidal or cometary, the carbonaceous IDP material seems to
contain a low fraction of heteroatoms (oxygen and nitrogen in
particular) compared to cometary grains. The analysis of ejected
dust during flyby missions to Comet P/Halley (Fomenkova et al.
1994; Fomenkova 1999) shows that a population of grains, about
50% of the total, contained O/C > 0.5. Recently, Kissel et al.
2004 reported low O and H contents and high N abundances
for Comet 81P/Wild 2. Despite the variability of the elemen-
tal abundances in organic cometary grains, most IDPs cannot
match the high O abundance reported for Comet P/Halley dust,
and infrared bands from functional groups containing N are gen-
erally not observed. This could indicate that IDPs are gener-
ally less pristine than cometary grains, as the latter appear to
be more like the organic residues made from ice irradiation,
with high H/C, O/C, and N/C ratios. It might be thought that
most IDPs have an asteroidal origin, in agreement with stud-
ies concerning the dynamical structure of the zodiacal cloud
(Dermott et al. 1999). However, relative to the Murchison and
Orgueil carbonaceous chondrites, IDPs show higher CH,/CH3
ratios (Matrajt et al. 2005). Thermal annealing of these particles
after leaving the parent body, especially during atmospheric en-
try, could account for the smaller amount of heteroatoms com-
pared to cometary dust, as we mimicked experimentally using
organic residues made from ice photoprocessing (Sect. 3.4.1).
This supports earlier ideas suggesting that vesicular carbons in
IDPs probably result from thermal devolatilization of organic
materials (Rietmeijer 1998).

Finally, a possible scenario for the formation and evolution
of the dominant carbon in IDPs is proposed. We discuss three
possible scenarios: the atmospheres of AGB stars, dense molec-
ular clouds, and the outer parts of circumstellar disks.

The first possibility considers that the carbonaceous mate-
rial in IDPs originated from carbon grains in the atmospheres
of AGB stars being injected into the ISM by stellar winds.
However, in this scenario, it is difficult to conceive how sil-
icate grains could accrete carbon mantles. Silicate and car-
bon grains in these regions correspond to different populations.
Additionally, the carbon grains observed toward the diffuse ISM
probably formed in the ejecta of stars (Dartois et al. 2005), and
it differs from the bulk of carbon in IDPs (Sect. 3.4.4).

The high D/H and ’N/!N ratios, associated to hydro-
carbons in the carbonaceous matrix of some IDPs, led some
authors to conclude that these particles were formed in an in-
terstellar molecular cloud environment (Keller et al. 2004, and
references therein). There is, however, a problem with the dense
molecular cloud origin of the carbon fraction of IDPs. The
3.4 um feature was not detected toward the line of sight of dense
clouds. Grains in dense clouds are irradiated by UV photons and
cosmic rays (Shen et al. 2004, and references therein) leading
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to dehydrogenation of organic species. In contrast to the dif-
fuse medium, rehydrogenation is inhibited due to the reduced
amount of atomic hydrogen available and the presence of icy
mantles covering the grains, which prevent the replacement of
the CH bonds, while their destruction by UV photons and cos-
mic rays still proceeds (Muiioz Caro et al. 2001; Mennella et al.
2001). The resulting carbon skeleton has lost the H and D. This
makes it less probable that the carbon fraction, observed in some
cluster IDPs with a high D/H content, originated in dense clouds.

The D/H and 'N/!*N enrichments, indicative of chemical
processes at very cold temperatures, should not be exclusively
associated to quiescent regions in dense clouds. The outer re-
gions of protoplanetary disks also contain ices like CO (Thi et al.
2002), H,0, CO,, and possibly NH; (Pontoppidan et al. 2005).
The DCO*/HCO* and H,D*/HJ ratios show a degree of deuter-
ation comparable to dense cloud values (van Dishoeck et al.
2003).

Icy grain mantles were presumably exposed to UV irradi-
ation at various stages of protostellar evolution, in particular
during the T Tauri phase of the Sun. UV irradiation from the
central star and interstellar UV led to a UV field orders of mag-
nitude higher than the one present in dense clouds, allowing
the irradiation of circumstellar ices and the formation of a re-
fractory organic material around silicate and carbon grain cores
(Muiioz Caro & Schutte 2003 and ref. therein).

However, grain coagulation would progressively lead to
larger particles, producing a stock of refractory organic material
that is partially shielded from UV irradiation. Turbulent mixing
of the grain material would bring it closer to the central star and
heat progressively. In the T Tauri phase, the temperature is ex-
pected to be around 300 K at 2 AU and around 500 K at 1 AU
from the central star (Markwick et al. 2002). Grain heating leads
to the sublimation of the icy volatiles, while the organic material
(rich in H, O and N) becomes a form of amorphous carbon with
a smaller amount of heteroatoms, as we observed for residues
made from ice photoprocessing (Sect. 3.4.1).

In this scenario, coagulation of the grains prevents total de-
hydrogenation of the original organic material; therefore, a frac-
tion of the original aliphatic C-D (carbon-deuterium bonds) and
bonds containing 3N are still preserved. The end result are par-
ticles composed of multiple silicate and carbon grains held to-
gether by a carbonaceous material, mainly amorphous carbon
with only a small fraction of the original organic macromolec-
ular structure, similar to IDPs. As coagulation increases, these
particles could become parts of larger bodies.

Finally, atmospheric entry heating could affect the structure
and composition of IDPs, contributing to the loss of the remain-
ing H, N, and O associated to the carbon fraction. Temperatures
of 300—400 °C are required to convert an organic residue from
ice photoprocessing into the amorphous carbon with a small
amount of heteroatoms found in IDPs. We thus need to study
IDPs that were collected prior to atmospheric entry.

We have shown that amorphous carbon is the predominant
form of carbon in the IDPs studied so far, while organic mat-
ter is only present at the percent level. At least a fraction of
the comets, like Halley, are rich in CHON particles. Therefore,
organic species of potential astrobiological interest seem to be
more abundant in some of the observed comets than in the col-
lected IDPs. This has implications for the role played by these
objects on the delivery of prebiotic species to the early Earth.
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