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Introduction:  Hydrogen isotopes systematics is a 
key proxy to trace the origin of the insoluble organic 
matter (IOM) found in primitive meteorites.  It has been 
shown that IOM found in carbonaceous chondrites is 
highly enriched in deuterium relative to H2 in the 
protosolar nebula [1]. Moreover, NanoSIMS imaging 
indicates that D-rich regions are located in micrometer-
sized “hotspots”. Fine-scale studies of the IOM 
electronic structure by electron paramagnetic 
resonance (EPR) show that organic radicals are very 
D-rich (D/H=0.015) [2]. These radicals, being 
heterogeneously distributed, could account for the 
entire deuterium excess in the D-rich hot spots [3].

One of the possible mechanisms accounting for this 
enrichment is exposure of organic molecules to UV or 
X-rays irradiation in the protosolar nebula [4, 5]. From 
an experimental point of view, De Gregorio et al. [6] 
recently showed significant D-excess in carbon-based 
polymers induced by electron irradiation. This study 
highlighted the potential influence of an ionizing 
radiation on the D/H signature of organic matter.  In 
order to capture the molecular and kinetic mechanisms 
involved in the deuterium enrichment, we carried out a 
series of electron irradiation experiments on a simple 
organic matter analogue.

Samples and methods: A polyethylene 
terephthalate (PET) polymer was used as an analogue. 
This polyester (C10H8O4)n was selected because it 
presents two distinct H-bearing moieties, with aromatic 
and aliphatic hydrogen separated by an ester group. In 
this respect it shares a major feature of the IOM: small 
aromatic groups linked by short aliphatic chains [7]. 
The PET  samples consist in 900 nm thick films (from 
Good Fellow Co.) biaxially oriented. The ionizing 
excitation was obtained by electron irradiation with a 
scanning electron microscope (SEM) at 4, 8 and 30 
keV and a transmission electron microscope (TEM) at 
300 keV. Molecular structure of irradiated samples was 
characterized by FTIR (UMET Lille) and EPR (LASIR 
Lille). Isotopic analyses were performed by NanoSIMS 
(MNHN Paris).  All characterizations but EPR were 
carried out on the same samples without any film 
handling.

Results: Irradiations have been performed with 
electron fluences between 5.1017 and 5.1018 e.cm-² on 
typically 150 µm diameter spots.  Overall, the FTIR 
absorbance of C-H and C-O bands decreases and bands 
become broader with increasing irradiation time 
(Fig1). The starting film has a semi-crystalline (30% 

maximum) structure and undergoes a protracted 
amorphization during the irradiation.  This structural 
modification is highlighted by a change of the 
bandshapes assigned to ring ester and symmetric 
glycol (respectively at 1122 and 1100 cm-1).  Such 
amorphization has been recently observed during TEM 
irradiation for kerogens [8].  More importantly, our 
experiments show that new chemical groups such as 
quinones, are formed during irradiation. Interestingly, 
such groups have been previously observed as products 
from PAHs exposure to UV particles [9].
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Figure 1. FT-IR signature as a function of time for a 
PET film irradiated with SEM (30 KeV).

 The preliminary EPR results (for irradiation at 30 
keV for 30, 60 and 90 minutes) demonstrate the 
presence of several types of paramagnetic radicals. 
Monoradicals (species with a spin state S=1/2 ground 
state) appear at moderate fluence and their 
concentration increases with time. At higher electron 
fluence (around 5.1018 e.cm-²),  biradicals (S=1 ground 
state) are detected, a significant proportion of which 
might  be biradicaloids (S=0 ground state and thermally 
accessible S=1 state), a function found to be a unique 
feature of extraterrestrial IOM [2]. Additional EPR 
analyses will be performed to confirm their presence.

NanoSIMS data show two successive time-
dependent stages (Fig.2).  At moderate fluence, a 
significant depletion in deuterium is systematically 
observed. The extent of the depletion may depend on 
the electron energy with δD values ranging from -180 
(±31)‰ to -485 (±11)‰ (between 30 et 300 keV). This 
initial deuterium depletion is then followed by 
continuous deuterium enrichment up to an asymptotic 
value of 350 (±100)‰. Here, this ‘final’  value does not 
depend on the electron energy. Nevertheless, the time 
needed to reach this asymptotic value is shorter for 30 
keV than 8 keV (Fig. 2). The trend for TEM (300 keV) 
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could be similar to the trend for SEM, but additional 
experiments are required to conclude. 

Figure 2. δD as a function of time for a PET film 
irradiated in SEM and TEM.

Discussion: The combined results of FTIR, EPR, 
and NanoSIMS demonstrate that electron irradiation 
both induces a protracted modification of the PET 
molecular structure and a variation of the D/H. These 
data can allow us to propose a model linking structural 
and isotopic evolution upon irradiation. It is 
noteworthy that at moderate fluence,  the band position 
of quinones is slightly shifted toward high 
wavenumbers,  which is conventionally interpreted as 
the consequence of the hydrogenation of quinone 
functions (hydroquinone) [11]. At higher fluences, this 
shift tends to vanish, indicating the dehydrogenation of 
hydroquinones to form ‘real’ quinones. Our FTIR data 
therefore suggest that irradiation induces first the 
formation of hydroquinones, that later decay into 
quinones. In this scenario,  free radicals quantified by 
EPR are coupled with the dehydrogenation produced 
during the second step and are then concentrated over 
time.

This two-step mechanism may also account for the 
isotopic signature of irradiated polymers as shown 
from the excellent correlation between δD and the shift 
of the quinone band (Fig. 3).  Assuming a faster (and 
potentially higher) reactivity of protium to bind to 
aromatic cycles and form hydroquinones,  the 
deuterium depletion measured at low fluence would 
then characterize the formation of hydroquinones. This 
may be understood as a kinetic process during the 
interaction between forming hydroquinones and the 
hydrogen plasma produced by irradiation. In a second 
step, these O-H bonds break under irradiation. As they 
are preferentially D-depleted, the overall D/H of the 
polymer increases to reach a plateau when 

hydroquinones are converted into quinones(Fig.3). In 
the meantime, irradiation yields a continuous 
enrichment of the solid residue in deuterium relative to 
the plasma as the energy required to break a C-D bond 
is higher than for C-H bonds. There is therefore a 
competition between the direct effect of irradiation that 
promotes the formation of D-rich solid organic matter 
and the indirect effect of hydroquinone formation that 
kinetically tends to concentrate H-bearing groups. 

Conclusion: Our results provide the first evidence 
that irradiation promotes the formation of biradicals, 
and possibly biradicaloids, found to be a unique 
signature of extraterrestrial IOM. It also shows that 
(hydro)quinone formation is probably related to the 
strong modification of the D/H ratio of the IOM. It 
indicates that D-depleted coldspots [3] may also 
indirectly result from irradiation processes that 
catalyze the formation of hydroquinones or similar 
functions. 
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Figure 3. δD as a function of the quinone band shift 
relative to the theoretical position, for PET films 
irradiated in SEM and TEM.

References:[1] Robert F. and Epstein S. (1982) GCA, 
46, 81-95.[2] Delpoux O. et al. (2010) GCA, 75, 326–
336. [3] Remusat L. et al.  (2009) ApJ, 698, 2087-2092.
[4] Robert F.  (2002) PSS,  50, 1227-1234.[5] Glasshold 
A. et al. (2000)Protostars and Planets IV, 429-455. [6] 
De Gregorio B. et al. (2010) GCA, 74,  4454-4470. [7]
Derenne et Robert (2010) Meteoritics&Planet. Sci.,45, 
1461-1475.[8] Le Guillou C. et al. (2012) Icarus (in 
revision).  [9] Bernstein M. et al.  (1999) Science, 283, 
1135-1138.[10] Binet L. et al. (2004) GCA,  68, 
881-891.[11] Stevenson J. (1994) Humus Chemistry: 
Genesis, Composition, Reactions. Wiley & Sons Inc. 

-550

-367

-183

0

183

367

550

0 1500 3000 4500 6000

δD
 (‰

)

time(s)-550

-310

-70

170

410

650

0 1500 3000 4500 6000

δD
 (‰

)

time(s)

1536.pdf44th Lunar and Planetary Science Conference (2013)


