Chapter 15
EPR of Primitive Organic Matter: A Tool
for Astrobiology

Didier Gourier, Laurent Binet and Hervé Vezin

Abstract Insoluble organic matter (IOM) conserved in ancient sedimentary rocks
and in carbonaceous meteorites can reveal valuable information about the origin
of Life on Earth and on the birth of the Solar System, respectively. These IOMs
are also reference materials for the search for possible organic traces of extinct life
on Mars. The combination of continuous-wave and pulsed EPR of the radicals in
IOM provided several markers distinguishing these materials and related to their
histories. For terrestrial IOM, the EPR linewidth of the radicals is mostly deter-
mined by unresolved 'H hyperfine interactions for IOM younger than 2500 million
years (H-rich), and by dipolar interactions for older (H-depleted) IOM. The age
of very primitive IOM could be estimated through the lineshape, which continu-
ously evolves from Lorentzian to stretched Lorentzian upon ageing due to a change
in the dimensionality of the radical spatial distribution. Nuclear spins within or
near the radicals and the hyperfine interactions probed by pulsed EPR (through
ESEEM and HYSCORE sequences) clearly distinguish meteoritic from terrestrial
IOM. Radicals in meteorites are massively enriched in deuterium compared to ter-
restrial radicals, as a result of specific deuterium enrichment processes in the outer
early Solar System. Meteoritic and terrestrial [OMs are also distinguished by the
isotropic vs dipolar relative contributions in the 'H hyperfine interactions and by
the *C/'H HYSCORE signal ratio. Strong *'P and "N HYSCORE signals were
detected in terrestrial IOM, which point to possible P and N rich biological precur-
sors. The spin states of the radicals could also be determined either indirectly from
the temperature dependence of the EPR intensity or directly by transient nutation
spectroscopy. Meteoritic IOM, in addition to S=1/2 radicals, specifically contains
species with either triplet ground state or thermally excited triplet states, which are
lacking in terrestrial IOM.
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15.1 Introduction

Astrobiology makes use of all scientific disciplines to study life in the universe,
including the origin of life on Earth, and the origin of the organic matter in the
Solar System. All the planets and the Sun appeared 4560 million years (Myr) ago.
It is generally agreed that life appeared rapidly on Earth, when ocean tempera-
ture decreased to about 80°C [1, 2]. The main steps in history of Earth and its
biosphere are schematized in Fig. 15.1. Although life emerged probably around
4000-3800 Myr ago, the most ancient putative traces of life on Earth are record-
ed in the form of carbonaceous microstructures fossilized in silicified sediments
(cherts) deposited in ~3500 Myr-old seas. Although there is no doubt that the most
primitive life was microbial in nature, the interpretation of these remains are com-
plicated by the fact that very ancient rocks have often been subjected to high tem-
peratures and (or) pressure (metamorphism). Also, even when sedimentary rocks
are well preserved and have been subjected only to a moderate metamorphism,
which is the case with several geological formations from Pilbara in Australia and
Barberton in South Africa, the interpretation of these remains is further complicat-
ed by the possibility of more recent contaminations by endolithic microorganisms,
weathering, hydrothermalism etc... [3-5]. In addition to this “syngeneity” prob-
lem, another important question is that of “biogenicity”. As very ancient rocks are
concerned, a part of the organic matter may be of chemical origin, such as decom-
position of carbonates for example [6], or also of extraterrestrial origin (carbona-
ceous meteorites, interplanetary dust particles, comets). These extraterrestrial ob-
jects, which are among the most primitive of the solar system (4560 Myr), contain
a significant amount of carbonaceous matter similar to that of terrestrial kerogens
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[7]. Earth and Mars were intensively bombarded during the early history of the
solar system (Fig. 15.1), so that considerable amounts of organic carbon have
been deposited on these planets [8], with a fraction of it possibly fossilized in ma-
rine sediments. Although the meteoritic bombardments at the epoch of the most
ancient preserved carbonaceous fossils on Earth (~3500 Myr) were much weaker
than during the “Late Heavy Bombardment” event that occurred approximately
4100 to 3800 Myr ago, the possibility for extraterrestrial organic matter to be pre-
served in sediments is highly relevant for the search of fossilized organic carbon
on Mars [9]. This is because the major part of this organic matter is exceptionally
stable and for this reason is called Insoluble Organic Matter (IOM) in the geologi-
cal literature. It would thus resist over geological timescales even under the harsh
Martian surface conditions [9]. In the case of any possible discovery of organic
matter preserved in the oldest Mars sediments, it would be crucial to assess its
origin. Indeed, Early Mars was warmer and wetter during Noachian (Fig. 15.1),
and it had sufficient water to fill impact craters and to give a small sea covering
its northern hemisphere [10], in which both extraterrestrial IOM and IOM from
fossilized microorganism could be preserved. The problematic is the same for the
IOM of primitive Earth sediment, and the biologic origin of the most primitive
fossilized carbonaceous microstructures has been vehemently debated in recent
years [0, 11-13]. For all these reasons, it becomes of primary interest to develop
non invasive techniques that will allow to detect biomarkers of primitive life in
the fossil carbonaceous matter, and to assess its syngeneity with the host rock.

Also, in addition to their possible role as a source of organic matter on Early
Earth, carbonaceous meteorites can be considered as fossils of the Solar System
birth, 4560 Myr-ago. They come from parent bodies with size of the order of tens
of kilometers, which were too small to undergo differentiation by partial melting.
For this reason their elemental composition is the same as Sun except the most
volatile elements. These parent bodies were heated by radioactive decay of short
live radionucleides, giving variable degrees of aqueous alteration and thermal meta-
morphism [14, 15]. Despite these modifications which occurred after the accretion
of the parent body, the IOM retained molecular and isotopic signatures of the pre-
accretionary history in the protosolar nebula, or before the formation of this proto-
solar nebula (ie before 4560 Myr) [16—18].

Among all the possible spectroscopic methods to study the primitive IOM in the
context of the origin of life, Raman spectroscopy is one of the most emblematic
one, since its first use in paleobiology in the seventies [19, 20]. This technique
is now sufficiently mature so that ESA/NASA ExoMars planetary mission (pro-
posed for launch in 2018) will contain a miniaturized Raman spectrometer [21].
However, in addition to some pitfalls such as autofluorescence and laser heating
of IOM by the incident laser beam, the latter is highly absorbed by the brown
or dark rocks containing carbon (usually cherts), so that Raman spectroscopy is
limited to the surface, and 3D Raman hyperspectral imaging is limited to depth
smaller than 20 pm in samples [20]. In the perspective of combining complemen-
tary techniques for the analysis of fossilized IOM, EPR spectroscopy presents
interesting characteristics that are not shared with other techniques. In particular
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the radiation-matter interaction involved in magnetic resonance being of magnetic-
dipolar nature (compared with electric-dipolar interaction for other spectroscopic
techniques), the microwave radiation-interaction is so weak that the bulk rather
than the surface of the sample is probed with EPR spectroscopy. In this chapter, we
focus on the primitive Earth’s oldest rocks containing IOM, and on IOM from car-
bonaceous meteorites. The rather good combination of sensitivity, spectral resolu-
tion and selectivity of EPR is well adapted to the identification of markers for the
origin and the age of biogenic and extraterrestrial IOM. It is important to note that
EPR in such Astrobiological context is only emerging, so that considerable work
remains to be done before reaching an EPR’s maturity equivalent to that of Raman
spectroscopy. It is worth noticing that EPR of transition metal ions can also be used
to search for biosignatures of the origin of life [22, 23], however this aspect of EPR
is not treated in the present chapter.

15.2 EPR of IOM in the Context of Origin of Life

The insoluble organic matter (IOM), which corresponds to the definition of
kerogens in contrast with extractable organic matter, is the form of mature car-
bonaceous matter that is preserved in ancient sedimentary rocks, such as coals
for example [24]. Also, the IOM present in carbonaceous meteorites is often
described as “kerogen-like” [7]. Only kerogens originating from the evolution
of biological materials are relevant in the context of the origin of life on Earth
and the search for traces of extinct life on Mars. Moreover these materials must
be clearly distinguished from kerogens originating from chemical origin, such
as Fischer-Tropsch reactions or decarbonatation of carbonate minerals, and also
from interplanetary delivery. During evolution at geological timescales, the or-
ganic matter is subjected to cracking and aromatization-condensation reactions,
with the progressive elimination of functional groups (H,O, CO,, ...) and link-
age between aromatic molecules, leading to an increasing stacking of aromatic
sheets [24]. This evolution manifests itself by a decrease of O/C ratio (diagenesis)
followed by a decrease of H/C ratio (catagenesis), giving a disordered carbona-
ceous network made of more or less branched, stacked and disoriented aromatic
domains with sizes corresponding to less than ten fused rings. The next stage
(metagenesis) corresponds to an increase of the size of aromatic stacks, with a
further release of CO,, CH,, N, etc. Paramagnetic radicals are formed during this
geological evolution, giving a single EPR line growing up during catagenesis
(radical formation) and then decreasing during metagenesis (radical condensa-
tion). This transition occurs at H/C~0.5 in the case of coals [25]. At the molecular
scale, this evolution corresponds to a progressive loss of memory of the biological
origin of this material. In the case of Archean cherts, identification of the biologi-
cal precursors syngenetic with the sediment formation is complicated due to pos-
sible organic contaminations during the formation of sediments (interplanetary
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Fig. 15.2 Evolution of biological matter in sediments deposited in an Archean sea, including
bacterial and abiotic contamination

material, abiotic IOM) or long after, by endolithic bacteria for example. All this
evolution is schematized in Fig. 15.2.

In the case of Precambrian cherts, with ages ranging between ~3800 Myr and
540 Myr (Fig. 15.1), the IOM is generally very well preserved in microcrystalline
siliceous rocks (cherts). In all cases, the EPR signal is a more or less symmetrical
line at nearly free electron spin g-value. In this field range the signal is often
superimposed to signals of defects and impurities of the mineral matrix, such
as Fe'"', VO, E’ centres and Al_° centres in SiO, (in Kroger-Vink notation) [22,
26]. At room temperature and at X-band, the EPR signal of radicals in IOM is
superimposed with the g, component of E' centre of the chert. This centre can be
detected selectively by recording the signal 90°-out-of-phase with the modulation
(Fig. 15.3a). The E’ centre spectrum can then be subtracted from the in-phase
spectrum to give the pure IOM spectrum. In the case of carbonaceous meteorites,
which contain a large fraction of magnetic minerals, the EPR spectrum is domi-
nated by a broad (~130 mT) ferromagnetic resonance (FMR) signal, which masks
the weak IOM signal [27]. The latter can be observed by isolating the [OM from
the mineral matrix by a demineralizing treatment with concentrated HCI [28].
An example of EPR signal of IOM extracted by HF-HCI treatment of Orgueil
and Murchison meteorites is given in Fig. 15.3b, where the narrow IOM line
is superimposed to a broad and distorted FMR signal due to residual magnetic
minerals [29].

Despite the single line character of the EPR spectrum of primitive IOM, a lot of
information can be obtained (a) from the cw-EPR spectrum, such as g-factor, line-
width, lineshape, magnetism, (b) from analysis of the unresolved hyperfine interac-
tion by using ENDOR or pulsed EPR methods, and (c) from direct measurement of
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electron spin states by nutation spectroscopy. All these data give information on the
evolution stage of the IOM, its age and its origin as developed in next sections of
this chapter (Table 15.1).

15.3 g-Factor and EPR Linewith

15.3.1 IOM of Meteorites

Curiously, it has been often argued that the abiotic IOM of carbonaceous meteorites
is chemically similar to terrestrial type III kerogens [7], which are of biological
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Table 15.1 Relation between EPR parameters and astrobiological information

Parameter Method Structural information | Astrobiological
information

Linewidth cw-EPR H/C, radical concentra- | Evolution of IOM,

tion, disorder metamorphism

g-factor cw-EPR O/C and H/C of IOM | Evolution and alteration
of IOM

Lineshape cw-EPR Spatial distribution of | Evolution and dating of

radicals 1OM

Intensity /=1£(T) cw-EPR Magnetism Origin of IOM
(Earth versus
interplanetary)

Electron spin Nutation Structure of aromatic | Origin of IOM

value (S) spectroscopy radicals (Earth versus
interplanetary)

'H and 3C hf HYSCORE Aliphatic branching of | Origin of IOM

interaction (ESEEM) IOM radicals (Earth versus
interplanetary)

3Ip 14N, ... hf HYSCORE Presence of Biosignatures

interaction (ESEEM) heteroelements

’H hf interaction HYSCORE D/H ratio Origin of protosolar

(ESEEM) organic matter

origin! Based on their O/C and H/C ratio, terrestrial kerogens are classified in three
types I, II and II1. Kerogen type II originates from planktonic precursors deposited
in open marine and fresh-water lacustrine environment, while type III originates
from higher terrestrial plants deposited into lacustrine or marine settings [24]. Kero-
gen type I is due to different types of precursors in different sediment environments.
As g-factor reflects the presence of heteroelements (mainly O) in the vicinity of
radicals, it is closely related to the maturation degree of the IOM, reflected by its
O/C and H/C ratios. Figure 15.4 shows variation of the g-factor versus O/C and
H/C in kerogens of different origins [30], compared with data (in red) from Orgueil,
Murchison and Tagish Lake meteorites [29, 31]. It appears that the similarity based
on average chemical composition is also true for the environment of organic radi-
cals. However it must be stressed that this similarity does not mean that protosolar
IOM preserved in meteorites is of biological origin! It only indicates that radicals
in abiotic IOM that preceded Earth and its life are of the same nature as radicals
formed during maturation of IOM of biologic origin. The similarity of EPR lines
and their g-factor for abiotic IOM (protosolar, 4500 Myr-old) and biogenic IOM
clearly emphasizes the difficulty to find biosignatures of primitive life from the
single EPR line of organic radicals.

15.3.2 IOM in Primitive Sedimentary Rocks

The complex evolution during geological timescale of the IOM fossilized in sedi-
mentary rock can be studied by considering kinetics that controls the maturation
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Fig. 15.4 g-factor versus O/C (a) and H/C (b) for radicals of IOM from Orgueil, Murchison and
Tagish Lake meteorites (from refs [29] and [31]) compared with data from 31 type III kerogen
samples of different origins (a, grey area, after ref [30]), and data for types I, II and III kerogens
(b, dashed lines, from ref [25])

of kerogens, which is thought to be a first order kinetics [32, 33]. The amount of
radicals N, created at time ¢ is proportional to N, , e< Aexp(—kt) , with the kinetic
constant given by:

Ea
k:Ae"p(_ T) (15.1)

where 4 is the collision constant (s') and E the activation energy of maturation
reactions. The intensity of the EPR line produced in IOM depends on both time and
temperature N (# T). This implies that the same amount of radicals, ie the same
maturation stage can be formed by using two different time-temperature couples
(t,, T) and (¢,, T}) [34]:

E E
fexp| ——*= | =t exp| ——*
kT, kT, (15.2)

This points out that ~1000 Myr at room temperature creates as many spins as 5 min
at 670 °C. According to Eq. 15.2, an accelerated evolution of the IOM along geolog-
ical timescale can be experimentally observed by step annealing treatment of cherts
considered as very recent compared to the birth of Earth (4500 Myr). Figure 15.5
shows the evolution of EPR parameters of two cherts (396 and 45 Myr-old, respec-
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tively) upon cumulative step annealing treatments (15 min at each step) from room
temperature to about 800 °C [26]. Four domains can be distinguished. In domain I,
temperature is too low to produce significant variations of EPR parameters. Domain
II corresponds to a decrease of the g-factor, reflecting a loss of oxygen in the form
of H,0 and CO,. This evolution is thus characteristic of diagenesis reactions ob-
served on coals [25]. In domain 11, the sharp decrease of the linewidth indicates a
hydrogen loss and a significant increase of the amount of radicals. Indeed, as shown
by spin echo experiments (see Sect. 15.5), the EPR linewidth is due to unresolved
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hyperfine structure with "H nuclei of the IOM. Consequently, domain IIT can be
related to catagenesis [24]. Finally, the high temperature domain IV is character-
ized by a constant linewidth and a decrease of the number of radicals, due to the
condensation of aromatic groups observed in metagenesis [24].

Accordingly, EPR of IOM radicals in cherts of different geological ages will
reflect the degree of evolution of this IOM. This is illustrated on Fig. 15.6, which
shows the variation of the peak-to-peak linewidth AB of the IOM line in cherts
with ages ranging from 2.9 Myr to ~3500 Myr [26]. According to Fig. 15.5, the
decrease of AB with increasing age for Phanerozoic and Proterozoic cherts is due to
the progressive hydrogen loss observed in domain III. However, for Archean cherts,
which should correspond to domain IV, AB exhibits a broad distribution which can-
not be due to a distribution of H/C ratio, as shown below by the lack of 'H signal in
HYSCORE spectra. It was found that in Archean IOM, the linewidth increases with
the metamorphism of the rocks (yellow, green and blue symbols in Fig. 15.6). This
indicates that the origin of line broadening of Archean IOM lines is different from
the hyperfine broadening which characterizes Proterozoic and Phanerozoic cherts.
However the observation of spin echoes (see Sect. 15.5 below) shows that the EPR
lines are still inhomogeneously broadened, so that a broadening due to dipolar in-
teractions between neighboring radicals appears the most likely for Archean IOM.

With this mechanism, the EPR linewidth in domain IV of Archean cherts is driv-
en by the R~ dependence of dipolar interactions between unpaired electron spins of
radicals. Statistical theory predicts that the peak-to-peak linewidth of a Lorentzian
line in a magnetically diluted spin system is related to the spin concentration N
by [35]:
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AB = 9 gBN =8.12x107'N

(15.3)

with N in cm™ and AB in mT. As domain IV of the IOM evolution corresponds to
a condensation of aromatic groups with a decrease of N, the fact that AB increases
by a factor 5—7 shows that the surviving radicals concentrate in the form of shallow
aggregates with local concentrations N, > N. These aggregates of radicals are prob-
ably localized in the boundary between ordered aromatic domains [36].

The EPR linewidth of IOM radicals in carbonaceous meteorites are shown in red
in Fig. 15.6. Although these meteorites are among the most ancient objects of the
solar system (4560 Myr), AB in the range 0.4—0.6 mT is the signature of a signifi-
cant hydrogen content, in agreement with chemical analyses and with HYSCORE
results shown in Sect. 15.5. These important hydrogen contents indicate that the
parent bodies of these meteorites (which were destroyed by impacts shortly after
their formation, giving meteorites) did not suffer from pronounced thermal epi-
sodes.

In principle, Fig. 15.6 shows that the EPR linewidth could give information on
the evolution stage, and thus the age, of the fossil IOM. However this diagram must
be used with caution because a linewidth AB<0.3 mT can correspond to two dif-
ferent periods (Proterozoic and Archean). For example, a 3500 Myr-old Archean
chert containing fossil IOM with AB=0.3 mT corresponds either to bacteria fossil-
ized 3500 Myr ago (syngenetic IOM) or to endolithic bacteria that lived in the rock
~500-700 Myr later (contamination). To assess syngeneity of the IOM (i.e dating
IOM with respect to the host rock), we need a parameter which varies monotoni-
cally with the age of IOM.

15.4 Dating Primitive IOM by the EPR Lineshape

EPR spectra of IOM trapped in ancient sedimentary rocks and in carbonaceous
meteorites are always characterized by a single symmetrical line with nearly free
electron spin g-value. After considering the evolution of the linewidth in Sect. 15.3,
we consider in this section the evolution of the lineshape, which exhibits three dif-
ferent types: Lorentzian, Lorentzian with Gaussian character, and stretched Lo-
rentzian characterized by tails falling-off more slowly than pure Lorentzian. Four
limit cases of lineshapes are shown in Fig. 15.7, where the magnetic field axis is
normalized with respect to g-factor and linewidth. We observed that the lineshape
varies continuously from Lorentzian-Gaussian to Lorentzian and to stretched Lo-
rentzian with increasing stretching upon increasing age of the IOM of cherts [26].
Despite the fact that narrow Lorentzian-type EPR lines are generally associated to
motional narrowing (in liquid) or to exchange narrowing (in solids) and are thus
homogeneous [37], EPR lines of primitive IOM (cherts and meteorites) always give
spin-echoes modulated by hyperfine interactions (ESEEM effect). This shows that
EPR lines of IOM are inhomogeneously broadened by dipolar interactions [38, 39].
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The most detailed analysis of magnetic resonance lineshape of a diluted spin
system randomly distributed in solid state has been given by Fel’dman and Lacelle
[40]. They showed that the relaxation function G, (¢) of the diluted spin system has
the general form:

G,(t)= Bexp(—at”") (15.4)

For electron spins, this function describes the decay with time ¢ of the spin mag-
netization perpendicular to the magnetic field, after an infinitely short microwave
pulse. Constant a depends linearly on the spin concentration, and D is the dimen-
sionality of the spatial spin distribution, with D=1 for a linear distribution, D=2 for
a distribution in a plane, and D=3 for a distribution in a volume. The EPR line is
the first derivative of the Fourier transform of G, (¢). The classical Lorentzian line-
shape corresponds to the case D=3. The lower-dimensional distributions (D <3)
give stretched Lorentzian. However there is no analytical expression for these line-
shapes, which can only be calculated numerically. The two stretched Lorentzian
shapes shown in Fig. 15.7 correspond to the limiting cases D=2 and D=1 (the most
stretched line). In order to quantify the stretching character of EPR lines, it is more
convenient to use a system of coordinates (X, Y) given by:

BO _Brev ’
. A B _B 1/2
and: Y=f(X)= 20" D (15.6)
F(BO - Brz’s) AB

where B, B, and 4,, are the applied magnetic field, the field at the center of the
line and the peak-to-peak amplitude, respectively. The function F(B,— B ) repre-
sents the field derivative of a Lorentzian or a Gaussian absorption line. In this rep-
resentation, the Lorentzian lineshape is represented by a straight line of equation:
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and the Gaussian lineshape is represented by an increasing exponential:
1
Y:exp(X—Z) (15.8)

Stretched Lorentzian lineshapes are given by the (Y, X) representation of the first
derivative of the Fourier transform of expression 15.4 with D=2 and D=1. The four
limit cases of EPR lineshapes in this representation are shown in Fig. 15.8a.
Experimental spectra can be represented in this scheme by using Eq. 15.6 where
F(B,—B,,) is measured from experimental points. The case of a 1880 Myr-old
chert (Gunflint, Ontario, Canada) and a ~3500 Myr-old chert (Dresser Formation,
Warrawoona Group, Australia) are given in Fig. 15.8a and b, respectively. We
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Fig. 15.9 a Variation of the lineshape factor R, with the age of Precambrian chert samples (red
symbols). Data for the IOM of three meteorites are given for comparison. b Black symbols and
bottom abscissa represent the variation of R, versus step annealing temperature for the 45 Myr-
old Clarno chert (open diamonds) and for cyanobacteria (full diamonds). Red symbols and top
abscissa represent the data of a for comparison. Adapted from [41] by permission from Mary Ann
Liebert (2013)

quantified the experimental lineshape by defining a lineshape factor R, given by
(adapted from ref [26]):

Ry =[O0 -7, 00)ax (15.9)

where f,(X) represents the Lorentzian line (Eq. 15.7). This lineshape factor corre-
sponds to the algebraic surface between the experimental spectrum f{X) and the Lo-
rentzian line f,(X) (Fig. 15.8b). Integration is limited to X=10 in Eq. 15.9 because
in most case, the signal-to-noise ratio becomes too low for X>10, so that the inte-
gral may not converge for X—oo. The R, factor is equal to 0 for a Lorentzian line,
and any Gaussian or stretched Lorentzian character of the EPR line gives R,,>0 or
R,,<0, respectively. For the limit case of diluted electron spin system without hy-
perfine broadening by 'H nuclei, the limit values of R, are R,,=0, —1.78 and —2.95
for dimensionality of the spin distribution D=3, 2 and 1, respectively. Details of
data processing are given in [41].

R,, factors measured for a collection of Precambrian cherts coming from Chi-
na, Canada, Australia and South Africa are shown in Fig. 15.9a [41]. It appears
that the EPR line is nearly Lorentzian around 2000 Myr (Proterozoic), with a clear
stretched character for Archean cherts. This indicates that the electron spins are
homogeneously distributed (D=3) in the IOM around 2000 Myr, and acquire a low
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dimensional distribution (2>D>1) for Archean IOM (2500-3500 Myr). In order to
get further insight into this effect, accelerated ageing experiment were performed
by cumulative step annealing treatment as described above (Fig. 15.5) on a 45 Myr-
old chert (Clarno Formation, Oregon, USA) containing a variety of fossil remains,
and on cyanobacteria microcoleus chtonoplastes collected in the lake “La Salada
de Chiprana” (Spain) [36]. The evolution of R factor with temperature for these
two samples is shown as black symbols in Fig. 15.9b. Data below ~500 °C are not
reported because the poor signal-to-noise ratio at lower temperature introduced too
much error in R, data processing. It appears that upon increasing step annealing
temperature, R, decreases linearly from R, ~3 (Lorentzian with Gaussian charac-
ter) to 0 (Lorentzian, D=3) and next to negative values corresponding to D=2 and
D=1 for stretched Lorentzian [41]. The variation of R,, with age of Fig. 15.9a is
also reported in Fig. 15.9b (red symbols, upper abscissa in Log scale). The tempera-
ture (7)-age (A) correlation (black line) corresponds to the following equation [26]:

7( C)=3531og A—2650 (15.10)

with 4 in years. This evolution shows that R, varies continuously and not by steps
as could be suggested by data of Fig. 15.9a. The positive R, values of IOM younger
than ~1500 Myr (step temperature T<~600 °C in the 7-4 correlation) corresponds
to domain III in Fig. 15.5, where the line narrowing is due to hydrogen loss. This
shows that the decreasing Gaussian character in the R, variation is due to a de-
creasing unresolved hyperfine interaction with hydrogen nuclei. The Lorentzian
shape observed around 2000 Myr indicates that radicals (small aromatic groups) are
magnetically diluted and homogeneously distributed in the [OM. For Archean IOM
(2500-3500 Myr), corresponding to step annealing temperatures 7>~620 °C), the
decreasing dimensionality of the spin distribution from D=3 to D=1 corresponds
likely to the increasing size and increasing linkage of aromatic groups. This pushes
the unpaired electron spins on the edges of these disordered aromatic networks, giv-
ing a bidimensional character to the spin distribution. Upon increasing ordering of
these aromatic networks, leading to large aromatic sheets, defects become distrib-
uted along more or less linear edges, giving an apparent pseudo D=1 spin distribu-
tion. All this evolution of R, , from 0 to negative values corresponds to domain IV in
Fig. 15.5. With the help of the age-temperature correlation, we obtain the following
expression for the variation of R, factor with the age of the [IOM [41]:

R,=alogd +f (15.11)

with 4 in years and @ = —=9.0 £ 0.3 and 8 = 83.0 £ 2.9 . Expression 15.11 may
be useful to assess the syngeneity of the IOM with respect to the host rock. For
example if bacteria were fossilized in sediment of a 3500 Myr-old sea, we expect
an EPR line of IOM with R ;=—2.9. Let us now consider a chert dated 3500 Myr
by isotopic methods on minerals and giving an EPR line of IOM with R, =+1, this
strongly suggests that this [OM originates from endolithic bacteria that contami-
nated the rocks ~1200 Myr later, ie during Lower Proterozoic 2300 Myr ago.
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It is interesting to note that IOM from carbonaceous meteorites, formed during
the condensation of the protosolar nebula 4560 Myr ago, have an EPR lineshape
factor R, strictly equal to O (purely Lorentzian line), as shown in Figs. 15.3b and
15.9a. This is clearly related to the different history of the IOM in terrestrial and
extraterrestrial conditions. In the first case, the evolution is governed by thermally
activated processes, which can be even accelerated during metamorphic events. Ex-
traterrestrial IOM has been submitted to very low temperature during the major
part of its existence, to aqueous alteration when the radioactivity was sufficiently
high to allow liquid water to circulate in the parent body, and to high flux of cosmic
radiations from the Sun and the galaxy. The g-factor (Fig. 15.4) and the linewidth
(Fig. 15.6) for meteoritic [OM are the signatures of high O/C and H/C ratios, indi-
cating a low maturity, while the R ,=0 (Fig. 15.9a) is the signature of small aromatic
radicals distributed in the volume of the IOM. These results for IOM radicals agree
with 3C NMR, FTIR, XANES, HRTEM and pyrolysis methods of meteoritic IOM,
which give the image of a disordered [OM made of a network of small polyaromatic
groups linked by highly branched and short aliphatic groups [42]. Despite these dif-
ferences between meteoritic [IOM and biogenic IOM fossilized in Archean cherts,
it appears likely that any meteoritic input into the organic materials preserved in
Archean sediments would be submitted to the same conditions of temperature as
biological remains, so that the structure of the final IOM and the corresponding
EPR spectra should be undistinguishable. In the perspective of searching for the
origin of life on Earth and traces of extinct life on Mars, it is important to identify
EPR markers which could discriminate biogenic IOM and IOM originating from
an interplanetary input. As shown in the next section, such markers can be obtained
from the hyperfine (hf) interaction between the unpaired spins and magnetic nuclei
of radicals and their surroundings.

15.5 Searching for Nuclear Spin Signatures

Elements with spin /=1/2, such as Hydrogen 'H (99.985%), *C (1.11%), "N
(0.366 %) and 3'P (100 %), or with spin /=1, such as deuterium *H (0.0148 %, also
noted D) and N (99.63 %), can be present in IOM radicals or in their neighboring.
Numbers in parenthesis are the natural abundances on Earth. However these abun-
dances are generally different in extraterrestrial IOM. Hyperfine interaction (and
quadrupolar interaction for nuclei with spin>1) is sensitive to the nature of chemi-
cal bond, the structure of electron ground state and to electron-nuclei distances, and
thus gives direct information on the structure of IOM radicals. Also, the presence of
particular heteroelements, of specific C—H bonds and isotopic compositions reflect
the history of the IOM. This memory of the origin and evolution of IOM is recorded
in the unresolved hf interactions, which can be measured by ENDOR and by pulsed
EPR methods. Methods based on Electron spin echo envelope modulation (ESEEM)
effect are well adapted to the very disordered and complex structure of IOM, because
ESEEM allows the detection of all types of isotopes, and is particularly sensitive to
those with small magnetic moment [43]. We used the two-dimensional version of
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Fig. 15.10 a Pulse scheme for the HY SCORE experiment, b Schematic representation of a hypo-
thetical branched polyaromatic fragment in IOM. The unpaired electron delocalized over the
aromatic network is represented by an arrow. Three types of hydrogen atoms are distinguished:
distant hydrogen (H,), “benzylic” hydrogen (H,) and aromatic hydrogen (H,). The corresponding
HYSCORE spectra are schematized on the right

4-pulse ESEEM, referred to as Hyperfine Sublevel Correlation (HY SCORE) meth-
od, corresponding to the pulse sequence shown in Fig. 15.10a [43, 44]. A first /2
pulse that creates electron spin coherences, is followed by a second ©/2 pulse after
waiting time 7 which transfers the coherence to neighboring nuclear spins. A third
n pulse after time ¢, introduces correlations between m, states of the two m_ states,
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and these nuclear correlations are transferred back to electron spins by a m/2 pulse
after time ¢,, generating a spin echo after time 7. Waiting times ¢, and ¢, are varied
stepwise at constant 7. The resulting two-dimensional set of echo modulations gives,
after Fourier transform, a two-dimensional HY SCORE spectrum.

To illustrate the kind of information that can be obtained from hf interaction,
let us consider in Fig. 15.10 a hypothetic polyaromatic radical, with the unpaired
electron spin delocalized on a n-type molecular orbital made of carbon 2p, orbitals
(z perpendicular to the aromatic plane). The 2p orbital on i carbon on the edge
of polyaromatic radical bears an electron spin density p,. Owing to the extremely
disordered character of IOM, where polyaromatic groups may exhibit various sizes
and shapes, and a variety of aliphatic branching, a rigorous interpretation of HY-
SCORE spectra is a difficult task. Whatever the size and shape of the polyaromatic
group, the radicals always contain three main types of hydrogen atoms depending
on their distance from the edge carbon atom C;: (i) aromatic hydrogen (noted H,)
which are directly bonded to this carbon, (ii) hydrogen atoms in benzylic position
(noted H,) in an aliphatic group linked to this carbon, and (iii) more distant hy-
drogen atoms (noted H,). From the point of view of 'H hyperfine interaction, the
polyaromatic radical can thus be considered as an association of C-H, fragments
and C-R fragments, with aliphatic groups R=C(H,),-R’ or CH,(R"), or C(R’),, with
carbon C, bearing an electron spin density p,. Distant hydrogen atoms H, are local-
ized in R’ fragments or in neighboring polyaromatic units. For a given H atom,
nuclear modulation of the spin echo gives peaks located on (or close to) the ridge
perpendicular to the diagonal of the HY SCORE spectrum and crossing it at the pro-
ton nuclear frequency v . These peaks are characterized by frequency coordinates
v_and v, which depend on v, and two hyperfine parameters 4 and B [45, 46]:

v,=[0,-4/27 +(B8/2?]" s

1/2

v =[0,+4/20+ (B/2)]

with the hf interaction 4 givenby 4 = v> —v2)/2v . It is the sum of the isotropic
Fermi contact term 4, and the dipolar term A aip- 1 principle Eq. 15.12 is valid
when 4 dip is described by a point dipole approximation, which may not be rigor-
ously true for a C-H_ fragment. For a spin density p,=1 on C, atom, the Fermi
contact term of a C,-H, fragment is characterized by the McConnell parameter O,
which takes values in the range —67.3 to —84.1 MHz for a neutral radical [47]. The
negative value is due to the negative spin density at the hydrogen nucleus origi-
nating from the spin polarization of the C-H bond by the electron in p, orbital.
The corresponding dipolar interaction contains three components A aip.-— 38 MHz,
A, =-36 MHz and Adl.p = —2.8 MHz [48], with z axis along the C-H bond. The

dip, ) 2
thrpeg hyperfine components of the C-H_ fragment are thus given by:

Ai,x = pi (Qa + Adip,x)

Ai,y = pi(Qa + Adip,y)
A4.=p(0, +4,,.) (15.13)
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Thus even with a small spin density p,, the hyperfine interaction with an aromatic
hydrogen H, is anisotropic. For a given p, the HYSCORE spectrum in an amor-
phous system gives peaks and ridges that are positively shifted from the anti-diag-
onal and exhibit a “horn shape” (Fig. 15.10). The splitting between the extrema of
the ridge is equal to 4, +27, and the shift from the anti-diagonal is 97%/32v , with
2T=4,, . [43, 49]. In disordered systems the distribution of p, can lead to relatively
complex HYSCORE lineshapes.

For branched C,-R fragments, with aliphatic groups R=C(H,),-R’ or CH,(R’),,
the spin density at the hydrogen nucleus in benzylic position H, is due to a direct
spin transfer from the carbon p, orbital, so that 4,  is large and positive:

A,, = B, cos’0 (15.14)

with B,=+140 to+160 MHz for a neutral « radical [47]. The angular dependence
takes into account the efficiency of the spin transfer with the angle 6 between the
axis of the p, carbon orbital and the orientation of the C-H bond. The dipolar inter-
action is smaller than 10 MHz [48], so that it can be neglected. Consequently, we
expect for a Hy hydrogen 4, oy ~A=prA,,. Fora given value of p, the spectrum
is a pair of peaks along the anti-diagonal, with a splitting 4, . In disordered IOM,
we expect a distribution of p, values so that all the peaks distributed along the anti-
diagonal will overlap, giving a straight ridge. Finally, distant hydrogen atoms H are
characterized by weak dipolar interactions, and they appear as a single peak at the
proton frequency v, =14.5 MHz. These three limit cases of HYSCORE lineshapes
are illustrated in Fig. 15.10.

Figure 15.11 shows representative HY SCORE spectra at 9 K of three cherts dat-
ing 45 Myr (Clarno), 1880 Myr (Gunflint) and 3500 Myr (Dresser), and the IOM
from Orgueil meteorite (4500 Myr). Tagish Lake meteorite gives the same type of
spectrum as Orgueil [39], not shown here. These spectra show peaks and ridges of
H, 13C, 3'P, '*N and Si nuclei, with the following characteristics.

15.5.1 'H and 3C: Signatures of the
Extraterrestrial/Terrestrial Origin?

We can first observe in Fig. 15.11 that the intensity of the 'H-HYSCORE signal
decreases with the age of the chert, which agrees with the EPR line narrowing
with increasing age, resulting from the hydrogen loss during evolution of the IOM
(Fig. 15.6). The fact that the 'H signal vanishes in Achean cherts may be used to
check the antiquity of the IOM and its syngeneity with the host rock. Indeed a late
contamination would give IOM with a detectable proton signal. The lack of 'H
signal in the 3500 Myr-old Dresser chert clearly confirms that the dipolar broad-
ening of its EPR line (Fig. 15.6) is a consequence of metamorphism and not the
effect of an unresolved proton hyperfine interaction. The second important point is
that the shape of "H-HYSCORE spectra of biogenic IOM (cherts) and abiotic IOM
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Fig. 15.11 HYSCORE spectra at 9 K and z=136 ns for Clarno chert (45-Myr), Gunflint chert
(1880 Myr) and Dresser chert (3500 Myr), and the IOM extracted from the Orgueil meteorite.
Adapted from [39] with permission from Mary Ann Liebert (2013)

(meteorites) are different. The proton ridge is linear with a central peak at the pro-
ton frequency in meteoritic IOM, which indicates that the major part of hydrogen
atoms of organic radicals is of “benzylic” type H, and distant type H . This implies
that most aromatic hydrogen atoms H, in aromatic radicals have been exchanged by
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V, [MHz]

Fig. 15.12 HYSCORE spectrum at 4 K and =130 ns of the IOM extracted from the 3500 Myr-old
chert of the Dresser Formation, Warrawoona Group, Australia. The (++) quadrant corresponds to
v,>0and v,>0, and the (+—) quadrant corresponds to v, >0 and v,<0. Double quantum transitions
are noted dq. Adapted from [39] with permission from Mary Ann Liebert (2013)

aliphatic chains (the sources of H, and H, atoms). This result agrees with previous
BC-NMR studies showing that meteoritic IOM is made of highly branched aromatic
groups linked by short and branched aliphatic chains [50, 51]. Alternatively, proton
ridges of biogenic IOM (cherts) exhibit a “horn shape” characteristic of anisotropic
hyperfine interaction. In the case of the 1880 Myr-old Gunflint chert, analysis of 'H-
HYSCORE spectrum reveals the presence of several types of hydrogen atoms, the
dominant one being characterized by hf parameters 4, ~—3 MHz and T=+7 MHz.
The significant dipolar contribution and the negative value of 4,  show that these
dominant hydrogen atoms are aromatic (H,). In conclusion, aromatic radicals of
biogenic IOM in cherts are poorly branched contrary to those of meteoritic IOM.
The same type of information can be obtained from the '3C signal (frequency
v, =3.7 MHz, natural Earth abundance 1.11 %) (Fig. 15.11). Surprisingly, this signal
is very weak and narrow in IOM of cherts, and should not be confused with the 2Si
signal of the SiO, matrix (v,=2.9 MHz, natural Earth abundance 4 %). On the con-
trary, '3C gives an intense ridge in meteoritic IOM. Tkoma et al. [52, 53] showed that
13C/'H intensity ratio increases with the number of equivalent carbon nuclei inter-
acting with the electron spin. This ratio is clearly larger in meteorites than in cherts,
which can be related to the highly (poorly) branched character of aromatic groups in
the IOM of meteorites (of chert). The large number of carbon atoms at short distance
of the polyaromatic group increases the probability for the electron spin to interact
with a 3C nucleus [39]. In order to detect '3C signals in fossil IOM, it was necessary
to increase the amount of IOM in the EPR cavity by removing the mineral part of
the chert with the standard HF/HCI demineralization procedure [54]. The resulting
HYSCORE spectrum for the IOM of the 3500 Myr-old Dresser chert is shown in
Fig. 15.12 [39]. In the (+, —) quadrant corresponding to |4| >2v , a doublet of 3C
peaks is centered at |4/ 2| =7.8 MHz. The fact that two narrow peaks are observed
instead of a broad frequency distribution indicates that the electron spin density is
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Fig. 15.13 Low frequency
part of the HY SCORE spec-
trum at 10 K and z=136 ns of
the IOM extracted from the
Orgueil meteorite. Adapted
from [38] with permission
from Elsevier (2008)

v,[MHz]

mainly localized on a single type of carbon atom in the edge of aromatic groups.
This is clearly different from Meteoritic IOM, where the '*C signal is localized in
the (+, +) quadrant characterized by to |A| <2v =7.4 MHz (Figs. 15.11 and 15.13).

15.5.2 3'Pand ¥N: Signatures of Extinct Life?

Another prominent difference of hf signatures of the two types of IOM concerns
heteroelements such as phosphorous and nitrogen. All cherts exhibit a peak at
12.2 MHz which is absent in meteorites (Fig. 15.11) [39]. It corresponds to a double
frequency transition of 3'P (v =6.1 MHz) occurring at 2v, =12.2 MHz. Compared
with 'H signal, 3'P signal increases with the age of the IOM and dominates the
HYSCORE spectrum for the oldest (Archean) IOM (Fig. 15.11). This double fre-
quency *'P peak, with no measurable hyperfine interaction, probably originates from
phosphorous-rich nanophases in contact with the IOM [39]. Their systematic pres-
ence in cherts is an indication of their biologic origin, for example the degradation
of nucleic acids (DNA, RNA). The attribution of this signal to *'P is demonstrated
by the study of IOM extracted for the 3500 Myr-old Dresser chert (Fig. 15.12). 3'P
signals are clearly seen in both (+, +) and (+, —) quadrants. In the (+, +) quadrant,
single frequency transitions of *'P (4, =8 MHz, T=1 MHz) are seen in the vicinity
of double frequency transitions of 2°Si. Two single frequency transitions of 3'P are
also observed in the (+, —) quadrant, with 4 = 13.8 MHz. Such strong hf interactions
are the indication of covalent C-P bonds at the periphery of IOM network [39]. On
the opposite, *'P signal is lacking in IOM from meteorites [38].

Differences between cherts and meteorites exist also in the “N-HYSCORE
of extracted IOM. For meteorites, only a weak signal is observed at '“N nuclear
frequency (v,=1.06 MHz) with no measurable hyperfine interaction (Fig. 15.13),
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while IOM from the 3500 Myr-old Dresser chert exhibits double quantum (dq) tran-
sitions in (+, +) and (+, —) quadrants, revealing at least two types of nitrogen atoms
(Fig. 15.12). The fact that they have resisted to carbonization indicates that they are
strongly bonded to the aromatic network. The presence of various types of nitrogen
atoms in fossil IOM is also a strong indication of their biologic origin, which may
result from the decomposition of proteins and nucleic acids, the latter being also
responsible for the phosphorous signal.

15.5.3 Deuterium: A Marker of the Protoplanetary
Disk Chemistry

In the following deuterium 2H is noted D. Organic molecules of the interstellar
medium are considerably enriched in deuterium (D/H=20,000 % 107°) relative to
the solar hydrogen (D/H=25+5x107%) [55-57]. It was shown that this deuterium
enrichment was produced by ion-molecule reactions at low temperature (down to
10 K) and at density <10°* H m™ [58]. An important characteristic of meteoritic
IOM is a systematic enrichment of the meteoritic IOM relative to terrestrial IOM
[16], with reported values in the range 300-500x 1076 [16, 59, 60]. However the
origin of this enrichment is not clear as it is intermediate between the solar system
abundance and interstellar abundance. To complicate the situation, it was recently
shown that meteoritic IOM is highly heterogeneous in composition. Using Sims
analyses, deuterium-rich hot-spots of micrometer sizes were found in the IOM, with
D/H ratios up to 3200 % 1079 [61, 62]. Two interpretations were proposed to account
for the origin of these D-enriched regions [61, 62]: (1) Preserved interstellar D-rich
molecules, (2) local concentrations of molecular species having the most exchange-
able C—H bonds. In interpretation (2), the exchange would have taken place at the
low temperature periphery of the protosolar disk, which exhibited a high degree of
ionization caused by a massive irradiation from the young Sun [63].

With HYSCORE measurements on deuterium and hydrogen hyperfine interac-
tions, it was possible to gain a deeper insight into the deuterium enrichment prob-
lem. Figure 15.13 shows the low frequency part of the HYSCORE spectrum of
IOM extracted from the Orgueil meteorite. Deuterium signal is clearly observed
between the broad '’C ridge and the weak '“N signal. By normalizing the inten-
sity ratio D/H of IOM with a reference organic sample with known D/H, a high
value D/H=15,000+5000 % 107¢ was measured for Orgueil meteorite [38], which
is close to interstellar values. It was shown quantitatively that organic radicals ac-
count for the entire excess of deuterium associated to the D-rich IOM hot spots [62].
Despite the extremely disordered character of meteoritic IOM, it was possible to
localize the D-rich C-H bonds of the radicals. As shown in Sect. 15.5.1, the highly
branched character of aromatic radicals implies that distant hydrogen atoms H, and
“benzylic”-type hydrogen atoms H, dominate the '"H-HYSCORE spectrum, as re-
vealed by its linear shape (Fig. 15.12). Assuming that deuterium atoms partially
exchange H, hydrogen atoms, the ratio of hyperfine couplings should be equal to
the ratio of nuclear g-factors:
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obtained, very close to the expected value 6.5. Thus, assuming a “benzylic”’position

for deuterium atoms, their hyperfine coupling is calculated from Egs. 15.14
and 15.15:
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This corresponds to the hyperfine coupling of a methylene deuterium adjacent to
an aromatic carbon atom C, bearing a spin density p, in its p_orbital. Hydrogen in-
teraction shows that p.<0.12. As aromatic radicals are more or less stacked, angle
0 should be closed to 30° for an aliphatic chain fixed on C, carbon. With B, in the

range 140-168 MHz [47], a deuterium coupling 1.9 MHz< |1‘1DmX <2.3 MHz is

prediced, in good agreement with the experimental value 2.0+£0.3 MHz.

This analysis shows that the considerable deuterium excess of meteoritic
IOM is mostly localized in “benzylic” positions of branched aliphatic chains
fixed to the aromatic radicals [38]. The energy of the C-H, bond (=40 kcal/mol)
is much smaller than that of the C-H_bond (= 110 kcal/mol) [64]. This indicates
that the deuterium atoms occupy the most exchangeable C-H bonds [38]. The
temperature corresponding to the experimental D/H ratio of 15000 x 10°¢ for
the radicals is estimated to about 35 K, which is obtained in the outer regions
of the protosolar disk at distances from the young Sun corresponding to the
present day orbits of Kuiper Belt objects of the solar system [62]. It has been
proposed that the heterogeneous composition of meteoritic IOM is the conse-
quence of the accretion, on the parent body of meteorites, of two families of
IOM particles [65]. The more abundant family is deuterium and radical poor,
while the less abundant one contains a high quantity of D-rich particles (hot-
spots) carried by radicals. In this model, proto-IOM grains localized in the
inner and warm part of the disk are characterized by low D/H values. A small
fraction of them could be brought by turbulences in the cold outer regions of
the disk submitted to intense UV irradiation. Radicals could have formed and
enriched in deuterium in this external proto-IOM, and next mixed by turbu-
lences with internal proto-IOM to give the heterogeneous IOM found in car-
bonaceous meteorites. Particles with high quantity of D-rich radicals are less
abundant than the other type of particles because of the large distance between
the irradiated area and the inner accretion area.




15 EPR of Primitive Organic Matter: A Tool for Astrobiology 565

15.6 Triplet State Radicals: Markers of Extraterrestrial
IOM

In the preceding section, all the information on the IOM has been obtained from
the hf interaction with 'H, 2H, *C, 3'P and N nuclei in (or around) polyaromatic
radicals. However this interaction gives no information on the size, the shape (and
their distributions) of these radicals. As both fossil IOM and meteoritic [OM always
give a single symmetric cw-EPR line with lineshape ranging from Lorentzian (with
more or less Gaussian character) to stretched Lorentzian, it is natural to assume an
electron spin S =1/2 for all these aromatic radicals. This has been previously dem-
onstrated for radicals in coals [52, 66—68] and in synthetic hydrogenated amorphous
carbon [69, 70]. As shown below, this is also the case for the radicals of IOM in
cherts. However the spin state of radicals has to be checked for meteorites owing
to their complex history and the organic synthesis in conditions (temperature, pres-
sure, irradiation) that do not exist on Earth. In the following we show that the major
part of the radicals in meteoritic IOM possess a spin S =1.

Radicals with § = 1/2 of terrestrial IOM are characterized by the spin Hamiltonian:

H(1/2)=B,B,gS. I+ SAT B, g, B, Hh (15.17)
k=1 k=1

where the three terms, from left to right, are the electron Zeeman, the hf and the
nuclear Zeeman interactions, respectively. We neglect the quadrupolar interac-
tion term, which occurs for nuclei with spin / > 1. Two additional terms are added
for § =1 diradicals:

H()=p,B,gS. /h+SJS,+SDS,+ Y SAT B, g, B, /h (15.18)

k=1 k=1

with §; =S, =1/2. The additional interactions J and D are the exchange and the zero
field splitting (ZFS) interactions, respectively. As the EPR spectrum of a radical is
characterized by 25 lines, we should expect two lines for S =1. Figure 15.14 shows
a stick diagram representation of an S =1/2 radical (blue interrupted line) and an
S =1 radical (red line), both with a nearly isotropic free spin g-factor. As the spin-
orbit contribution to the ZFS is negligible (isotropic g-value close to 2.002), D can
be written in the simple dipole-dipole approximation:

202
Ky 8P,
D, = —4?[0;_2 =5 (3cos’O — 1) (15.19)

=D’(3cos* O — 1)

where y, stands for the permeability of vacuum, r for the electron-electron distance
and 6 for the angle between the magnetic field and the interconnection line between
the two electron spins. The diradical gives a pair of EPR line at magnetic field
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Fig. 15.14 a Schematic hvigp
representation of an EPR -
absorption line (dotted
curve) formed by the sum of
S§=1/2 radicals (discontinu-
ous line) and S=1 diradicals
(full lines) with unresolved
structure due to broadening
by proton hyperfine interac-
tions and dipolar interac-
tions between neighbouring
defects. b Pulse sequence for
the spin nutation (PEANUT)
experiment. The time domain
data are obtained by monitor-

. . : 2D .
ing the echo intensity versus a <
t-7/2. Nutation pulse length Magnetlc field

T=2 ps; t=256 ns PEANUT

Unresolved hypertine
t,” and dipolar interactions

EPR absorption

> time

B, £(3cos’0 —1)D’ /2 (with D'in magnetic field units). As the IOM is amorphous,
6 spans all the possible values between 0 and 7, so that the theoretical spectrum
exhibits a typical “Pake pattern” with two prominent peaks at B+ |D' /2 and two
weak extrema at B+ |D’ (Fig. 15.14). However these unrealistic stick spectra are
broadened by hf interactions with 'H nuclei, by dipolar interactions between neigh-
bouring radicals, and by a distribution of interspin distances r, leading to a distri-
bution of D’ value. If (D’) is smaller than these two sources of broadening (i. e.
(D”) <11 MHz), the composite spectrum may finally result in a simple unresolved
and symmetrical line (dotted curve in Fig. 15.14).

15.6.1 Measurement of Spin States

In the absence of resolved ZFS structure, the spin states present in a solid can be
measured by transient nutation spectroscopy, which is the rotational motion of the
magnetization by the interaction of spins with the microwave (mw) field. The nuta-
tion frequency w,, is related to S by [71]:

0 = [S(S+D)—m (mg+1)]” gBB, I (15.20)

An S=1/2 radical is thus characterized by w,, = g8B,/#, and a S =1 radical by
Wy = \/Egﬁ B,/ h, i.e. they differ by a factor J2 . However this nutation fre-
quency is often difficult to measure because of the rapid defocusing under B, field
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Fig. 15.15 Transient nutation (PEANUT) spectra at 4 K and room temperature of the IOM of the
Orgueil meteorite. Adapted from [74] with permission from Elsevier (2011)

inhomogeneity. It can be refocused by detecting the so-called rotary echo [43, 72],
whereby the nutation pulse of length 7 is divided into two parts of variable length
t and T-t with opposite microwave phase. To minimize nuclear modulations at
nuclear frequencies (ESEEM effect), the rotary echo can be detected via a spin-
locked echo by the Phase-inverted Echo-Amplitude detected NUTation (PEANUT)
method developed by Stoll et al. [73]. The corresponding pulse sequence is shown
in Fig. 15.14b.

Nutation spectra at room temperature and at 4 K of the IOM of Orgueil me-
teorite are shown in Fig. 15.15 [74]. They show peaks at w,, and 2w,, for two
species labeled A and B. The nutation frequencies are characterized by the ratio
204 /20%) = 9.9/6.9 =1.435 ~+/2, which corresponds to S=1and S=1/2 for A
and B, respectively. This interpretation was verified by monitoring the variation of
o\ and @2 with the microwave field amplitude B,. As expected, the two slopes
differed by /2 [74]. The participation of these two types of radicals to the EPR line
was confirmed by recording the two-dimensional PEANUT spectrum, i.e. the nuta-
tion spectrum as a function of the magnetic field (Fig. 15.16a). The skyline projec-
tions along the nutation axis and along the magnetic field axis represent the nutation
spectrum and the absorption EPR spectrum, respectively. This 2D-representation
clearly demonstrates that both S =1 and S =1/2 radicals contribute to the EPR line
in meteoritic [OM.

The presence of only §=1/2 radicals in the IOM in cherts is more difficult to
demonstrate because different types of paramagnetic centers overlap with IOM
radicals. However, the nutation frequency corresponding to S =1/2 for these well-
known defects can be used as reference for the determination of S in organic radi-
cals. Figure 15.16b shows the 2D-PEANUT spectrum at 4 K of the 1880 Myr-old
Gunflint chert. At low temperature, the E centre of SiO, is undetectable (complete-
ly saturated), and the cw-EPR spectrum is the superposition of the IOM radical and
a defect of the SiO, matrix consisting of a hole trapped in a 2p oxygen orbital adja-
cent to an AI** ion in an Si*" site, denoted [AlO,/h]° centre or Al° [26]. The projec-
tion of the nutation spectrum along the magnetic field axis shows two distinct EPR
spectra. The projection along the nutation axis also shows peaks at w,, and 2w, for
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Fig. 15.16 Contour plots

of 2D-PEANUT spectra

at 4 K of the IOM of the
Orgueil meteorite a) and the
1880 Myr-old Gunflint chert
b) The narrow feature marked
by * in a) is an artifact intro-
duced by the data handling.
Adapted from [74] with per-
mission from Elsevier (2011)
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the two species. The ratio of their nutation frequencies is equal to w!) /@) =1.1,

where (1) and (2) represent the IOM radical and the [AlO,/h]° centre, respectlvely
This ratio should be equal to 1 and to ./ for IOM radicals with spin 1/2 and 1,

respectively. As 2! =10 MHz for the [AIO,/h]® centre with S=1/2, we should
expect 2w =14.1 MHz (for S=1) and 10 MHz (for S=1/2) for the IOM radicals.
The experimental value 2w, =11 MHz clearly points to a spin value S=1/2 for the
fossil IOM. Consequently the presence of S=1 organic radicals is a specificity of

extraterrestrial IOM.

15.6.2 The Different Types of Radicals in Meteoritic IOM

More quantitative information on the different types of radicals in meteoritic IOM
can be obtained from the temperature dependence of the magnetic susceptibility.
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Fig. 15.17 a Normalized temperature dependence of the EPR intensity of organic radicals in
meteoritic IOM and in fossil IOM. Meteorite samples: Tagish Lake (TL1 and TL2), Orgueil (O)
and Murchison (M); Earth samples: a 320 Myr-old coal from Solway Basin, UK, a 1880-Myr-
old chert from the Gunflint formation, Canada (open circles) and a 3500 Myr-old chert from the
Dresser formation, Australia (open triangles). Full lines for meteoritic IOM are calculated with
Eq. 15.21. Adapted from [39] with permission from Mary Ann Liebert (2013) and from [75] with
permission from Elsevier (2004). b Simulation (fill line) of the temperature dependent spin con-
centration in the Orgueil meteorite by the sum of three components: S=1/2 radicals, ferromagneti-
cally coupled S=1 diradicals, and antiferromagnetically coupled S=0 diradicals with thermally
accessible S=1 state. Adapted from [74] with permission from Elsevier (2011)

The temperature dependence of the EPR intensity of IOM radicals for different
types of materials are shown in Fig. 15.17a). The EPR intensity is multiplied by 7 to
take into account the Curie paramagnetism, and normalized to the intensity at 100K
to compare samples with very different radical contents. As expected this normal-
ized intensity is nearly constant for S=1/2 radicals of Earth IOM. However, IOM
from different meteorites exhibit a significant increase of the normalized EPR inten-
sity, revealing the thermal population of magnetic states from non magnetic (S=0)
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Table 15.2 Concentrations of the different types of radicals in the IOM of Orgueil meteorite. AE
and Ao are the singlet-triplet splitting and the entropy variation between the two spin states of the
antiferromagnetically coupled diradicals, respectivelly. (From [74, 75])

-1 Sl . _
AE (cm™) Ac (cm™'K™) N ) NI/ ) N, (g )
816 4.2 1.80+0.005 0.92+0.05 0.24+0.05

states. This has been accounted for by assuming the presence of diradicals with
S=0 ground state and a thermally accessible triplet state S=1 (antiferromagnetic
coupling) [75]. This is confirmed by nutation experiments showing the presence of
intense S=1 nutation frequency peaks at room temperature (Fig. 15.15). However,
the presence of a less intense S=1 nutation at 4 K indicates also the presence of
diradicals with S=1 ground state (ferromagnetic coupling). The temperature depen-
dence of the spin concentration N per gram of IOM is given by [74, 75]:

8 8 1
N=N,,+ =N/ + =N/ (15.21)
3 3 ' I+exp(—Ac / kT)exp(AE / kT)

where N,,,, N/ and N/ are the spin concentrations for monoradicals, ferromagnet-
ically coupled diradicals and antiferromagnetically coupled diradicals, respectively.
AE =-Jand Ao are the energy splitting and entropy difference, respectively, be-
tween S=1 and §=0 spin states of antiferromagnetically coupled diradicals. The
details of the measurements are given in [74, 75]. To compare the behavior of the
seven samples, the EPR intensity at each temperature 7 were normalized with re-
spect to the intensity at 100 K. The results are shown in Fig. 15.17a. For terrestrial
IOM, the nearly constant normalized EPR intensity indicates that Equation 15.21
reduces to N=N, ,. For meteoritic IOM, the solid curves were calculated with very
similar values AE=816 cm™' (0.10 €V) and Ac=4.2 cm 'K™! [31, 75]. This indicates
that the three meteorites possess the same type of radicals. Absolute spin concentra-
tions in the IOM were calculated for Orgueil meteorite, by assuming that J>>kT
for ferromagnetically coupled diradicals. The results are shown in Fig. 15.17b and
in Table 15.2. This shows that monoradicals (S=1/2) contribute only to ~8% to
the radicals in the IOM, while ferromagnetic (S =1) and antiferromagnetic (S=0)
diradicals contribute to ~31% and ~61 %, respectively [74].

15.6.3 Nature of Diradicals

Diradicals detected in meteoritic IOM are not fundamentally different from mono-
radicals of terrestrial IOM, as shown in Sect. 15.3. They are made of polycyclic
aromatic units (sp? carbons) linked by aliphatic chains (sp? carbons). Moreover, 'H-
and '*C HYSCORE spectra of meteoritic IOM are very similar to those of partially
carbonized organic molecules [39]. From DFT and extended Hiickel (EH) calcula-
tions, a model was first proposed for these diradicals, based on diradicaloid species
hosted by aromatic structures of 10—15 rings and having a quinoidal structure [75].
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Fig. 15.18 a Left: description of a diradical with quinoidal structure (diradicaloid), showing the
HOMO-LUMO gap and the two spin states S=0 and S=1; Right: example of model structure
(molecule (i) used for the calculation of the singlet-triplet splitting AE and the HOMO-LUMO
gap AE,;;. b Variation of AE (open squares) and AE,; (full circles) with the number of aromatic
carbons 1n polycyclic aromatic units. AE was calculated by DFT method, and AE,;, by extended
Hiickel method. Letters represent the molecules. Adapted from [75] with permission from Elsevier
(2004)

The two spin states of a diradical with quinoidal structure (diradicaloid) are repre-
sented on Fig. 15.18a, with the example of a simple benzene ring [75]. Calculations
were performed on model polycyclic aromatic units with variable number of rings
and variable shapes, where aliphatic branching is simulated by two —~CH, groups
(Fig. 15.18a). The variations with the number of aromatic carbon atoms of the sin-
glet-triplet (ST) spitting AE (calculated by DFT method), and of the HOMO-LU-
MO (HL) gap (calculated by the EH method) are shown in Fig. 15.18b. A positive
(negative) ST gap means that the S=0 (S=1) state is the ground state, which corre-
sponds to an antiferromagnetically (ferromagnetically) coupled diradicaloid. These
calculations show that the experimental value of the ST gap AE~0.1 eV (ground
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state $=0) is obtained for molecules containing about 30—40 aromatic carbon atoms
(10-15 fused benzene rings), while molecules with more than about 40 aromatic
carbon atoms have an S=1 ground state. These calculations indicate also that the
two types of diradicals found in meteoritic IOM may be of the same type, differ-
ing only by the sizes of the polyaromatic group. The fact that the same values of
AFE and Ac are measured for three meteorites of different origin in the solar system
(Orgueil, Murchison, Tagish Lake), strongly suggests that the antiferromagnetically
coupled diradicals have a well defined size. As diradicals represent more than 98 %
of the radicals in the Orgueil meteorite, and the fact that it was quantitatively dem-
onstrated that radicals (of all types) are the carriers of the deuterium excess [62],
we may conclude that diradicals are responsible for the major deuterium excess in
IOM. We may also expect that diradicaloids with much less than ~10 fused rings
would exhibit an ST gap much larger than 0.10 eV, and thus would be EPR silent.
Such small diradicaloids are not present in the IOM because this would imply that
non magnetic organic molecules are also the carriers of deuterium excess, which is
not the case.

Although the diradicaloid model accurately explains most of the experimental
features, it suffers from a major drawback which is the very high instability of these
species, except in some exceptional cases [76]. It was argued that the very high
chemical stability of the IOM could protect these reactive diradicaloids against de-
structive reactions [75]. However this was only a working hypothesis.

An alternative model may appear more likely, which possesses the same char-
acteristics as the diradicaloid model, ie a ST gap with size and sign which depends
on the number of fused rings in the polyaromatic radical, without the instability
problem of diradicaloids. The recent achievements in chemistry, physics and tech-
nology of graphene have revealed the unconventional electronic properties of this
family of materials [77]. The so-called nanographene of physicists is nothing else
than a hydrogenated polyaromatic carbon molecule for chemists. Decreasing the
size of graphene to the nanometer range results in an increasing contribution of edge
states (zigzag edges and armchair edges, see Fig. 15.19) for the electronic structure
([78—83] and references therein). Although the details are model dependent, it has
been found that upon increasing the size of polyaromatic groups, the electronic
structure evolves from a close shell singlet (S=0) ground state to an open shell
singlet diradical ground state and next to a triplet diradical (S=1) ground state. The
spin density is localized on zigzag edges, with one spin on one edge and the other
spin on the other edge (Fig. 15.19). Elongation of the zigzag edge increases the
diradical character whereas elongation of the armchair edge decreases the diradical
character [81]. As expected, the HOMO-LUMO gap decreases upon increasing the
zigzag edge length N (number of benzene rings) and the singlet-triplet transition in
diradicals occurs for N=~5-8, depending on the length of the armchair edge and the
shape of the nanographene sheet [81, 83]. This nanographene model appears more
likely than the diradicaloid model, as the singlet and triplet diradical states are a
direct consequence of the polyaromatic character of the molecule in the nanogra-
phene model, whereas homolytic breaking of the C-H bond in benzylic position in
branching aliphatic chains are necessary to give a diradicaloid [75]. The common
feature of these two models is that singlet to triplet transition in diradicals is induced
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Fig. 15.19 Schematic representation of the spin distribution upon increasing the size of a nanog-
raphene sheet; a close shell S=0 character for small size; b transition to open shell diradical state
above a critical size (model dependent); The spin density becomes localized on zigzag edges. For
moderate size, S=0 state is lowest (antiferromagnetic coupling). Upon further increasing size, the
singlet-triplet gap decreases and S=1 state is lowest above a second critical size (ferromagnetic
coupling)

upon increasing the size of the polyaromatic core. The fact that diradicals with the
two types of ground state (singlet and triplet) represent the major part of deuterium
carriers in meteoritic IOM, points out that deuterium is localized mostly on large
polyaromatic molecules with two different sizes. As deuterium is an important
marker in Astrochemistry, further work must focus on these diradicals to get deeper
insight into the history of organic matter in the Early solar system.

15.7 Conclusion

Carbonaceous matter with an age in the range ~1-4.5 billion years contains para-
magnetic radicals that record the history of the primitive organic matter, stored in
the various interactions of the electron spins with surrounding atoms. This history
started with the formation of the solar system (origin of the organic matter) and
includes the apparition of life. Various information can be recovered by combining
EPR methodologies, among which the origin (biologic versus abiotic) of the fossil
organic matter, the age of the organic matter with respect to that of the host rock
(syngeneity versus contamination), and the origin of the deuterium enrichment of
extraterrestrial organic matter. EPR thus appears an emerging tool for tracking the
first traces of life on Earth or on returned rocks from future Mars missions.
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