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Abstract	

	 Aromatic	carbon	in	fused	ring	systems	can	be	classified	 into	two	forms	of	electronic	structure:	
aromatic	sextets	which	have	large	HOMO-LUMO	gaps	and	resemble	benzene,	and	isolated	double	bonds	
which	have	small	HOMO-LUMO	gaps	and	resemble	olefins.		The	relative	abundance	of	aromatic	sextets	
vs	 isolated	 double	 bonds	 in	mixtures	 can	 be	 probed	 by	 carbon	 X-ray	 Raman	 spectroscopy.	 	 Here	we	
report	 the	 carbon	 X-ray	 Raman	 spectra	 of	 a	 wide	 variety	 of	 forms	 of	 naturally	 occurring	 aromatic	
carbon:	 kerogen	 (insoluble	 organic	 carbon	 in	 sedimentary	 rocks,	which	 is	 the	most	 abundant	 form	of	
naturally	 occurring	organic	 carbon	 in	 the	 earth’s	 crust)	 over	 a	 range	of	 types	 and	 thermal	maturities,	
fresh	materials	of	a	variety	of	forms,	and	coal	and	petroleum	asphaltenes	(toluene	soluble	and	heptane	
insoluble	materials,	which	represent	organic	carbon	resulting	from	extensive	thermal	processing).	 	 It	 is	
observed	that	all	these	materials	are	dominated	by	aromatic	sextets	 instead	of	 isolated	double	bonds.		
Based	on	the	diversity	of	materials	analyzed,	 it	 is	concluded	that	naturally	occurring	organic	carbon	 is	
generally	 dominated	 by	 aromatic	 sextets	 instead	 of	 isolated	 double	 bonds.	 	 This	 conclusion	 is	
rationalized	in	terms	of	statistical	and	thermodynamics	forces.	

	

	 	



	

	

Introduction	

	 Organic	 carbon	 undergoes	 many	 transformations	 during	 the	 carbon	 cycle,	 from	 atmospheric	
gases,	to	terrestrial	and	aquatic	living	organisms,	to	sedimentary	forms	such	as	kerogen	and	petroleum.		
Those	 transformations	 yield	major	 changes	 in	 the	molecular	 structure	of	 organic	 carbon,	 from	 simple	
gases	in	the	atmosphere	to	complex	mixtures	at	the	surface	or	buried	in	the	subsurface.		Even	within	a	
given	set,	the	bulk	molecular	structure	of	organic	matter	varies	greatly.		For	example,	the	composition	of	
kerogen—which	 is	defined	as	 insoluble	organic	matter	 in	sedimentary	rocks	and	 is	the	most	abundant	
form	 of	 naturally	 occurring	 organic	 carbon—1	 evolves	 dramatically	 during	 the	 process	 of	 thermal	
maturation,	with	 low	maturity	 kerogen	being	 rich	 in	 heteroatoms	 and	dominated	 by	 aliphatic	 carbon	
while	 high	 maturity	 kerogen	 is	 lean	 in	 heteroatoms	 and	 dominated	 by	 aromatic	 carbon.2-9	 	 Similar	
evolutions	has	been	observed	in	the	composition	of	source	rock	bitumen,10-11	petroleum,12	and	even	the	
asphaltene	fraction	of	petroleum.13-14	

	 Despite	 extensive	 study,	 one	 aspect	 of	 the	 composition	 of	 organic	 carbon	 that	 has	 remained	
obscure	is	the	electronic	structure	of	aromatic	moieties.		The	overall	aromaticity	of	organic	matter	has	
been	analyzed	by	 tools	 such	as	 IR	 spectroscopy8,	15-16	 and	NMR	spectroscopy,2,	11,	17-19	 and	 the	 size	and	
substitutions	 of	 fused	 aromatic	 ring	 systems	 have	 been	 further	 analyzed	 by	 NMR	 spectroscopy	 and	
optical	spectroscopy.5,	14,	20		However,	these	tools	are	not	sensitive	to	the	geometry	of	fused	ring	systems	
or	to	certain	aspects	of	the	electronic	structure	of	fused	ring	systems.		Indeed,	an	assumption	about	the	
geometry	 of	 fused	 ring	 systems	 is	 required	 in	 the	 interpretation	 of	 NMR	 spectra	 to	 assign	 average	
molecular	parameters	such	as	cluster	size.17,	19	

The	electronic	structure	of	fused	aromatic	ring	systems	has	been	described	by	Clar,21	expanding	
on	 the	description	of	 single	 aromatic	 rings	 from	Hückel.22-24	 	 According	 to	 the	Clar	model,	π	 bonds	 in	
polycyclic	aromatic	hydrocarbons	(PAHs)	can	consist	of	aromatic	sextets	and	isolated	double	bonds.21,	25			
Aromatic	sextets	are	similar	in	structure	and	reactivity	to	benzene,	and	their	π	electrons	are	delocalized	
over	 the	 entire	 carbon	 hexagon.	 	 Aromatic	 sextets	 are	 the	most	 aromatic	 centers	 in	 PAHs,	 and	 they	
indicate	regions	of	 local	aromaticity	 in	 large	molecules.26-27	 	Aromatic	sextets	have	 large	HOMO-LUMO	
gaps	 due	 to	 electron	 delocalization,	 which	makes	 these	 structure	 relatively	 stable.28	 	 Isolated	 double	
bonds,	 although	 they	 are	 also	 part	 of	 PAHs	 and	 consist	 of	 carbon	 that	 is	 entirely	 sp2	 hybridized,	 are	
similar	 in	 structure	 and	 reactivity	 to	 olefinic	 double	 bonds	 in	 unconjugated	molecules.21,	 27,	 29	 	 The	 π	
electrons	 in	 isolated	 double	 bonds	 are	 not	 delocalized	 over	 the	 entire	 carbon	 hexagon,	 so	 isolated	
double	bonds	have	relatively	small	HOMO-LUMO	gaps	and	are	relatively	unstable.	 	Algorithms	such	as	
the	Y-rule	have	been	developed	to	identify	regions	composed	of	aromatic	sextets	and	regions	composed	
of	 isolated	double	bonds	 in	PAHs,	with	the	most	probable	electronic	structure	of	a	PAH	being	the	one	
with	maximum	abundance	of	aromatic	sextets	and	minimum	abundance	of	isolated	double	bonds.27,	29-31			

	 One	 experimental	 technique	 that	 can	 probe	 the	 distribution	 of	 isolated	 double	 bonds	 and	
aromatic	sextets	 in	PAHs	 is	carbon	X-ray	Raman	spectroscopy.32-35	 	Similar	 to	more	conventional	X-ray	
absorption	spectroscopy,	X-ray	Raman	spectroscopy	measures	electronic	transitions	from	core	orbitals	
to	 unoccupied	 orbitals.	 	 However,	 in	 X-ray	 Raman	 spectroscopy	 the	 transitions	 are	 studied	 via	 the	
Raman	effect	 instead	of	by	direct	 absorption,	 similar	 to	 the	 study	of	 vibrational	 transitions	by	Raman	



	

	

spectroscopy	 in	 the	 visible	 or	 near	 infrared	 regions.	 Observing	 the	 carbon	 core	 electron	 spectra	 via	
Raman	scattering	instead	of	direct	absorption	allows	the	samples	to	be	probed	with	hard	X-rays	(around	
6,700	eV)	 instead	of	soft	X-rays	(around	285	eV).	 	The	higher	photon	energy	results	 in	 increased	X-ray	
penetration	depth,	so	carbon	X-ray	Raman	spectroscopy	is	sensitive	to	bulk	chemistry	while	carbon	x-ray	
absorption	spectroscopy	interrogates	surfaces.		For	materials	that	are	prone	to	oxidation	during	sample	
prepration,	such	as	naturally	occurring	organic	carbon,	bulk	analysis	may	provide	a	more	representative	
description	of	the	samples	than	can	be	obtained	by	surface	measurement.	

	 Starting	 in	 the	 early	 2000’s,	 some	 forms	 of	 organic	 carbon—particularly	 petroleum	
asphaltenes—were	analyzed	using	carbon	X-ray	Raman	spectroscopy.19,	36-38	 	Model	compound	studies	
indicated	 that	 linewidth	 of	 the	 X-ray	 Raman	 1s-π*	 transition	 was	 sensitive	 to	 PAH	 geometry,	 with	
circularly	 concatenated	 structures	 (such	 as	 coronene)	 giving	 rise	 to	 narrow	 lines	 and	 linearly	
concatenated	 structures	 (such	 as	 tetracene)	 giving	 rise	 to	 broad	 lines.	 	 The	 asphaltene	 samples	were	
found	 to	 yield	 spectra	 with	 narrow	 lines,	 suggesting	 that	 asphaltenes	 are	 dominated	 by	 circularly	
concatenated	fused	ring	systems.	

	 Recently,	 the	 spectra	 of	 model	 PAH	 system	 were	 reanalyzed	 with	 a	 higher	 resolution	 X-ray	
Raman	 spectrometer.35	 	 With	 the	 improved	 resolution,	 the	 previously	 observed	 broad	 line	 could	 be	
resolved	 as	 two	 separate	 peaks.	 	 The	 high-resolution	 spectra	 were	 reinterpreted,	 with	 the	 results	
indicating	 that	 PAHs	abundant	 in	 aromatic	 sextets	 give	 rise	 to	 singlet	 or	 narrowly	 separated	doublets	
while	 PAH’s	 abundant	 in	 isolated	 double	 bonds	 give	 rise	 to	widely	 separated	 doublets	 (see	Methods	
section	 for	 details).	 	 The	 interpretation	 of	 the	 high-resolution	 data	 is	 consistent	 with	 the	 prior	
interpretation	 because	 circularly	 concatenated	 PAHs	 are	 rich	 in	 aromatic	 sextets	 while	 linearly	
concatenated	PAHs	are	rich	in	isolated	double	bonds.	

	 Here	 we	 present	 high-resolution	 X-ray	 Raman	 spectra	 of	 several	 forms	 of	 organic	 matter.		
Materials	 analyzed	 include	 fresh	 samples	 of	 living	 organisms,	 kerogen	 samples	 of	 varying	 type	 and	
thermal	maturity,	and	asphaltenes.		The	spectra	are	analyzed	with	the	high-resolution	interpretation	to	
assess	the	dominant	electronic	structures	of	fused	ring	systems	in	various	forms	of	terrestrial,	aquatic,	
and	sedimentary	naturally	occurring	organic	matter.	

	

Experimental	

X-ray	Raman	Spectroscopy	

	 The	X-ray	Raman	measurements	and	interpretations	have	been	described	previously	and	will	be	
summarized	 briefly	 here.35	 	 Measurements	 were	 performed	 using	 the	 high-resolution	 X-ray	 Raman	
spectrometer	 operated	 at	 beamline	 6-2	 at	 the	 Stanford	 Synchrotron	 Radiation	 Laboratory.34	 	 The	
instrument	consists	of	40	crystal	Si(440)	analyzers	arranged	on	overlapping	Rowland	circles	of	1000	mm	
and	 at	 a	 fixed	 Bragg	 angle	 of	 88°,	 resulting	 in	 a	 fixed	 detection	 energy	 at	 6462.0	 eV	 and	 an	 energy	
resolution	of	0.29	eV.	Spectra	are	recorded	using	an	 inverse	scanning	approach	wherein	the	detection	
energy	 is	 held	 constant	 at	 6462.2	 eV	while	 the	 incident	 energy	 is	 scanned	 through	 a	 Si(311)	 double-



	

	

crystal	monochromator	over	the	range	of	6732.2-6767.2	eV,	resulting	in	an	energy	transfer	range	of	270	
to	 305	 eV.	 The	 average	 momentum	 transfer	 is	 q	 ~	 1.23	 a.u.,	 which	 ensures	 that	 dipole	 transitions	
dominate	 the	 spectra	 and	 therefore	 that	 the	 X-ray	 Raman	 spectra	 are	 formally	 equivalent	 to	
conventional	soft	X-ray	absorption	spectra.39			 		

	 The	 interpretation	 of	 the	 X-ray	 Raman	 spectra	 has	 also	 been	 described	 previously	 and	 is	
summarized	in	Figure	1.35		The	figure	shows	the	spectra	of	a	series	of	PAH	model	compounds,	arranged	
from	 compounds	most	 abundant	 in	 aromatic	 sextets	 (top)	 to	 compounds	most	 abundant	 in	 isolated	
double	bonds	(bottom).		Structures	depict	the	most	probably	configuration,	according	to	the	Clar	model,	
with	aromatic	sextets	drawn	as	inscribed	circles	such	as	in	benzene	and	isolated	double	bonds	drawn	as	
unsaturated	 carbon-carbon	 bonds	 such	 as	 in	 olefins.	 	 Resonant	 structures	 with	 equal	 numbers	 of	
aromatic	 sextets	are	equally	probably	but	are	not	drawn.	 	Carbon	X-ray	Raman	spectra	 in	 this	energy	
range	probe	transitions	from	carbon	1s	orbitals	to	the	lowest	unoccupied	molecular	orbital	(LUMO)	and	
the	next	few	higher-lying	orbitals	 (LUMO+1,	LUMO+2).	 	Aromatic	sextet	carbon	versus	 isolated	double	
bond	 carbon	 have	 large	 differences	 in	 LUMO	 energetics,	 with	 PAHs	 rich	 is	 aromatic	 sextets	 having	
relatively	 high-lying	 LUMOs,	 due	 to	 the	 large	 HOMO-LUMO	 gaps,	 while	 PAHs	 rich	 in	 isolated	 double	
bonds	have	relatively	low	lying	LUMOs.		However,	aromatic	sextet	carbon	versus	isolated	double	bond	
carbon	have	negligible	differences	in	the	energetics	of	the	LUMO+1	and	LUMO+2.		Hence,	for	PAH’s	rich	
in	aromatic	sextets,	the	LUMO,	LUMO+1,	and	LUMO+2	are	nearly	degenerate,	and	the	measured	X-ray	
Raman	spectra—with	represent	the	summed	signals	from	transitions	to	all	these	state—are	essentially	
singlets.	 	For	PAH’s	rich	 in	 isolated	double	bonds,	these	unoccupied	energy	 levels	are	relatively	widely	
spaced,	 and	 the	 measured	 X-ray	 Raman	 spectra	 are	 doublets.	 	 In	 this	 way,	 carbon	 X-ray	 Raman	
spectroscopy	 probes	 the	 electronic	 structure	 of	 fused	 aromatic	 rings	 systems,	 distinguishing	 between	
systems	rich	in	aromatic	sextets	and	systems	rich	in	isolated	double	bonds.		

	 	



	

	

	

	

Figure	1.		Schematic	showing	how	X-ray	Raman	spectroscopy	distinguishes	between	PAHs	rich	in	
aromatic	sextets	and	PAHs	rich	in	isolated	double	bonds.35	Compounds	are	arranged	from	lowest	to	
highest	fraction	of	carbon	contained	in	isolated	double	bonds	(%IDB	).		Compounds	lean	in	isolated	
double	bonds	(rich	in	aromatic	sextets)	yield	spectra	that	are	essentially	singlets	because	the	LUMO,	
LUMO+1,	and	LUMO+2	are	nearly	degenerate.		Compounds	rich	in	isolated	double	bonds	(lean	in	
aromatic	sextets)	yield	spectra	that	are	clearly	resolved	doublets	because	the	LUMO,	LUMO+1,	and	
LUMO+2	are	widely	separated	in	energy.		The	far-right	column	displays	the	energies	of	the	LUMO,	

LUMO+1,	and	LUMO+2,	relative	to	the	energy	of	the	uncombined	p	orbitals,	expressed	in	units	of	the	
Hückel	resonance	integral	β.	

	

	 Unlike	 PAH	 model	 compounds	 that	 are	 pure	 hydrocarbons,	 naturally	 occurring	 organic	
compounds	contain	heteroatom	substitutions,	most	often	oxygen,	sulfur,	and	nitrogen.		To	understand	
how	those	heteroatoms	affect	the	X-Raman	spectra,	spectra	were	recorded	for	model	PAHs	as	well	as	
for	substituted	analogs.		Figure	2	shows	those	results	for	four	such	systems.		The	heteroatoms	are	found	
to	 have	 minimal	 effect	 of	 the	 carbon	 X-ray	 Raman	 spectra,	 with	 the	 spectra	 of	 the	 heteroatom	
substituted	analogs	nearly	overlaying	the	spectra	of	unsubstituted	PAHs.		As	a	result,	the	X-Ray	Raman	
interpretation	described	in	Figure	1	can	be	applied	to	heteroatom-containing	naturally	occurring	organic	
compounds	without	modification.	
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Figure	2.		X-ray	Raman	spectra	of	four	PAH	model	compounds	along	with	oxygen,	sulfur,	and	nitrogen	
substituted	analogs.		DBT	stands	for	dibenzothiophene.		Heteroatoms	substitutions	are	found	to	have	

minimal	impact	on	the	X-ray	Raman	spectra.			

	

Samples	

	 Many	 of	 the	 samples	 analyzed	 here	 are	 kerogens	 (insoluble	 organic	 matter	 in	 sedimentary	
rocks).1	 	 In	 order	 to	 improve	 the	 signal-to-noise	 ratio,	 the	 kerogen	 samples	 (type	 I	 and	 II,	 described	
below)	were	concentrated	by	removing	the	majority	of	the	mineral	matter	 in	the	sedimentary	rock	by	
acid	demineralization	with	hydrochloric	 and	hydrofluoric	 acids.40	 	No	 attempts	were	made	 to	 remove	
pyrite41	 or	 to	 preserve	 microstructure,42	 because	 neither	 residual	 pyrite	 nor	 alterations	 to	
microstructure	 influence	 these	 measurements	 of	 electronic	 structure.	 	 This	 procedure	 results	 in	
concentrated	kerogen	isolated,	with	minimal	impurities,	that	were	presented	to	the	X-ray	beam.	

	 Kerogens	 are	 categorized	 into	 different	 types,	 representing	 the	 initial	 hydrogen/carbon	 ratio	
and	 indicative	of	 the	dominant	 source	material.1,	12	 	 Type	 I	 kerogen	 is	 typically	deposited	 in	 lacustrine	
environments	 and	 is	 prone	 to	 oil	 generation.	 	 Type	 II	 kerogen	 is	 typically	 deposited	 in	 marine	



	

	

environments	and	is	prone	to	oil	and	gas	generation;	most	economic	oil	and	gas	formations	are	sourced	
from	type	II	kerogen.		Type	III	kerogen	is	typically	deposited	in	terrestrial	environments	and	is	prone	to	
gas	 generation;	 most	 coal	 formations	 contain	 type	 III	 kerogen.	 	 Kerogen	 is	 also	 characterized	 by	 its	
thermal	maturity.1,	12		Maturation	represents	the	extent	to	which	the	composition	of	kerogen	has	been	
altered	 from	 its	 initial	 structure	due	 thermal	degradation	 (pyrolysis).	 	Maturation	 is	often	assessed	by	
measuring	 the	 reflectance	 of	 the	 vitrinite	 maceral	 (VRo).	 1,	 12,	 43-44	 	 At	 low	 levels	 of	 maturity	 (below	
approximately	0.6%	VRo),	little	degradation	has	occurred	and	kerogen	is	the	dominant	form	of	organic	
matter	 in	 the	sedimentary	 rocks.	 	At	maturities	 in	 the	 range	of	approximately	0.6%	 -	0.8%	VRo,	 some	
kerogen	degradation	has	 occurred,	 and	 the	dominant	 form	of	 organic	matter	 is	 a	 soluble	 but	 viscous	
form	referred	to	as	source	rock	bitumen.		At	maturities	in	the	range	of	approximately	0.8%	–	1.35%	VRo,	
significant	 kerogen	 degradation	 has	 occurred	 and	 oil	 is	 being	 generated.	 	 At	 high	 levels	 of	 maturity	
(above	 approximately	 1.35%	 VRo)	 the	 degradation	 of	 kerogen	 is	 essentially	 complete	 and	 additional	
pyrolysis	generally	leads	to	the	generation	of	gas.	

	 Samples	analyzed	here	span	a	range	of	type	and	maturity.		Type	I	samples	were	obtained	from	a	
fresh	outcrop	of	the	Eocene	Green	River	Formation	at	the	Mahogany	Ledge	location	(Cathedral	Creek)	
near	the	western	edge	of	the	Piceance	Basin,	Rio	Blanco	County,	Colorado.44		The	immature	outcrop	was	
crushed,	homogenized,	and	split	 into	equivalent	samples.	 	The	splits	were	artificially	matured	by	semi-
open	pyrolysis,	similar	 to	that	described	previously.8,	11,	13-14,	45	 	X-ray	Raman	spectra	were	recorded	for	
the	 low-maturity	 native	 state	 sample	 before	 pyrolysis	 (pyrolyzed	 for	 0	 hours),	 samples	 with	 pre-oil	
window	maturity	 (pyrolyzed	 for	 4,	 6	 hours),	 and	 samples	 from	 the	 oil	 window	 (pyrolyzed	 for	 10,	 24	
hours);	 see	 Figure	 3.	 	 Type	 II	 samples	 were	 obtained	 from	 the	 Venezuelan	 La	 Luna	 formation,	 as	
described	 previously.46	 	 These	 samples	 range	 in	maturity	 from	 prior	 to	 oil	 generation	 to	 overmature	
(0.4%	-	2.7%	VRo).		Type	III	samples	were	obtained	from	the	Department	of	Energy	Coal	Sample	Bank	&	
Database	 (DECS).47	 	 Specific	 samples	 scanned	 include	 DECS-5	 (VRo	 =	 0.59%),	 DECS-10	 (VRo	 =	 0.42%),	
DECS-11	 (VRo	=	0.35%),	DECS-15	 (VRo	=	0.80%),	DECS-19	 (VRo	=	1.71%),	DECS-21	 (VRo	=	5.19%),	 and	
DECS-30	 (VRo	=	1.16%).	 	An	additional	 set	of	 type	 III	 samples	were	obtained	as	coals	 from	the	 Illinois	
Basin,	as	described	previously.48-49	

	 In	 addition	 to	 kerogens,	 samples	 scanned	 here	 also	 included	 four	 fresh	 materials.	 	 These	
materials	 are	 representative	 of	 precursors	 to	 type	 I	 kerogen	 (algae)	 and	 to	 type	 III	 kerogen	 (fern,	
rhododendron,	 and	 peat).	 	 All	 fresh	 materials	 were	 sampled	 immediately	 prior	 to	 X-ray	 Raman	
measurement	 and	 were	 analyzed	 without	 any	 preparation.	 	 Finally,	 samples	 scanned	 also	 included	
asphaltenes,	which	are	the	fraction	of	a	mixture	that	dissolves	in	aromatic	solvent	(such	as	toluene)	but	
not	aliphatic	solvent	(such	as	heptane).		Asphaltenes	were	extracted	from	petroleum,	so	they	represent	
the	 material	 generated	 during	 the	 thermal	 maturation	 process.	 	 The	 asphaltene	 extraction	 process	
involved	 diluting	 the	 crude	 oil	 in	 40-fold	 excess	 of	 n-heptane,	 stirring	 for	 24	 h,	 recovering	 the	
precipitated	asphaltenes	by	filtration	through	a	nylon	membrane	with	0.65	μm	pores,	and	washing	the	
precipitated	 asphaltenes	with	 additional	 n-heptane	 briefly	 on	 the	 nylon	membrane	 and	 then	 for	 two	
days	in	a	Soxhlet	extractor.50		Asphaltenes	were	also	extracted	from	coal,	as	described	previously.19,	50-52	

	



	

	

	

Results	

	 X-ray	Raman	spectra	of	the	naturally	occurring	organic	materials	are	presented	in	Figures	3	–	7.		
The	spectra	are	presented	over	a	wider	range	than	shown	for	 the	model	compounds	 in	Figures	1	–	2.		
This	 range	 contains	 a	 1s-π*	 transition	 centered	 around	 285	 eV	 Raman	 shift	 and	 representative	 of	
aromatic	carbon,	a	1s-σ*	transition	centered	around	288	eV	Raman	shift	and	representative	of	aliphatic	
carbon,	 and	 a	 featureless	 postedge	 region	 above	 approximately	 290	 eV	 Raman	 shift.53	 	 The	 1s-π*	
transition	 can	 appear	 as	 a	 singlet	 (indicative	 of	 the	 dominance	 of	 aromatic	 sextets)	 or	 as	 a	 doublet	
(indicative	of	the	dominance	of	isolated	double	bonds)	as	discussed	above.	

	 Figure	 3	 presents	 the	 X-ray	 Raman	 spectra	 of	 type	 I	 kerogens	 spanning	 a	 range	 of	 thermal	
maturities.	 	 The	 most	 pronounced	 difference	 between	 the	 spectra	 is	 that	 the	 low	maturity	 samples	
present	a	strong	1s-σ*	peak	but	only	a	weak	1s-π*	peak,	while	the	intensity	of	the	peaks	is	reversed	in	
the	 spectra	 of	 the	 high	 maturity	 samples.	 	 This	 trend	 is	 consistent	 with	 an	 enrichment	 in	 aromatic	
carbon	and	a	loss	in	aliphatic	carbon	during	kerogen	maturation.2,	45		Meanwhile,	the	lineshape	of	the	1s-
π*	 transition	 remains	 constant	 as	 a	 narrow	 singlet	 at	 all	 thermal	 maturities	 investigated	 here.	 	 This	
result	 indicates	 that	 aromatic	 carbon	 in	 type	 I	 kerogen	 is	 dominated	by	aromatic	 sextets,	 rather	 than	
isolated	double	bonds,	across	this	range	of	thermal	maturity.	

	

Figure	3.		X-ray	Raman	spectra	of	type	I	kerogens.		The	left	panel	shows	the	abundance	of	different	
organic	phases,	relating	the	pyrolysis	time	to	the	thermal	maturity.		The	right	panel	shows	the	spectra	of	

five	samples	with	different	thermal	maturities.	

	

	 Similar	results	are	observed	in	all	the	other	spectra	recorded	here.		The	1s-π*	lineshape	remains	
constant	 as	 a	 narrow	 singlet	 for	 all	 the	 type	 II	 kerogens	 (Figure	 4)	 and	 for	 both	 sets	 of	 the	 type	 III	



	

	

kerogens	(Figure	5),	over	all	thermal	maturities	analyzed.		The	trend	of	1s-π*	intensity	increasing	and	1s-
σ*	intensity	decreasing	at	higher	thermal	maturities	is	observed	in	many	of	these	samples.		The	spectra	
of	 the	 fresh	materials	 (Figure	6)	 are	 somewhat	noisy	with	weak	1s-π*	peaks,	but	 the	1s-π*	 lineshape	
remains	constant	as	a	narrow	singlet	 for	all	samples	studied	here.	 	This	result	 is	consistent	with	these	
materials’	being	rich	in	structures	like	lignin,	in	which	the	concentration	of	aromatic	carbon	is	relatively	
low	but	the	composition	of	the	aromatic	carbon	is	dominated	by	aromatic	sextets.	 	The	spectra	of	the	
petroleum	 and	 coal	 derived	 asphaltenes	 (Figure	 7)	 show	 more	 intense	 1s-σ*	 peaks	 for	 petroleum	
asphaltenes	 (50%	 aliphatic	 carbon)	 than	 for	 the	 coal	 derived	 asphaltenes	 (15%	 aliphatic	 carbon),	 as	
expected.		Again,	1s-π*	lineshape	remains	constant	as	a	narrow	singlet	for	all	asphaltenes	analyzed	here.	

	

	

Figure	4.		X-ray	Raman	spectra	of	type	II	kerogens.		Samples	are	labeled	by	their	thermal	maturities.	

	 	



	

	

	

Figure	5.		X-ray	Raman	spectra	of	type	III	kerogens	(coals).		The	left	panel	shows	spectra	representing	
samples	from	the	Department	of	Energy	Coal	Sample	Bank	&	Database.47		The	right	panel	shows	spectra	

representing	coals	from	the	Illinois	Basin.48-49	Samples	are	labeled	by	their	thermal	maturities.	

	

	

Figure	6.		X-ray	Raman	spectra	of	fresh	materials.	

	



	

	

	

Figure	7.		X-ray	Raman	spectra	of	petroleum	asphaltenes	(PA)	and	coal	derived	asphaltenes	(CDA).	

	

Discussion	

	 It	 is	observed,	 in	all	 the	samples	studied	here,	 that	aromatic	carbon	 is	dominated	by	aromatic	
sextets	rather	than	isolate	double	bonds.		Given	the	diversity	of	samples	studied	here—kerogens	(which	
are	the	dominant	form	of	naturally	occurring	organic	carbon	in	the	earth’s	crust)1	over	a	wide	range	of	
type	 and	 maturity,	 fresh	 material,	 and	 products	 of	 petroleum	 generation	 (asphaltenes)—it	 can	 be	
concluded	 that	 naturally	 occurring	 organic	 carbon	 is	 generally	 dominated	 by	 aromatic	 sextets	 rather	
than	isolated	double	bonds.	

	 There	are	 two	main	 factors	 that	 contribute	 to	 the	dominance	of	 aromatic	 sextets	 in	naturally	
occurring	 organic	 carbon.	 	 The	 first	 factor	 is	 statistics.	 	 Isolated	 double	 bonds	 are	 dominant	 only	 in	
fractions	 of	 PAHs	 that	 are	 linearly	 concatenated,	 such	 as	 anthracene,	 tetracene,	 or	 pentacene	
components.		For	structures	with	a	large	number	of	fused	rings,	there	are	more	potential	configurations	
for	 fused	 ring	 structures	 that	 are	 not	 perfectly	 linearly	 concatenated	 than	 that	 are	 perfectly	 linearly	
concatenated.	 	 From	 a	 statistical	 perspective,	 when	 nature	 generates	 structures	 with	 many	 fused	
aromatic	rings,	there	is	a	greater	likelihood	for	the	structures	to	contain	abundant	aromatic	sextets	than	
for	the	structures	to	contain	abundant	 isolated	double	bonds.	 	This	argument	holds	for	the	petroleum	
asphaltenes	and	coal	derived	asphaltenes	(25-30	aromatic	carbons	per	fused	ring	system),19	as	well	as	
for	mature	kerogens	(approximately	20	aromatic	carbons	per	fused	ring	system).2		Similarly,	benzene	is	
fully	 aromatic	 sextet,	 and	 the	 smallest	 PAH	 that	 displays	 pronounced	 doublet	 structure	 in	 the	 X-ray	
Raman	 spectra	 is	 anthracene	 (14	 carbons).	 	 From	 a	 statistical	 perspective,	 when	 nature	 generates	
structures	with	few	fused	aromatic	rings,	there	is	no	opportunity	for	the	structures	to	contain	abundant	
isolated	double	bonds.		This	argument	holds	for	immature	kerogens	(approximately	10	aromatic	carbons	
per	fused	ring	system)2	and	for	fresh	materials,	where	the	lignin	structures	contain	single	ring	systems.		



	

	

Thus,	 the	 statistical	 likelihood	 for	 naturally	 occurring	 fused	 ring	 systems	 to	 be	 dominated	 by	 isolated	
double	bonds	is	constrained	on	both	ends	of	the	size	distribution.	

	 The	 second	 factor	 is	 thermodynamics.	 	 Because	 isolated	 double	 bonds	 are	 less	 stable	 than	
aromatic	 sextets,	 structures	 with	 large	 numbers	 of	 isolated	 double	 bonds	 are	much	 less	 stable	 than	
structures	with	 large	numbers	of	aromatic	sextets.	 	For	example,	coronene	(24	carbons,	dominated	by	
aromatic	 sextets)	 is	 stable	 for	 geologic	 time	 whereas	 heptacene	 (30	 carbons,	 dominated	 by	 isolated	
double	 bonds)	 has	 a	 half-life	 of	 several	 weeks	 at	 room	 temperature.54	 	 Materials	 that	 survive	 for	
geologic	 time	cannot	be	dominated	by	unstable	moieties.	 	Thus,	all	 samples	studied	here	save	 for	 the	
fresh	material	are	expected	to	be	dominated	by	aromatic	sextets	rather	than	isolated	double	bonds.	

	 Combining	 these	 two	 factors,	 the	 only	 opportunity	 for	 nature	 to	 generate	 fused	 ring	 systems	
dominated	 isolated	double	bonds	 lies	 in	young	materials,	 that	are	not	constrained	to	consist	of	highly	
stable	structures	capable	of	surviving	geologic	time,	wherein	the	isolated	double	bond	structure	either	
serves	a	specific	biological	function	or	the	aromatic	systems	consist	of	a	moderate	number	of	fused	rings	
where	abundant	isolated	double	bond	structures	are	statistically	likely.		It	appears	that	nature	does	not	
create	such	structures	in	great	abundance.	

	

Conclusions	

Fused	aromatic	ring	systems	contain	aromatic	sextets	(similar	to	benzene)	and	isolated	double	
bonds	 (similar	 to	olefins).	 	Carbon	X-ray	Raman	spectroscopy	 is	an	experimental	 technique	capable	of	
measuring	the	abundance	of	aromatic	sextets	and	isolated	double	bonds	in	mixtures.		By	measuring	the	
X-ray	Raman	spectra	of	a	wide	range	of	naturally	occurring	organic	carbons—kerogens	 (which	are	 the	
dominant	form	of	naturally	occurring	organic	carbon	in	the	earth’s	crust)	over	a	wide	range	of	type	and	
maturity,	 fresh	 material,	 and	 products	 of	 petroleum	 generation	 (asphaltenes)—it	 is	 concluded	 that	
naturally	 occurring	 organic	 carbon	 is	 generally	 dominated	 by	 aromatic	 sextets.	 	 The	 widespread	
occurrence	 of	 aromatic	 sextets	 in	 nature	 is	 driven	 partially	 by	 statistics,	 as	 structures	 dominated	 by	
isolated	 double	 bonds	 are	 statistically	 unlikely	 for	 fused	 ring	 systems	with	 small	 (<14)	 or	 large	 (>20)	
numbers	of	carbons.		The	widespread	occurrence	of	aromatic	sextets	in	nature	is	also	driven	partially	by	
thermodynamics,	as	structures	with	large	numbers	of	isolated	double	bonds	lack	the	stability	to	survive	
for	geologic	time.	
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