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1. Introduction

ABSTRACT

Evaluation of the relative thermodynamic stabilities of phenyldibenzothiophenes, by
means of molecular modelling, has led to the prediction of their equilibrium mixture com-
position. The calculated equilibrium composition shifts towards that obtained in a labora-
tory maturation experiment and encountered in mature geological samples (mean vitrinite
reflectance R, = 1.2%). Close inspection of a suite of samples, having in common hydro-
thermal oxidation of organic matter, but varying in maturity, suggests that phenyldibenzo-
thiophenes can isomerise and also cyclise to triphenyleno[1,12-bcd]thiophene. Both
reactions are thermodynamically possible as a result of the relative decrease in enthalpy
along the reaction paths and the resulting competition for the precursor 1-phenyldibenzo-
thiophene. Changes in the phenyldibenzothiophene positional isomer distributions from
kinetically to thermodynamically controlled mixtures are likely to be achieved with an acid
catalysed 1,2-phenyl shift, as suggested from our maturation experiment. To validate this
hypothesis, ab initio quantum chemical calculations (DFT) were performed, leading to the
localisation of potential transition states as well as the determination of activation energies
in gas phase and aqueous solution. The isomerisation barriers are significantly lowered by
acid catalysis. They are in the range from AE(,q) 20.5 to 28.7 kcal/mol, consistent with the
early beginning of the isomerisation observed for our samples. With increasing maturity, 1-
PhDBT decays rapidly. At very advanced maturity stages the process is often accompanied
by the appearance of triphenyleno[1,12-bcd]thiophene, suggesting its simultaneous forma-
tion by cyclisation/oxidation. The oxidation is most likely associated in nature via thermo-
chemical sulfate reduction (TSR). The modelling of such a reaction with thiosulfates yielded
an energy barrier AE(,q of ca. 64.7 kcal/mol, only when the initial step involved proton-
ation. This energy seems relevant to very advanced stages of diagenesis/catagenesis. The
modelled barrier can be lowered by 2-3 kcal/mol at significantly elevated fluid tempera-
tures as a result of changes in the physical properties of water.

© 2008 Elsevier Ltd. All rights reserved.

1987; Piittmann et al., 1990; Marynowski et al., 2002; Ros-
pondek et al., 2007) and burial history of sediments and

The distribution of polycyclic aromatic compounds
(PACs) can provide valuable information on the origin
(e.g. Strachan et al., 1988; Killops and Massoud, 1992; Otto
and Simoneit, 1999), diagenesis (e.g. Piittmann and Villar,
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sedimentary rocks enriched in organic matter (e.g. Radke
et al., 1982, 1986, 2000) as well as petroleum (e.g. Chakh-
makhchev et al., 1997). In samples of low maturity, the PAC
distribution is usually kinetically (origin) controlled,
though it can be also thermodynamically controlled at
more advanced stages of maturity, depending on the
specific PAC stability (e.g. van Duin et al., 1997). To make
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a distinction between both of these idealised end member
distributions, molecular modelling can be applied. Its
application with a view to understanding the distributions
of many PACs of geochemical relevance has proven to be
useful (e.g. Budzinski et al., 1993; Oldenburg et al., 2002).
For mature samples the modelled thermodynamic equilib-
rium composition has been used to define the final isomer
distribution of alkylated PACs (e.g. Budzinski et al., 1993;
van Duin et al., 1997). However, molecular modelling has
not been used to disclose the natural distribution of poly-
aromatic thiophene derivatives, which are commonly used
as maturity indicators, e.g. alkyl dibenzothiophenes (Radke
and Willsch, 1994; Radke et al.,, 1986; Chakhmakhchev
et al., 1997). A number of molecular maturity parameters
(Radke et al., 1982, 2000), like the methyldibenzothioph-
ene ratio (MDR; Radke et al., 1986; Radke and Willsch,
1994), are based on variation in the relative stability of
PAC positional isomers. Changes in the relative abundances
of methyldibenzothiophene isomers (for numbering sys-
tem see Appendix A) have been attributed to the difference
in generation yield profiles and isomerisation reactions
with increasing thermal stress on burial (Radke et al.,
1986, 2000; Radke and Willsch, 1994). Preliminary studies
have shown that alkyl dibenzothiophenes react differently
from phenyldibenzothiophenes (PhDBTs) to increasing
maturity. In this study, phenyldibenzothiophene isomeri-
sation is explored and compared with that of meth-
yldibenzothiophene. The composition at thermodynamic
equilibrium is modelled and compared with the compound
distributions in mature geological samples, such as hydro-
thermal petroleum from the Guyamas Basin, California. To
gain a better insight into the conditions of phenyldibenzo-
thiophene positional isomer formation in nature, a labora-
tory maturation experiment, based on clay catalysed
isomerisation, was performed, suggesting that a 1,2-phe-
nyl shift may be one of the important mechanisms influ-
encing the natural distributions (Rospondek et al., 2007).
To validate the hypothesis, quantum chemical calculations
were also carried out in order to localise the potential tran-
sition states and to determine the activation energy. Fur-
thermore, the identification of triphenyleno[1,12-
bcd]thiophene (TPT), both in rock samples as well as in
maturation experiment products, indicates that phen-
yldibenzothiophene cyclises, a hypothesis that was tested
by modelling the reaction kinetics.

2. Samples and methods
2.1. Samples

All samples from our database containing phen-
yldibenzothiophenes were selected (Table 1). The samples
represent marine rocks containing mostly Type II kerogen
(Rospondek et al., 1993; Kotarba et al., 2006), except for
the samples from the Carpathians (Rospondek and Mary-
nowski, 2004; Srodon et al., 2006) and the base of the
Zechstein sections (Sun et al., 1995), which contain admix-
tures of Type IIl. Their diagenesis/catagenesis was influ-
enced by oxidising hydrothermal solutions (Marynowski
et al., 2002; Rospondek et al., 2007). The circulation of

hot aqueous fluids along sedimentary, lithology or tectonic
boundaries resulted in the formation of significant gradi-
ents in pH and redox conditions, as well as increased con-
centrations of transition metals and sulfur species during
rock diagenesis/catagenesis. Such events are recorded in
rocks as hematite/goethite pseudomorphs after sedimen-
tary often framboidal pyrite, occurring close to transition
metal sulfides (e.g. Oszczepalski, 1989). The samples were
collected from the following localities:

1. Middle and Upper Devonian carbonates and shales from
the Holy Cross Mountains, South Poland. These are rep-
resented by a series of samples from Kowala, Géra
Lgawa, Radkowice, Piskrzyn and Laskowa Goéra having
R, from ca. 0.5% to 1.2% (Marynowski et al., 2000,
2002). In this region, the Upper Devonian rocks host
hydrothermal reddish thick calcite veins and a copper,
zinc and lead sulfide mineralisation (e.g. Miedzianka,
Miedziana Goéra).

2. Equivalent to the Holy Cross Mountains rocks from the
Krakéw-Silesia Monocline, Debnik Anticline. The matu-
rity (R > ca. 1.4%) is due to the thermal/hydrothermal
influence of the large Upper Carboniferous/Permian
(Nawrocki et al., 2007) rhyodacite intrusion (Lew-
andowska, 1991, 2000).

3. Upper Permian (Zechstein) limestones, dolomites,
marls and shales (Kupferschiefer) from the Fore-Sudetic
Monocline and North Sudetic Trough, SW Poland
(Oszczepalski, 1989; Rospondek et al., 1994; Bechtel
et al., 2001). The samples were collected from the Pol-
kowice-Sieroszowice and Rudna mines in the areas
where a hematite stained irregular hydrothermal oxi-
dation front “Rote Fdule”, arising from underlying
strata, penetrates the organic-rich marine sedimentary
sequence. Interestingly, the samples from the Lubin
mine lack the compounds of interest - presumably,
because of the absence of the oxidising zones. The
maturity is from ca. R; 0.6% to 0.7%.

4. The Western Carpathians, Southern Poland Cretaceous
and Tertiary Flysch shales with maturity in the range
R; 0.9-1.5%, originating from the Podhale Trough (see
Rospondek and Marynowski, 2004; Srodof et al., 2006).

5. Hydrothermal petroleum from the Guaymas Basin, Gulf
of California, Mexico. This is generated in active, sedi-
ment-covered hydrothermal systems of the oceanic rift
zone in the tectonic graben basin, which is filled with
thick diatomaceous oozes and terrigenous silty muds
(see, e.g. Kawka and Simoneit, 1990). The conversion
of semi-recent kerogen into petroleum occurs in high-
temperature water ca. 300 °C and at least 200 bar (Sim-
oneit, 1993).

2.2. Vitrinite reflectance

Vitrinite reflectance (R;) analysis was carried out using
an AXIOPLAN II Microscope, adapted for reflected
white light observation, in oil immersion and a total mag-
nification of 500x. The reflectance standard used has R,
0.62%. About 100 vitrinite grains were measured for each
sample.



Table 1
Sample description, bulk data and relative concentration (wt%) of phenyldibenzothiophene isomers

Locality Lithology (age) R (%) TOC (%) EOM (mg/g TOC) Phenyldibenzothiophenes (wt%)

1- 4- 2- 3-
Holy Cross Mountains, Poland (Devonian)
Bukowa Gora Shale (Emsian) 1.15 nd.? n.d. 0.0 37.7 39.2 23.1
Kowala-1 (851 m) Dolostone (Eifelian) 0.64 n.d. n.d. 25.2 27.7 29.8 17.2
Piskrzyn Dolostone (Eifelian) 0.73 nd. n.d. 11.8 28.7 345 25.0
Piskrzyn Shale (Eifelian) 0.76 n.d. n.d. 3238 30.6 241 12.5
Radkowice Greenish shale (Eifelian) 0.65 11,1155 10 31.7 34.1 19.8 14.4
Radkowice Greenish dolostone (Eifelian) 0.62 0.80 12 23.8 38.1 20.7 173
Laskowa Goéra Dolostone (Eifelian?) 1.20 0.37 11 1.7 26.3 374 34.6
Laskowa Géra Greenish shale (Eifelian?/Givetian?) 1.15 n.d. n.d. 03 273 47.8 24.6
Janczyce-1 (943 m) Dolostone (Givetian?) n.f. 0.03 20 9.3 26.6 409 23.2
Jaworznia Limestone (Frasnian) 0.63 0.01 20 13.6 41.5 254 19.5
Sitkowa-Kowala Limestone (Givetian) 0.63 0.25 68 29.2 274 23.8 19.7
Kowala K1 Black shale (Frasnian) 0.57 3.68 18 29.9 313 22.6 16.2
Kowala K2 Black shale (Frasnian) 0.54 8.17 15 285 309 243 16.3
Kowala K3 Black shale (Frasnian) 0.55 4.00 30 31.8 324 20.3 154
Kowala K4 Black shale (Frasnian) 0.55 0.89 69 34.2 30.9 19.2 15.6
Kowala K5 Black shale (Frasnian) 0.57 414 43 37.8 29.5 16.3 16.4
Panek (by Bolechowice) Limestone (Frasnian) 0.66 0.14 21 27.2 35.9 213 15.6
Gora Lgawa Marly limestone (Famennian) 0.52 0.73 27 40.9 31.2 149 13.0
Krakow-Silesian Monocline, Debnik Antycline, Southern Poland (Devonian)
Debnik Limestone (Givetian) n.fP? n.d. n.d. 17.0 279 283 26.7
Debnik Marly shale (Frasnian) 14 1.45 13 0.0 31.6 36.9 31.6
Fore-Sudetic Monocline. South-Western Poland (Zechstein)
Lubin LE-I/0 “Basal” dolostone n.f. 0.4 4 26.9 253 283 19.6
Polkowice PW-II/1 Laminated reddish dolostone n.f. 1.00 6 21.0 33.1 246 213
Polkowice PW-III/1 Reddish/black marly shale (spots of hematite) n.f. n.d. n.d. 15.6 41.5 28.1 14.7
Polkowice PW-III/2 Reddish limestone (spots of hematite) 0.68 n.d. n.d. 209 345 26.3 183
Sieroszowice S1 Reddish/black shale (spots of hematite) 0.72 6.1 4 374 24.1 214 17.2
Sieroszowice S3 Reddish limestone (with spots of hematite) n.f. 0.7 6 30.9 28.7 22.7 17.7
Rudna Bitumen cementing sandstone n.f. n.d. n.d. 33.6 25.2 239 17.3
North-Sudetic Trough, South-Western Poland (Zechstein)
Konrad Cu Marly limestone n.f. nd. n.d. 52.8 26.9 12.6 7.7
Konrad Pb Marly limestone 0.68 n.d. n.d. 51.4 321 10.1 6.4
Konrad “Rote Faule” Reddish/black marly shale(spots of hematite) 0.70 n.d. n.d. 28.0 33.6 21.7 16.8
Podhale Trough, the Carpathians, Southern Poland
Zakopane Flysch shale (Paleogene) 0.9 n.d. n.d. 15.8 342 23.6 264
Poronin PAN-1 borehole (depth 1912 m) Flysch shale (Cretaceous) 1.5 0.12 n.d. 0.0 453 33.8 209
Gulf of California, Mexico
Guaymas Basin Hydrothermal oil n.d. n.d. 0.0 248 303 45.0
Laboratory maturation experiment (see: Paragraph 2.5.)
PhDBT isomer mixture 29 16.9 38.7 41.7

2 Not detected (n.d.).
b Not found (n.f.).
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2.3. Gas chromatography-mass spectrometry

Component identification was achieved by means of gas
chromatography-mass spectrometry (GC-MS) as de-
scribed elsewhere (e.g. Rospondek et al., 2007).

2.4. Standard compounds

Identification of phenyldibenzothiophenes was
achieved using chromatographic and spectral comparison
with 1-, 2-, 3- and 4-phenyldibenzothiophenes (Chiron,
Trondheim, Norway) and triphenyleno[1,12-bcd]thiophene
(C1g8H10S) from the PAH Research Institute, Greifenberg,
Germany (Marynowski et al., 2002). For maturation exper-
iments, sufficient amounts of all four phenyldibenzothi-
ophene isomers were obtained via free radical
phenylation of dibenzothiophene. Freshly distilled aniline
(0.01 mol DBT equiv., 0.09mL) and pentyl nitrite
(0.1875 mL; Merck), the source of phenyl radicals (Spag-
nolo et al, 1972), were mixed with dibenzothiophene
(0.001 mol, 184 mg; Fluka, > 98%). The reaction mixture
was homogenised by dissolving it in a minimal volume of
dichloromethane (DCM) in a glass ampoule. After solvent
evaporation to dryness at room temperature, the ampoule
was sealed and kept at 40 °C for 2 days. The reaction prod-
ucts were extracted with benzene and dried. The residue
was fractionated to give an aromatic fraction, which was
used for our maturation experiments.

2.5. Maturation experiments

The maturation experiments with a clay catalyst, mim-
icking natural acid catalysed reactions (e.g. Wei et al,,
2006), was conducted on a standard mixture (ca. 25 mg)
of all four phenyldibenzothiophene isomers (see above),
with the unstable 1- and 4-isomers prevailing (cf.
Fig. 4c). The isomer mixture in DCM was adsorbed on to
aluminium montmorillonite mixed with Cu powder
[10:2; v/v; procedure adopted from Kagi et al. (1990) and
Strachan et al. (1988)]. The clay has layers with a relative
negative charge, so cations or protons (hydrated in the
form of H30™) are often located in the interlayer and on
the surface (Moore and Reynolds, 1997). The solvent was
evaporated and the mixture sealed at atmospheric pres-
sure in glass ampoules, which were heated isothermally
at 250 or 330 °C (1 week). After cooling, the reaction mix-
ture was extracted with DCM and the solvent then allowed
to evaporate at room temperature to give a residue, from
which the fraction eluted with n-hexane/DCM (1:1; v/v)
was analysed using GC-MS. The fraction contained all four
phenyldibenzothiophenes, dibenzothiophene, biphenyl as
major compounds, as well as traces (< 3% relativel to the
sum of the phenyldibenzothiophenes) of benzophenone,
phenanthrene, m- and p-terphenyls, xanthone, thiaxanth-
one, triphenyleno[1,12-bcd]thiophene and 2-phenylnaph-
thalene. Benzene and other low molecular products of
pyrolysis were likely lost on work up.

2.6. Calculations

The geometry optimisation and calculation of thermo-
dynamic properties for the dibenzothiophene derivatives

were performed with the quantum chemical AM1 semi-
empirical method (Dewar et al., 1985) and ab initio density
functional theory (DFT) at B3LYP/6-31+G" level (Lee et al.,
1988; Becke, 1993) using WinGamess’06 software (Schmidt
et al., 1993) and Gaussian Inc. software (Frisch et al., 2004).

The composition of the thiophenes at equilibrium can
be estimated on the basis of their thermodynamic proper-
ties, such as relative energy (AE), enthalpy (AH) or Gibbs
free energy (AG), according to the following equation
(e.g. van Duin et al., 1997):

exp (AGIETAG]>
N AGy—AG
1+ Zn:Z exp (Tl)

where N is the number of compounds and AG; is the Gibbs
free energy of an arbitrarily chosen compound 1.

In order to predict kinetics for suspected natural reac-
tions, potential energy surfaces were scanned in search of
transition and intermediate structures, initially with the
AM1 method. Then, all suspected equilibrium and transi-
tion structures were optimised under the AM1 level of the-
ory. These structures were used as starting points for
locating corresponding geometries at the B3LYP/6-31+G’
level of theory. All transition states and equilibrium struc-
tures were verified by normal coordinate analysis. For each
transition state, one imaginary (negative) frequency (v) of
the normal mode was found, the one that defines the tran-
sition state. For equilibrium structures all frequencies were
positive. More exact energies were obtained employing
single point B3LYP/6-311++G"" calculations.

The polarisable continuum model (PCM) (Miertus et al.,
1981) approach was used to study solvent effects. The gas
phase B3LYP/6-31+G" optimised geometries were used as
starting points to run single point PCM/B3LYP/6-311++G"
calculations. Relative energies of species involved in the
modelled reactions are expressed as AEq,, in the gas
phase and AE(,q) in aqueous solution. As solvents water
under ambient (dielectric constant 78.4) and high temper-
ature conditions at 300 °C and 500 bar (dielectric con-
stant12.0) were used (e.g. Pitzer, 1983).

%Ci =100 -

3. Results
3.1. Natural samples

For the geological samples, the relative abundances of
phenyldibenzothiophenes (PhDBTSs; Table 1) generally cor-
relate well with R, except for the 4-isomer (Fig. 1). In
Fig. 2, the outlier samples (Jaworznia, Poronin PAN-1) were
omitted owing to their large R, standard deviations (e.g.
Srodon et al., 2006). In sections like Polkowice-Sieroszow-
ice, several samples were collected within 2-3 m of a thick
sedimentary sequence, so if only one sample contained
vitrinite, its reflectance was considered for the others. In
less mature samples, the most abundant isomers are either
1-PhDBT or 4-PhDBT, while 2- and 3-PhDBTSs occur at com-
parable, but low, concentrations. In turn, the more mature
samples contain 4-, 2- and 3-PhDBTs, which greatly prevail
over 1-PhDBT. The concentration of 1-PhDBT rapidly de-
creases with increasing maturity and becomes essentially
absent above R; 0.9. For moderate maturity, 2-PhDBT pre-
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Fig. 1. Relative abundance of phenyldibenzothiophene isomers vs. mean vitrinite reflectance (R;).

4

Fig. 2. Comparison of 1-phenyldibenzothiophene geometry, for which the angle between dibenzothiophene and phenyl moieties deviated from optimal to

123.4°, with 2-phenyldibenzothiophene geometry (B3LYP/6-31+G ).

vails over 3-PhDBT, while for higher maturity the propor-
tion can be inversed, as in the hydrothermal oil from the
Guaymas Basin [Fig. 6 from Marynowski et al. (2002)].

3.2. Thermodynamics

The calculations of either enthalpies or Gibbs free ener-
gies for the PhDBT isomers reveal that the most stable are
2- and 3-PhDBT, followed by 4-PhDBT and finally the least
stable, 1-PhDBT (Table 2). The instability, resulting from
the phenyl ring at C-1, is caused by steric hindrance
(Fig. 2). For 1-PhDBT the angle between the phenyl and
DBT moieties is deformed from the optimal 120°. This re-
sults in an increase in total energy and an overall instabil-
ity. For comparison, the corresponding angle of 2-PhDBT,
one of the most stable isomers, is less deformed (Fig. 2).
The 1-PhDBT steric hindrance also causes the torsion angle
between the phenyl ring and the DBT moiety to be twisted
to about 90° (Fig. 2). The relative abundance of particular
isomers in the thermodynamic equilibrium mixture ob-
tained in the modelling (Table 2; Fig. 3) is comparable with
the distribution of phenyldibenzothiophenes in samples

with high maturity (e.g. Laskowa Géra, R, 1.2%; Fig. 3).
The distributions also compare well with that resulting
from heating the mixture of all PhDBT isomers at 330 °C
(Fig. 3). In addition, the presence of triphenyleno[1,
12-bcd]thiophene, accompanied by the disappearance of
1-PhDBT, in mature samples suggests its formation from
1-PhDBT via cyclisation (Fig. 4), which is formally an oxi-
dation. The amount of triphenyleno[1,12-bcd]thiophene
estimated to be in thermodynamic equilibrium with
PhDBT requires comparison of the thermodynamic proper-
ties such as, for example, relative enthalpy. However, as a
result of the different elemental compositions, such a di-
rect comparison is not possible. In order to compare the
thermodynamic stability of triphenyleno[1,12-bcd]thio-
phene vs. phenyldibenzothiophenes, the enthalpy of all
the substrates taking part in the cyclisation must be con-
sidered. Thus, the amount of triphenyleno[1,12-bcd]thio-
phene at such an equilibrium depends on the reaction
mechanism leading to its formation. Many reaction mech-
anisms that involve different oxidants are theoretically
possible but, as suggested from laboratory experiments
(McCollom et al, 2001) and geological observations
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Table 2

Comparison of thermodynamical properties of phenyldibenzothiophene isomers [enthalpy AH and free enthalpy (AG) are expressed relative to the most stable

isomers]

Temperature 25°C 330°C
Isomer AH [kcal/mol] S [cal/mol K] AG [kcal/mol] AH [kcal/mol] S [cal/mol K] AG [kcal/mol]
Gas phase®
1- PhDBT 3.79 120.89 3.14 3.79 179.95 2.47
2- PhDBT 0.17 118.74 0.16 0.17 177.79 0.15
3- PhDBT 0.00 118.71 0.00 0.00 177.75 0.00
4- PhDBT 1.13 118.83 1.10 1.13 177.87 1.06
Aqueous solution”
1- PhDBT 4.06 114.12 5.50 3.52 172.11 7.19
2- PhDBT 0.15 119.18 0.09 0.20 178.52 0.00
3- PhDBT 0.00 118.95 0.00 0.00 178.11 0.05
4- PhDBT 1.33 119.19 1.26 1.37 178.52 1.18
a B3LYP/6-31+G .
b PCM/B3LYP/6-31+G .
50 % :
I
natural N ! modelled
40 T T T 1| T T — #7:3 -1 &
B 1 —
I
] I
30 7 D L O T T* AN TN
- 1 | |
I
N |
20 T8 11 1IN A= I —1h =1 A
I
I
0 — NN |\
I
|
0 = T T T I| — T T -
- © — G~ PN B £ g Qe
© 8 €8 g = g go 29 2L 35
LS S o 31 2 == £3 ©a © 5
5T 2T ¢ S& 8 8% ts t3
¥ Y x ~ ~ ”
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N
B -prosT4 [] 4-PhDBT ] 2-PhDBT3 3-PhDBT

Fig. 3. Comparison of natural phenyldibenzothiophene distributions with experimental ones, and that predicted for thermodynamic equilibrium mixture.

(Graner and Warren, 1969; Xu et al., 1998), sulfur species
are the most important agents promoting the transfer of
electrons among reactants in many geological systems
(Ohmoto and Lasaga, 1982, Seewald, 1997; McCollom
et al., 2001; Zhang et al., 2008). The involvement of sulfur
species at the intermediate oxidation state is consistent
with the position of the investigated samples at the redox
boundary, caused by a co-existence of metal sulfides (e.g.
pyrite, chalcopyrite, bornite and chalccocite) and sulfates
(anhydrite and gypsum) in the mineral matrix of the or-
ganic matter (e.g. Oszczepalski, 1989; Piittmann et al.,
1990). Such a position for the investigated samples
suggests involvement of simultaneous oxidation of sul-
fide-sulfur atoms and reduction of sulfate-sulfur. Given
this, a mechanism of cyclisation involving thiosulfates,
one of the important sulfur species in such environments
(Ohmoto and Lasaga, 1982; Jergensen, 1990; Xu et al,,
1998; McCollom et al., 2001; Descostes et al., 2004; Zhang
et al., 2007), was investigated in further detail:

1-PhDBT + HS,0; — TPT + HSO; + H,S (1)

The enthalpy of Reaction (1), calculated on the basis of
energies, substrates and products is AEq) ca. —21.0 kcal/
mol (according to the PCM/B3LYP/6-31+G //PCM/B3LYP/6-
311++G"" calculations). The reaction is quite exothermic,
indicating that the thermodynamic stability of triphenyle-
no[1,12-bcd]thiophene (TPT) is substantially greater than
that of the phenyldibenzothiophenes. If thermodynamic
equilibrium were obtained, an enormous predominance
(>99%) of triphenyleno|1,12-bcd]thiophene would be ex-
pected. This is not the case in nature (Fig. 4), suggesting that
the compounds do not reach thermodynamic equilibrium,
even in the hydrothermal petroleum from the Guyamas Ba-
sin (Marynowski et al., 2002) formed above 300 °C and at
least 200 bar (Kawka and Simoneit, 1990; Simoneit, 1993).

3.3. Kinetics

In order to gain further insight into the way phen-
yldibenzothiophenes are transformed in geological envi-
ronments, the kinetics of two reactions were evaluated:
cyclisation of 1-PhDBT and isomerization of PhDBTSs. These
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Fig. 4. Comparison of phenyldibenzothiophene and triphenyleno[1,12-bcd]thiophene distributions in: (a) mature rocks (R, ~ 1.2%), (b) products of
laboratory maturation experiment at 330 °C resulted from heating, and (c) phenyldibenzothiophenes mixture obtained from free radical phenylation of

dibenzothiophene as revealed by m/z 260 + 258 chromatograms.

reactions were suspected to go on in nature, on the basis of
the identification of their presumed products in the geo-
logical samples and the maturation experiment.

3.3.1. Cyclisation of 1-phenyldibenzothiophene

It is noteworthy that 1-PhBDT can cyclise to TPT. This is
caused by the specific TPT geometry, which differs from 1-
PhDBT only in possessing one additional C-C bond, causing
a lack of two hydrogens. The positions of the other C-C
bonds are similar, which is not the case for the other
PhDBTs. However, the other isomers can potentially form
TPT, if they are first isomerised to 1-PhDBT (Section 3.3.2).

Non-catalytic cyclisation of 1-PhDBT has a high reaction
barrier AE(g,s) ca. 72.4 kcal/mol. The acid catalysed sce-
nario leads to a substantial increase in the relative stability
of the intermediate molecule (AE,s) ca. 48.4 kcal/mol).
The involvement of acid catalysis in diagenetic/catagenetic

transformation of sedimentary organic matter has been
widely anticipated, traditionally with the involvement of
Lewis acids (e.g. Seewald et al., 2000; Wei et al., 2006).
However, any strong acid could catalyse the cyclisation
reaction. In sedimentary basins, acidic H* could originate
from e.g. pyrite oxidation, hydrolysis of MgSO, (Janecky
and Seyfried, 1983; Zhang et al., 2008) or from auto-disso-
ciated high temperature water with higher H* and OH™
activities under hydrothermal conditions (e.g. Akiya and
Savage, 2002; Seewald, 2003). To validate whether such a
mechanism of dehydrocyclisation of 1-PhDBT to TPT,
involving thiosulfate as oxidant [used in experiments by
Toland (1960)], is realistic for geological conditions, all
the molecules involved in such a reaction were fully opti-
mised and three transition structures were located. The
inclusion of acids in quantum chemical modelling was ob-
tained by using H;0", which during reaction, loses a proton
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and becomes H,O0. In turn, the dominant thiosulfate spe-
cies, HS;03, in acidic aqueous solutions (Ohmoto and
Lasaga, 1982) was used.

The construction of the potential energy surface (Fig. 5)
for the acid catalysed reaction, analogous to (1), requires
the inclusion of all substrates and products. In order to ob-
tain the relative energy of particular molecules along the
reaction path, all molecules taking part in the reaction
were included in the calculations (Table 3). Thus, the over-
all reaction can be written as:

1-PhDBT + H30" + H,0 + HS,03

— 1-Int + 2H,0 + HS,05 — TS1 + 2H,0 + HS,05

— 2-Int + 2H,0 + HS,05

— 3-Int + H;0" + H,0 + HS,035

— TS2 +H,0 + H;0%

— 4-Int + H,0 + H30" + HSO;

— TS3_HS + H,0 + H30" + HSO;

— 5-Int + HS™ + H,0 + H30" + HSO;

— TPT +HS™ + 2H30™ + HSO3

— TPT + H,S + H,0 + H;0" + HSO; (2)

Based on these assumptions, the first step is proton at-
tack at C-4 of 1-PhDBT and the formation of an arenium ion
1-Int (Fig. 5). At all other positions, relative energies be-
tween particular intermediate protonated structures were

not found to be substantial (about 2.0 kcal/mol according
to the B3LYP/6-31+G" calculations). Indeed, proton attack

AE (kcal/mol)

A

Table 3

1807

Total energy of species in cyclisation of 1-phenyldibenzothiophene to
triphenyleno[1,12-bcd]thiophene (transition stages are characterised by

their imaginary frequencies)

Molecule Gas phase® Aqueous solution”
Imaginary Total energy Imaginary  Total energy
frequency (Hartree) frequency (Hartree)

V(gas) Viag) (cm™")
(em™)

1-PhDBT —1091.549952 -1091.563136

1-Int —1091.878789 —1091.954159

TS1 —415 —1091.839049 —420° -1091.914110

2-Int —1091.853367 —1091.928473

3-Int —1091.521031 —1091.534265

TS2 -63 —2114.280556 —170° —2114.364360

4-Int —1489.735251 —1489.752377

TS3 —341 —1489.684541

TS3_HS —142°¢ —1489.714488

5-Int —1090.750813

TPT —1090.363957 —1090.377309

HS, 05 —1022.805515 —1022.904318

HSO; —624.590145 —624.695639

H,S —399.422640 —399.427954

HS™ —398.966595

2 B3LYP/6-31+G'//B3LYP/6-311++G .
b B3LYP/6-31+G’//PCM/B3LYP/6-311++G .
¢ PCM/B3LYP/6-31+G //PCM/B3LYP/6-311++G "

at position 4 is most plausible, because it leads to the 1-
Int privileged intermediate, which in further reaction steps
acts as an electrophile and in intramolecular mode attacks
other aromatic rings. It was also found that the reaction of

60 |
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Fig. 5. Comparison of energy profile diagrams for dehydrocyclisation of 1-phenyldibenzothiophene to triphenyleno[1,12-bcd]thiophene by acid catalysis
with involvement of thiosulfate in gas phase (dashed lines — B3LYP/6-31+G [/B3LYP/6-311++G ) and in aqueous solutions (solid lines — B3LYP/6-31+G [/

PCM/B3LYP/6-311++G ).
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a proton accession to 1-PhDBT has almost no barrier (ca.
4 kcal/mol - B3LYP/6-31+G"), so calculations of such po-
tential barriers were omitted.

Within the context of the suggested acid catalysed reac-
tions involving ionic species, the model may require due
consideration of the solvation energy, which usually plays
a significant role in the final energy (e.g. Jensen, 2001).
Taking the first step in Reaction (2), which is 1-
PhDBT + H30" — 1-Int + H,O, in the gas phase H30" will
be very unstable, which makes the right-hand side rela-
tively more stable than it would be in aqueous solution.
However, the solvation energy term for HsO" will be very
large. Although, 1-Int is also positively charged, the solva-
tion energy term will be substantially smaller. This is be-
cause the positive charge in 1-Int will be well distributed
in the aromatic rings particularly. Consequently, much less
formation of 1-Int can be anticipated in aqueous solution
than in the gas phase. To form 1-Int in the gas phase, a va-
lue of ca. —35 kcal/mol was obtained (Table 4). This would
mean that 1-PhDBT is not stable at all, revealing that such a
model is not applicable to naturally occuring diagenetic
reactions. Therefore, results from the calculations in aque-
ous solution must be considered. For such circumstances
the protonated forms like 1-Int, TS1 and 2-Int turn out to
be relatively less stable than neutral 1-PhDBT as expected.

The first transition state TS1 (Appendix B) refers to the
cyclisation of a protonated 1-PhDBT (1-Int) molecule. The
cyclisation  barrier obtained, AE(;, ca. 30.7 kcal/mol
(AE5, ca. 24.9 kcal/mol), seems realistic for geological
conditions. The normal mode of the TS1 is characterised
by one imaginary frequency at v,q)= —420 cm™' in aque-
ous solution (vgs)y —415cm™' in gas phase) confirming
the identification of the transition state. After crossing
the barrier, the formed cationic 2-Int molecule (Figs. 5
and 6) possesses three additional hydrogens in comparison
to TPT. One of them can be liberated in the form of H" and
the molecule becomes neutral. At this step, the most dis-
tant hydrogen from the sulfur atom, the one between the
two rings, is preferentially lost (in Fig. 6, arrow). This is
attributed to the loss of aromaticity from only two rings,
instead of three, as would be the case for other protons.
This leads to a relative lowering of energy in respect of
the 3-Int molecule (Fig. 5). If the proton were liberated
from other positions, the energy of such molecules would
be higher by about 40-60 kcal/mol.

At this stage, the neutral 3-Int molecule with two addi-
tional protons (Fig. 5) is attacked by model oxidant, thio-
sulfate HS,0;. Thiosulfate, though formally contains
sulfur $#, is a hybrid species consisting of two non-equiv-
alent sulfur atoms. Sulfate-type sulfur S®* of the thiosulfate
is reduced to S* and sulfide-type sulfur S~ is added to the

molecule 3-Int. The second transition state TS2 (Appendix
B), characterised by one imaginary frequency at v(q)
~170 cm ™! (V(gas) —63 cm™'), refers to such an addition.
The formation of TS2 requires AE(,; = 64.7 kcal/mol
(AE[>% = 47.0 kcal/mol; Table 3), which suggests that the

ds

reac(gtic)m is likely to proceed only at advanced diagenesis/
catagenesis. This transition state is quite a complex one,
because it requires the formation of two new bonds
accompanied by the breaking of two others (see Appendix
B). In our modelling, it is difficult to ascertain whether or
not no other transition states are possible, due to limita-
tions in transition state computations (e.g. Jensen, 2001).
However, TS2 was the only transition structure, obtained
after several trials, that is intermediate between TPT with
two additional hydrogens (structure 3-Int, Fig. 5) and TPT
with hydrogen and SH group (4-Int, Fig. 5). The TS2 liber-
ates the HSO3, thereby forming the 4-Int structure. The lat-
ter differs from TPT in having an additional hydrogen and
hydrosulfide group.

In aqueous solution 4-Int preferably loses hydrosulfide
ion HS™, via a transition state TS3_HS (Appendix B) identi-
fied due to the finding of one imaginary frequency of the
normal mode at v,q)= —142 cm~' and becomes an areni-
um ion 5-Int (Fig. 5). H* is then liberated and the molecule
becomes neutral TPT. Hydrosulfide ions can be stable in
aqueous solution under certain pH values, but the molecu-
lar modelling is still unable to computationally consider
the pH of aqueous solutions (Jensen, 2001). Therefore,
exclusively for the purpose of the modelling hydrosulfide
ion was assumed to recombine with hydronium ion:

HS™ + H;0" — H,S + H,0

leading to a lowering of the total energy. For the reason
mentioned, the last steps (5-Int+HS™ + H,0 + H30"
+HSO; — TPT + HS™ + 2H50" + HSO3 — TPT + H,S + H,0
+H30" 4 HSO;3) in Reaction (2) resulting from the method-
ological limitations are only shown in Tables 3 and 4
(omitted from Fig. 5). For the gas phase the final reaction
steps would be quite different. After crossing the TS3 tran-
sition state (Appendix B), H,S is liberated from 4-Int, rather
than HS™. Finding one imaginary frequency of the normal
mode at Vg = —341 cm™! identifies TS3. Eventually, as
in aqueous solution, TPT molecule is formed.

3.3.2. Isomerization of PhDBTs

It is generally accepted that methyl (e.g. Strachan et al.,
1988; Kagi et al.,, 1990) and phenyl (Marynowski et al.,
2002; Rospondek et al., 2007) groups can easily migrate
round aromatic rings. For example, it has been shown
experimentally that upon heating o-terphenyl isomerises,
yield both the m- and p-isomers (Marynowski et al.,

Energy calculated for cyclisation of 1-phenyldibenzothiophene to triphenyleno[1,12-bcd]thiophene (energy expressed relative to substrates)

Table 4

Molecule 1-PhDBT 1-Int TS1 2-Int 3-Int
Energy AE (kcal/mol)

Gas phase® 0.0 —353 —-10.4 -193 18.1
Solution® 0.0 5.6 30.7¢ 21.7 18.1

4-Int TS3 TS3_HS 5-Int TPT + HS™ TPT
47.0 18.9 50.7 -133
64.7¢ 12.2 36.0¢ 34.1 17.6 -21.0

2 B3LYP/6-31+G [/B3LYP/6-311++G .
> B3LYP/6-31+G’//PCM/B3LYP/6-311++G .
¢ PCM/B3LYP/6-31+G //PCM/B3LYP/6-311++G".
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Fig. 6. Structure of cationic 2-Int showing the preferred position of
proton liberation (arrow) (B3LYP/6-31+G).

2001). In order to check whether the mechanism of isom-
erisation of phenyldibenzothiophenes has a low activation
energy, transition state calculations were performed for
the gas phase (AE,s) and aqueous solution (AE.q)).
Again, it was presumed that the mechanism is acid clay
catalysed (e.g. montmorillonite was employed for mimick-
ing natural environments). The potential energy surface for
one of the isomerization reactions e.g. (3)

1-PhDBT — 2-PhDBT (3)
can be obtained by including all the reactants involved in
Reaction (3):
1-PhDBT + H;0* — 1-PhHDBT* + H,0

— TS1-2 + H,0 — 2-PhHDBT* + H,0

— 2-PhDBT + H;0* (4)
The results of the calculations for all molecules (Table 5)

were used to constrain the potential energy surfaces
(Table 6, Fig. 7). The first step is proton attack at C-1 of

Table 5

1-PhDBT, subsequently leading to a hybridisation change
from sp? to sp. Proton attack at any other position does
not allow isomerisation to proceed. In the gas phase, the
negative AE ) value of ~—30 kcal/mol (Table 6) was ob-
tained for the protonation of 1-PhDBT to form the arenium
ion 1-PhHDBT". This would mean again that 1-PhDBT is not
stable at all, which is not a realistic model for natural con-
ditions, and this acid-catalysed reaction must be modelled
in aqueous solution. Then, neutral forms like 1-PhDBT and
2-PhDBT turn out to be relatively more stable than the
corresponding 1-PhHDBT" and 2-PhHDBT" arenium ions.

The activation energy AE.q of isomerisation ranges
from 20.5 to 28.7 kcal/mol (AEgas) from 13.6 to 19.0 kcal/
mol) (Table 6). For example, Reaction (4) barrier AE~
has ca. 20.5 kcal/mol (AEj;5? 13 kcal/mol) (Fig. 7). These
barriers can be easy to overcome at relatively low temper-
ature in natural environments.

The atomic displacement vectors of the normal mode of
the transition state TS1-2 (Fig. 8), characterised by the
imaginary (negative) frequency at v(q=-270cm™!
(V(gas)= —313 cm™ '), confirm that the TS1-2 structure
(Appendix B) corresponds to the transitional geometry be-
tween two neighbouring structures: 1-PhHDBT" and 2-
PhHDBT". Other isomerisations proceed according to the
mechanism, by analogy with that described for the 1-
PhDBT — 2-PhDBT reaction. The imaginary frequencies of
the normal modes defining the transition states of the
two other isomerisation reactions are: TS2-3 at
Vg = —344cm™' (Vgasy=—-376cm™ ') and TS3-4 at
Viagq) = —280 cm ™! (V(gas)= —322 cm ™).

4. Discussion

4.1. Geological implications of phenyldibenzothiophene
isomerisations

Phenyldibenzothiophenes have been detected generally
only in rocks with low organic matter content (Table 1).
Relatively high fluid to solid mass ratios during such rocks
diagenesis/catagenesis limited reducing capacity of the
rocks leading to the formation of phenylated PACs includ-

Total energy of species in phenyldibenzothiophene isomerisation (transition stages are characterised by their imaginary frequencies)

Molecule Gas phase® Aqueous solution®
Imaginary frequency vgas) (cm™") Total energy (Hartree) Imaginary frequency vegq) (cm™?) Total energy (Hartree)

1-PhDBT —1091.549952 —1091.563136
1-PhHDBT"* —1091.874259 —-1091.951541
TS1-2 -313 -1091.852601 —270° —1091.930408
2-PhHDBT* —-1091.877453 —1091.956383
2-PhDBT —1091.555377 —-1091.570135
TS2-3 —376 —1091.847098 —344° —1091.924343
3-PhHDBT* —1091.876993 —1091.954859
3-PhDBT —1091.555375 —-1091.570129
TS3-4 —322 —1091.851601 —280¢ —-1091.929171
4-PhHDBT* —1091.874531 —1091.953375
4-PhDBT —1091.553937 —1091.568279
H,0 —76.458434 —76.472383
H30* —76.731019 —76.872255

3 B3LYP/6-31+G //B3LYP/6-311++G .
b B3LYP/6-31+G [/[PCM/B3LYP/6-311++G .
¢ PCM/B3LYP/6-31+G |[PCM/B3LYP/6-311++G .
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Table 6
Calculated energy for phenyldibenzothiophene isomerisations relative to energy of each initial structure (calculated energy are related to each initial structure)
Energy Initial structure Protonated initial structure Transition state Protonated final structure Final structure Energy barrier
AE (kcal/mol)
1-PhDBT 1-PhHDBT"* TS1-2 2-PhHDBT* 2-PhDBT
Gas phase® 0.0 -325 -18.9 —34.5 -34 13.6
Solution® 0.0 7.2 20.5 42 —-44 20.5
2-PhDBT 2-PhHDBT" TS2-3 3-PhHDBT" 3-PhDBT
Gas phase® 0.0 —31.1 -12.0 —30.8 0.0 19.0
Solution® 0.0 8.5 28.7 9.5 0.0 28.7
3-PhDBT 3-PhHDBT* TS3-4 4-PhHDBT* 4-PhDBT
Gas phase® 0.0 -30.8 -14.8 —29.2 0.9 15.9
Solution® 0.0 9.5 25.7 104 1.2 25.7

2 B3LYP/6-31+G //B3LYP/6-311++G .
b B3LYP/6-31+G //PCM/B3LYP/6-311++G .
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Fig. 7. Comparison of energy profile diagram for isomerisation of 1- to 2-phenyldibenzothiophene in gas phase (dashed lines - B3LYP/6-31+G //B3LYP/6-
311++G ") and in aqueous solutions (solid lines — B3LYP/6-31+G//PCM/B3LYP/6-311++G ).

ing phenyldibenzothiophenes (Rospondek et al., 2007). The also suggest the importance of acid catalysis in processes
low maturity samples, containing all four isomers and with involved in the evolution of molecular maturity parame-
a dominance of 1- and 4-PhDBT, are thermodynamically ters based on phenyldibenzothiophenes. For PhDBT isom-
unstable (Figs. 1 and 3), while with increasing maturity erisation, a 1,2-phenyl shift was studied in detail as one
the composition begins to resemble that of the thermody- of the plausible mechanisms governing the evolution of
namic equilibrium, with the 2- and 3-PhDBTs dominant the phenyldibenzothiophene ratio, by analogy with the
(Fig. 3). Analysis of all the available data on the phen- widely described 1,2-methyl shift (e.g. Strachan et al,
yldibenzothiophene distribution (Table 1) shows that the 1988; Kagi et al., 1990). Indeed, only when the initial step
isomer abundance is clearly dependent, with the exception is acid catalysed, is the activation energy AE(q) ca. 20.5-
of the 4-isomer, on maturity expressed as vitrinite reflec- 28.7 kcal/mol modelled (Table 6, Fig. 9). Such a low barrier
tance (Figs. 1 and 3). The vitrinite reflectance for the ana- is consistent with the observation of increasing amounts of
lysed rock sequences is frequently characterised by rapid the more stable isomers at the expense of the less stable
variation within a few meters (e.g. Sawlowicz, 1993), ones, beginning from the very early stages of oil generation
which strongly suggests that vitrinite records not only (Fig. 1). Closer inspection of the barrier variations for each
thermal gradient but that there are more likely differences of the isomerisations reveals that 1-PhDBT is able to
in pH and redox conditions, as experimentally demon- isomerise to 2-PhDBT easily, as a result of the AE,q ca.
strated by Seewald (1997) and Seewald et al. (2000). Their 20.5 kcal/mol barrier, while the reaction from 2- to 3-
experiment on the role of aqueous fluid and sediment com- PhDBT is more difficult to occur, because of the higher bar-
position, and timing on the development of vitrinite reflec- rier AE,q) ca. 28.7 kcal/mol (Figs. 7 and 9). The difference
tance at elevated temperatures, pointed to a significant means that, in the 2- to 3-PhDBT isomerisation reaction,
role of acid catalysis. The results of our maturation exper- the same rate of phenyl shift could be roughly achieved

iment and molecular modelling of PhDBTs distributions at a temperature of ca. 150 °C higher than for the 1- to 2-
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Fig. 8. Atomic displacement vectors (arrows) of the arenium transition
state TS1-2 for acid catalysed phenyldibenzothiophene isomerisation
(B3LYP/6-31+G).

PhDBT isomerisation. This is likely the reason for the ob-
served persistence of the 2-isomer over 3-PhDBT up to
the late stages of the oil generation window (Figs. 1 and
3). In the most mature samples, 2- and 3-PhDBTs can be
found in similar amounts and, likewise, in the products
of the maturation experiment (Figs. 3 and 4), suggesting
that under such conditions all phenyl shift barriers can
easily be overcame. The likely reason for the encountered
predominance of the 3- over 2-isomer in some mature
samples (Fig. 1), such as in the hydrothermal Guaymas
oil (Fig. 3), could be the preferential formation of the 3-iso-
mer exclusively from the 4-isomer, because at advanced
maturity levels 1-PhDBT is not present. A higher than ex-
pected concentration of 4-PhDBT in mature samples and
its poor correlation with vitrinite reflectance cannot be
easily explained on the basis of our data, but may result
from, for example, high generation rates from kerogen at
advanced stages of diagenesis/catagenesis or from a shield-
ing effect; hence, its different behaviour during migration
(e.g. Oldenburg et al., 2002).

Interestingly, in geological samples with very low
maturity (e.g. Kowala, R; ~ 0.55%) considerable amounts
of both 1- and 4-PhDBT were found, together with minor
amounts of other isomers. The conversion from 1-PhDBT
to 4-PhDBT seems possible only at more advanced stages
of diagenesis/catagenesis (Fig. 9). However, this would
have to lead to the equilibrium composition, which is not
observed (Fig. 1). Therefore, all PhDBT isomers must have
been formed together at the earliest stages of diagenesis.
Consequently, the formation of the other three isomers,
especially 4- from 1-PhDBT, the only isomer possessing a
linear carbon skeleton (Rospondek et al., 2007), via the
phenyl shift mechanism seems unlikely (Fig. 9). Unfortu-
nately, the studied processes do not shed light on the
mechanisms of phenyldibenzothiophenes formation in
nature, which could explain the poor correlation of 4-
PhDBT amounts with maturity (Fig. 1). The described pro-
cess of phenyldibenzothiophenes formation starts from
their asymmetrical structural isomers, i.e. phenylnaph-
tho[b]thiophenes and naphthylbenzo[b]thiophenes, which

)
AH@g =647 Q Q
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Fig. 9. Suspected transformations of phenyldibenzothiophenes in nature.
Thicker arrows indicate preferable isomerisation reactions at the onset of
maturation, however, once the conditions are fulfilled at very advances
stages of maturity cyclisation gains in significance. AH is relative
difference in enthalpy between particular isomers and AH™ activation
energy for acid catalysed isomerisations in aqueous solutions (kcal/mol).

are present in relatively higher concentrations with them
at about the threshold of oil generation (ca. R, 0.5) and
which later quickly decay. This is concluded from the fact
that PhDBTs were formed upon artificial heating of phenyl-
naphtho[b]thiophene standards (Rospondek et al., 2007).
They also form as pyrolytic products from dibenzothio-
phene (Dartiguelongue et al., 2006) as well as from coal
tars and pitches (Meyer zu Reckendorf, 2000).

The evaluation of the processes that govern the distri-
bution of the DBT derivatives in geological samples has
some implications for the application of the maturity
parameters based on these derivatives (Radke and Willsch,
1994; Radke et al., 1986, 2000; Chakhmakhchev et al.,
1997; Marynowski et al., 2002). While in mature samples,
the 2- and 3-isomers are dominant among the PhDBTSs (Ta-
ble 1; Figs. 1 and 3), this is never the case for meth-
yldibenzothiophenes, finally dominated by the 4-isomer
(Radke and Willsch, 1994; Radke et al., 1986; Chakhmakh-
chev et al., 1997). The discrepancy is reflected in the empir-
ical selection of different isomers for the methyl- and
phenyldibenzothiophene maturity parameters. The most
commonly used, the methyldibenzothiophene ratio (MDR)
was defined as the ratio of 4-/1-MeDBT concentrations
(Radke et al., 1986), and later redefined as 4-MeDBT/
(4- + 1-MeDBT) (Radke and Willsch, 1994), while the phen-
yldibenzothiophene ratio was defined as 2-PhDBT/(2- + 1-
PhDBT) (Marynowski et al., 2002). The common choice of
the 1-isomer for both parameters resulted from the ob-
served decrease in 1-PhDBT concentration, similar to the
drop in 1-methyldibenzothiophene concentration (Radke
et al, 1986) and in 1-alkyl isomers in general (van van
Aarssen et al., 2001) with increasing maturity. In turn, a
high level of maturity correlating well the behaviour of
the 4-alkyl isomer contrasts with that of 4-PhDBT (Radke
and Willsch, 1994; Chakhmakhchev et al., 1997), which
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hardly correlates with maturity (Fig. 1). Accordingly, this
has resulted in the choice of 2-PhDBT for the phen-
yldibenzothiophene ratio. A direct comparison of both
maturity indicators is precluded by the fact that both com-
pound groups have not been found together in the same
rocks. All this reveals that, for the same level of OM matu-
rity, the distribution of alkyl and phenyl derivatives can
differ. A shielding effect is suggested to be the important
factor controlling the distribution of polar aromatic com-
pounds like xanthones in oils (Oldenburg et al., 2002)
and may play a role in the persistence of 4-MeDBT in the
geosphere. Further studies are needed to explain reasons
for the major differences in both derivative compositions.
An indirect insight into the cause of such differences can
be gained from the molecular modelling of kinetic barriers
for MeDBT and PhDBT isomerisations.

4.2. Geological implications of phenyldibenzothiophene
cyclisation

At very advanced stages of diagenesis/catagenesis (also
termed epigenesis, e.g. Piittmann and Villar, 1987, Piitt-
mann et al., 1990), 1-PhDBT dehydrocyclisation to TPT
can gain in importance (Marynowski et al., 2002; Ros-
pondek et al., 2007), assuming the proposed mechanism
of this reaction (Reaction (2)), the formation of the cyclic
product from 1-PhDBT, must depend on the availability
of energy and oxidants. For the model oxidant (see discus-
sion in Section 3.2), thiosulfate was used [also used in
experiments by Toland (1960)], the reaction is exothermic
AE(5q) ca. —21 kcal/mol (Fig. 9), meaning that the balance is
shifted significantly towards the cyclic product. If the ther-
modynamic equilibrium between phenyldibenzothioph-
enes and TPT were reached in nature, TPT would be the
most abundant compound in such a mixture. This is not
the case (Fig. 4), but in highly mature samples like Laskowa
Gora (Fig. 4a), it is indeed an abundant compound. If acid
catalysed cyclisation of 1-PhDBT with thiosulfate as oxi-
dant (Toland, 1960) is modelled, the overall activation bar-
rier is AE(aq) ca. 64.7 kcal/mol (Figs. 5 and 9). Under such
conditions, re-isomerisations from 4-, 3- and 2- to 1-PhDBT
occur frequently due to low barriers (AE,q) 20.5-28.7 kcal/
mol). Then, the 1-PhDBT can be considered as an unstable
intermediate on the cyclisation reaction path. A summary
of the calculated relative enthalpies (AH) and energy bar-
riers (AE™) for phenyldibenzothiophene isomerisations
and dehydrocyclisation is shown in Fig. 9. At such stages,
fluid temperatures can be substantially elevated, e.g. to
300 °C, leading to a drastic shift in physical properties of
water, like that carrying hydrothermal petroleum in the
Guaymas Basin (Kawka and Simoneit, 1990; Simoneit,
1993). The dielectric constant of water falls significantly
(e.g. Pitzer, 1983) and oils become more fluid soluble. For
such fluids, the modelled energy barrier of the cyclysation
can be lowered by ca. 2-3 kcal/mol (PCM/B3LYP/6-31+G//
PCM/B3LYP/6-311++G").

Interestingly, the energy obtained for the rate limiting
cyclisation barrier is comparable with the barrier (ca.
56 kcal/mol) calculated for thermochemical sulfate reduc-
tion (TSR; Ellis et al., 2007). TSR has often been proposed
as the major process controlling redox reactions during

metal precipitation and oxidation of organics in the Kup-
ferschiefer samples (for a discussion, see P{ittmann et al.,
1990; Bechtel et al., 2001, 2002). TSR leads to extensive
oxidation of hydrocarbons to CO, and formation of water,
but also promotes aromatisation of organic matter. The
process is enhanced by the initial presence of H,S (e.g.
Goldhaber and Orr, 1995; Ellis et al., 2007). The choice of
thiosulfate for modelling, the species generated at the re-
dox boundary, in reaction (Ohmoto and Lasaga, 1982):

H,S +S0; = $,05 +H,0 (5)

is attractive, because it gives the chance to regenerate H,S
with organic matter (e.g. o-terphenyl to give triphenylene)
[Reaction (6)]:

520§7 + CigHis — SO§7 + H5S + CigH12 (6)

and subsequently also S,035 [Reaction (5)]. In contrast to
thiosulfate oxidation of organic matter, the oxidation
involving SO2™ results only in water and CO,. The by-prod-
uct of both types of oxidation is sulfite SO~ which, in the
presence of elemental sulfur, could again yield thiosulfate.
Elemental sulfur can originate from, for example, S-S link-
ages in immature kerogen (Rospondek et al., 1994), which
agrees with results obtained by Zhang et al. (2007). All these
reagents cannot be detected after the process. However, the
oxidised residual organic matter or oil would be enriched in
aromatics. We propose therefore the application of triphe-
nyleno[1,12-bcd]thiophene and other pericyclic aromatic
compounds like triphenylene (formed from o-terphenyl;
see Marynowski et al., 2001), benzopyrenes, perylene, etc.
as molecular markers for thermochemical sulfate reduction.

5. Conclusions

The modelled thermodynamic equilibrium composition
of phenyldibenzothiophenes comes close to that obtained
in laboratory maturation experiments and encountered in
mature samples (R, ~ 1.2%). Such a mixture is composed
of abundant 2- and 3-isomers, medium 4-isomer and very
minor 1-PhDBT. One possible way for leading to the forma-
tion of thermodynamically controlled mixtures is likely to
be a 1,2-phenyl shift catalysed by acid. Exclusively, when
acid catalysed, the reaction has a low estimated activation
energy [AEqq) ranging from 20.5 to 28.7 kcal/mol]. The
range is consistent with geological data indicating a de-
crease in unstable isomer abundances associated with an
increase in the stable isomers beginning at the onset of oil
generation. In terms of the 1,2-phenyl shift, the energy bar-
rier could be lower than that for the analogous 1,2-methyl
shift for methyldibenzothiophene isomerisation, consider-
ing the differences in the distributions of both groups in
geological samples. The cyclisation of 1-PhDBT to tripheny-
leno[1,12-bcd]thiophene is expected to proceed in nature
only at advanced stages of diagenesis/catagenesis owing
to the higher rate controlling energy barrier AE(,q) in range
61-64 kcal/mol, depending on fluid properties, which is
again promoted by acid catalysis and requires association
with oxidation. The modelled energy barrier for dehydro-
cyclisation (oxidation) of 1-PhDBT to triphenyleno[1,12-
bcd]thiophene with thiosulfate is about the energy range
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for thermochemical sulfate reduction. We postulate the
application of triphenyleno[1,12-bcd]thiophene and other
pericyclic aromatic compounds (e.g. triphenylene, benzo-
fluarantenes) as molecular markers for late diagenetic/
catagenetic (epigenetic) oxidation, most likely related to
the commonly observed thermochemical sulfate reduction.
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Appendix A

Numbering of carbons in dibenzothiophene is shown in
the following figure.

9 1
8 2

Appendix B

The most important transition state (TS) structures dis-
cussed in the text.

Structure of TS1:

Structure of TS2:

Structure of TS3:

Structure of TS3_HS:
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Structure of TS1-2:
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