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mantane is 1.20 and 1.22-1.27 for methyl substituted diamantanes. Ovality (shape) and molecular
size differences between adamantane, methyladamantanes, dimethyladamantanes, multi-substituted
adamantanes, and the corresponding diamantanes allow suggesting a dynamic model for separation
from the linear alkanes in a mixture into a slit pore shape typical for microporous carbons.
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1. Introduction

The isolation and identification of biomarkers are very useful
in petroleum exploration technologies. The most important
investigated biomarkers are hydrocarbons with intact carbon
skeletons such as steroids, terpenes, or isoprenoids. Many bio-
logical markers are used in oil exploration for correlation,
biodegradation, and maturity evaluations. In the same way,
it is proved that molecules such as diamondoids play an impor-
tant role in the evaluation of oil maturity and can be used to
determine the geological origin since they are a monitor of
biodegradation and thermal maturity. It is important to note
that, despite their biogenic origin, diamondoids are not
biomarkers in the narrow sense because they do not share
structural similarities with their precursor biomolecules
(Dahl et al., 2003).

The concentration of diamondoids in crude oil is about 1
to 100 ppm and is considered to be closely related to the
geological maturity of an oil field (Dahl et al., 1999). Dia-
mondoids are more stable than other hydrocarbons and
are thought to be formed from polycyclic hydrocarbons
under thermal stress catalyzed by a Lewis acid; thus, these
molecules are resistant to thermal cracking (Wingert,
1992). Some researchers have used the relative abundances
of diamondoids to estimate the degree of thermal maturity
of source rocks and crude oil, especially in mature and
post-mature samples (Chen et al., 1996).

For this reason, it is important to propose strategies for the
isolation and separation of diamondoids and other hydrocar-
bons present in crude oil, gas condensates, and similar cur-
rents. These strategies involve for example: Chromatography
techniques of saturated fractions and sorption—desorption by
molecular recognition with B-cyclodextrin (Huang et al.,
2011); selective adsorption with zeolites in the gas phase
(Alexander et al., 1990); techniques for fraction enrichment
by hydrotreating and catalytic hydrocracking of cuts with boil-
ing points between 150 and 290 °C (Carlson et al., 2007); and
lately by chromatography techniques using selective sorption—
desorption on commercial zeolite Beta and heat treatment
(Nguyen and Philp, 2016).

Also, diamondoids deserve great attention in promising
applications, for example, a recent study described that methy-
lated adamantanes were found as good candidates for optical
applications due to their fluorescence brightness (Rander
et al., 2017) and even some alkyl adamantanes are considered
as potential enhancers for diesel because of their higher density
and higher cetane features (Harvey et al., 2016).

Selective adsorption of adamantane and its methyl deriva-
tives on graphitized carbon has been described through inverse

gas chromatography (IGC) experiments, particularly on
graphitized microporous carbon such as Carbopack with a
grain diameter of 60/80 mesh (Yashkin et al, 2008a;
Yashkin et al.,, 2008b). Besides, the separation of larger
adamantanes such as phenyladamantane and diadamantane
on the same thermally graphitized carbon has been reported
(Yashkin et al., 2011).

Attracted for the high capability of graphitized microp-
orous carbon in molecular separations, it is of particular
interest to design carbon materials (Jimenez-Cruz et al.,
2007; Laredo et al., 2008) for selective isolation and separa-
tion strategies for diamondoids from linear and branched
paraffins occurring in crude oils, saturated fraction from
SARA chromatography techniques and gas condensates.
To understand the effect of molecular sieves on the separa-
tion process by molecular size and electronic interactions, we
describe in this job a study of the molecular size and shape
of representative adamantanes and diamantanes that natu-
rally occurring in crude oil by computational quantum
mechanical modeling method of dispersion correction
B3LYP-D3/6-311 + G**.

2. Methodology

All calculations were carried out using Spartan’18 (Wavefunc-
tion Inc., Irvine, CA, USA). For modeling the diamondoids,
the initial coordinates were submitted to conformational anal-
yses at Molecular Mechanics and semiempirical AM1 level
(Dewar et al., 1985). The full optimized geometry of each
molecule was performed using the method of dispersion cor-
rection as an add-on to standard Kohn—Sham density func-
tional theory B3LYP-D3 (Grimme et al., 2010) with the
basis set 6-311 +G** in which B3LYP-D3 is a good correction
for hydrocarbons. (Grimme, 2010). The calculations were per-
formed using Q-Chem incorporated on Spartan’l8. (Shao,
et al., 2015).

Diamondoid molecular size was calculated according to a
methodology described elsewhere (Jiménez-Cruz and Laredo,
2004) in which bond length and angles are readily determined
from the edited optimized molecule. Corey-Pauling-Koltun
(CPK) molecular volumes of the space-filling model were cal-
culated by considering the sphere radii, being chosen as
approximating van der Waals contact distances (Corey and
Pauling, 1953). The measuring of the critical dimensions for
diamondoids is described in Fig. 1, in which a, b and ¢ dimen-
sions were read from the extreme H to H distances and consid-
ering the van der Waals radii corrections for H in C-H alkane
bonding, by adding to the calculated dimensions the corre-
sponding value: 1.2 A (Bondi, 1964).
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Fig. 1 Diamondoid evaluation of molecular size values.

3. Results and discussion

Critical size discrimination in the pore channels in porous
materials can be predicted by taking into account pore volume,
molecular CPK volume, pore diameter, critical size parameters
(width, height and length), and a parameter related to the
molecular shape. Diamondoids are featured by their cage tricy-
cle molecular structure with the absence of conformational
changes.

According to the procedure outlined in Section 2, the equi-
librium geometry of diamondoids 1-27 (adamantane y dia-
mantanes, see Figs. 2 and 3) were performed to establish the

appropriate basis to determine de molecular size and other
electronic parameters. In Table 1, we outline the obtained
results of the calculations. The selected method, B3LYP-
D3/6-311+ G** assures good results according to the recom-
mendation found elsewhere (Grimme, 2010).

According to these results and considering the three dimen-
sions (X, y, z) of these molecules, the family of adamantanes
1-17 presents molecular sizes in terms of width between 6.8
and 7.9 A, and the family of diamantanes 18-27 presents
molecular sizes between 6.8 and 7.4 A, however, in terms of
length the size for adamantanes is between 7.6 and 9.5
A and for diamantanes between 9.3 and 10.0 A. Height is
rounded from 7.4 to 9.6 A for adamantanes and 7.4 to 8.5
A for diamantanes. This size depends on the alkyl substitution
either in CH, or CH bridgehead positions.

A comparative plot for these molecular parameters is
described in Fig. 4. Considering the molecular areas and vol-
umes, the family of adamantanes 1-17 has molecular areas
and volumes between 166.2 and 238.0 A and 159.4-230.9
A3, respectively. The diamantanes 18-27 family presents
molecular areas and volumes between 202.8 and 251.0
A? and 206.7-259.7 A®, respectively, showing another key crit-
ical size.

Ovality (O) is a measure of the deviation of a molecule from
the spherical shape. If O = 1 the molecule shape is spherical,
and O > 1 indicates the deviation of the said shape (Hehre,
2019). Ovality is described by the ratio of volume and area
where A is Area and V is Volume.
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Fig. 2 Adamantane and alkyl analogs studied by B3LYP-D3/6-311 + G** theoretical method.
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Fig. 3 Diamantane and alkyl analogs studied by B3LYP-D3/6-311 + G** theoretical method.
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Table 1 B3LYP-D3/6-311+ G** results for diamondoids 1-27.
Entry CPK molecular CPK molecular Width Length Height Ovality Total Energy
area (;&2) volume (1083) (;&) (;&) (10&) (Hartree)
1  Adamantane 166.26 159.43 6.8 7.6 7.4 1.17 -390.850805
2 1-Methyladamantane 184.23 177.19 6.8 8.5 7.4 1.21 -430.182641
3  1,3-Dimethyladamantane 202.14 195.89 6.8 8.1 7.4 1.25 -469.515206
4  1,3,5-Trimethyladamantane 220.08 212.63 7.9 9.3 7.4 1.28 -508.846464
5 1,3,5,7-Tetramethyladamantane 238.03 230.37 9.3 9.1 7.4 1.31 -548.178273
6 2-Methyladamantane 183.53 177.48 6.8 8.5 8.5 1.20 -430.177923
7  Cis-1,4-dimethyladamantane 201.58 195.19 6.8 8.5 8.3 1.24 -469.509994
8  Trans-1,4-dimethyladamantane 201.63 195.24 6.8 9.3 8.5 1.24 -469.509911
9 1,3,6-Trimethyladamantane 219.61 212.96 6.8 9.1 8.3 1.27 -508.841798
10 1,2-Dimethyladamantane 199.94 194.99 6.8 8.5 8.5 1.23 -469.507891
11 Cis-1,3,4-Trimethyladamantane 217.90 212.74 7.9 8.1 7.4 1.26 -508.840221
12 Trans-1,3,4-Trimethyladamantane 217.86 212.73 6.8 8.1 7.4 1.26 -508.840113
13 1,2,5,7-Tetramethyladamantane 235.86 230.49 8.9 9.3 8.7 1.30 -548.172122
14 1-Ethyladamantane 202.19 195.44 6.8 8.7 8.7 1.24 -469.507641
15 1-Ethyl-3-methyladamantane 219.99 213.16 6.8 9.1 8.7 1.27 -508.839469
16 1-Ethyl-3,5-dimethyladamantane 238.04 230.89 7.9 9.3 7.4 1.31 -548.171560
17 2-Ethyladamantane 202.59 195.88 6.8 9.5 9.6 1.24 -469.504366
18 Diamantane 202.79 206.79 6.8 9.3 7.4 1.20 -545.747739
19 4-Methyldiamantane 220.81 224.86 6.8 10.0 7.4 1.24 -585.079684
20 4,9-Dimethyldiamantane 238.78 242.29 6.8 10.8 7.4 1.27 -624.411654
21 1-Methyldiamantane 217.84 224.22 6.8 9.3 8.5 1.22 -585.075761
22 1,4-Dimethyldiamantane 235.84 241.95 7.4 9.3 8.5 1.26 -624.407820
23 2,4-Dimethyldiamantane 235.90 242.02 6.8 10.0 8.5 1.26 -624.407773
24 4.8-Dimethyldiamantane 238.03 242.56 6.8 10.0 8.5 1.27 -624.406932
25 3-methyldiamantane 220.11 224.84 6.8 9.3 8.5 1.23 -585.074927
26 3,4-dImethyldiamantane 236.58 242.41 6.8 10.0 8.5 1.26 -624.405170
27 1,3,4-Trimethyldiamantane 251.00 259.73 6.8 10.0 8.5 1.27 -663.732621
120 T ——————
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10.0

Molecular size (A)
—ll--‘
# '.
ﬁ—
ﬁ-
ﬁ
—=-=-—
]
—==~
_sﬁ—‘
—-———

Diamondoid molecule

Fig. 4 Comparison plots for calculated molecular size (width, height and length) of the diamondoids 1-27.
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0— A The concept of minimum effective dimensions of the mole-
dn (i_’n/)% cules is a critical parameter for discriminating which dictates
pore access, considers two perpendicular dimensions,
The calculated ovality for adamantane, methyladaman- either x and y dimensions of molecular size, depending on
tanes, dimethyladamantanes, and multi-substituted adaman- the pore shape (Webster et al., 1999). Figs. 6, 7 and 8 show cor-
tanes, is 1.17, 1.21, 1.24, and 1.26-1.31, respectively (Fig. 5).  relations between ovality (shape) and the molecular size
The diamantanes show OVality values of 1.20 for diamantane dimensions for adamantanes 1-17 (b]ack Circles) and diaman-
and 1.22-1.27 for methyl-substituted diamantanes. tanes 18-27 (gray diamonds).
1.34
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Fig. 5 Comparison plots for calculated ovality of the diamondoids 1-27.
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Fig. 6 Comparison plots for calculated ovality and width size dimensions of the adamantanes 1-17 (black circles) and diamantanes
18-27 (gray diamonds).
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Fig. 7 Comparison plots for calculated ovality and height size dimensions of the adamantanes 1-17 (black circles) and diamantanes

18-27 (gray diamonds).
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Fig. 8 Comparison plots for calculated ovality and length size dimensions of the adamantanes 1-17 (black circles) and diamantanes

18-27 (gray diamonds).

This minimum effective dimensions of the diamondoids can
be defined by height and length. Ovality (shape) and molecular
size differences between adamantane 1, methyladamantanes,
dimethyladamantanes, multi-substituted adamantanes, and
the corresponding diamantanes allow suggesting a dynamic
model for separation from the linear alkanes in a mixture into
a slit pore shape typical for microporous carbons (Jimenez-
Cruz et al., 2007).

In Fig. 9, is outlined the model for the separation of dia-
mondoids from complex oil blends depending on the microp-
ores size distribution and adsorption conditions. Taking into
account the calculated molecular size for linear and monosub-
stituted paraffins of 4.2 and 5.5 A, respectively (Jiménez-Cruz

and Laredo, 2004), thus the separation of diamondoids and
linear paraffins can be a plausible process in the titled adsor-
bent. By considering the average pore diameter value for a
microporous activated carbon, 0.9148 nm (Jimenez-Cruz
et al., 2007) is noticeable that size dimension and shape
between alkanes and isoalkane and diamondoids are in part
determinant to enter into the slit pores. The shape and size
of the porous material are relevant for considering both the
width and height of the molecule, diffusivity within the porous
channels are controlled by any of the three limiting molecular
dimensions, this behavior is known as geometry-limited diffu-
sion (Shichi et al., 2001). By considering the separation of
diamondoids molecules from linear alkanes, the access into
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Adsorption-desorption

Separated molecules

Fig. 9 Model for the separation of diamondoids from paraffins and other hydrocarbons by the gas-phase adsorption—desorption

process.

two-dimensional pore structures of shorter alkanes contrasts
to the longer alkanes, which only access into one-
dimensional pore structure (van Well et al., 1998).

Linear paraffins have the highest affinity for microporous
carbon in contrast to diamondoids due to differences in size
and shape in diffusion in gas phase separations (Jimenez-
Cruz et al., 2007; Laredo et al., 2008).

4. Conclusions

The molecular size and shape for 27 diamondoids molecules
(adamantanes, alkyladamantanes, diamantine, and alkyldia-
mantanes) were calculated by B3LYP-D3/6-311 + G** quan-
tum chemical calculations, in which the family of
adamantanes presents molecular sizes in terms of width
between 6.8 and 7.9 A, and the family of diamantanes presents
molecular sizes between 6.8 and 7.4 /OX, in terms of length the
size for adamantanes are between 7.6 and 9.5 A and for dia-
mantanes between 9.3 and 10.0 A. For height are rounded
from 7.4 —9.6 A for adamantanes and 7.4-8.5 A for diaman-
tanes. This size depends on the alkyl substitution either in
CH, or CH bridgehead positions. A measure of spherical
shape deviation (Ovality, O) was calculated, in which for
adamantane, methyladamantanes, dimethyladamantanes, and
multi-substituted adamantanes, is 1.17, 1.21, 1.24, and
1.26-1.31, respectively and ovality value for diamantane is
1.20 and 1.22-1.27 for methyl substituted diamantanes. The
minimum effective dimensions of the diamondoids can be defined
by height and length. Ovality (shape) and molecular size differ-
ences between adamantane, methyladamantanes, dimethy-
ladamantanes, multi-substituted adamantanes, and the
corresponding diamantanes allow suggesting a dynamic model
for separation from the linear alkanes in a mixture into a slit
pore shape typical for microporous carbons.
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