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a b s t r a c t

The presence of metalloporphyrins in crude oil has been known by many years now but their role on the
physical-chemical properties of petroleum fluids, such as the aggregation of the high-molecular weight
phases, remains unknown. In this paper, these properties are studied using different molecular modeling
techniques (Molecular Dynamics, Semi-empirical PM7 and Density Functional Theory). This combined
methodology allowed us characterizing the nature of these interactions, how it dominates the electronic
structure of the stacked molecules and what is their participation on the formation of the nano-, micro-
and macro-aggregates.

! 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Processing heavy crude oil has become of uppermost impor-
tance in oil industry. Refining these fractions allows one obtaining
low-molecular weight distillates by catalytic and non-catalytic
conversion [1–4]. The presence of metals in these fractions is
known since the early ’50s [5–9]. These metallic centers are found
complexed in tetrapyrolic macrocycles (porphyrin derivatives) [10]
and have a major negative impact during the phases of oil process-
ing, since they can contaminate and deactivate the catalysts used
in the refinery [11,12]. Moreover and very recently, it has been
pointed out that these metalloporphyrins might play a major role
on the asphaltene aggregation, being somehow trapped by these
high-molecular weight oil’s fractions [13]. This physico-chemical
process is of remarkable interest in oil industry since, if not con-
trolled, it can induce problems in several fields of petroleum uti-
lization, from oil recovery and transportation to refining [14].
These complications arise from their tendency to aggregate out

of solution, increasing oil viscosity, adsorption on solid surfaces,
precipitation, etc. [15,16].

The asphaltene molecules consist of a complex mixture of poly-
cyclic aromatic hydrocarbons substituted with alkyl side chains
and the presence of heteroatoms, like nitrogen, sulfur and oxygen
is common in the conjugated core [17–22]. Porphyrins also make
part of this crude oil’s polar fraction. Fourier transform ion cyclo-
tron resonance mass spectroscopy (FT-ICR-MS) results indicate
that they can bear either nickel, vanadium or iron as metallic cen-
ters [9,12,13,23–30]. Besides the fact that the asphaltene composi-
tion changes for different oil sources, the relative porphyrin
contents are not constant across different oil sources [31–35].
Some crudes are richer in metals, namely nickel or vanadium,
and up to our knowledge, no clear clue on their role on the aggre-
gation has been proposed [16,36].

Size exclusion microchromatography with high-resolution
inductively coupled plasma mass spectrometric detection tech-
nique (ICP-MS) has demonstrated the trapping of metallopor-
phyrins (MP) by asphaltene nanoaggregates [16]. Caumette et al.
[37] and Barbier et al. [38] have shown using the same technique
that nickel and vanadium can be found trapped in asphaltene
aggregates with a mass range between 200 and 40,000 Da, in dif-
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ferent fractions with proportions that depends on the geographical
or geochemical origin of the crude oil under study. More particu-
larly, electron-spin resonance (ESR) quantitatively measured levels
of the paramagnetic vanadyl ions VO2+ and organic radicals
trapped in crude oils with and without asphaltene [16]. Moreover,
pulsed ESR spectroscopy has identified a porphyrinic structure of
the vanadium (IV) in the asphaltene for several crude oils through
the coupling with the four neighboring nitrogens [39]. Both ESR
and high-resolution mass spectroscopy have shown that around
2/3 of the VO2+ is trapped in MP embedded within asphaltene
nanoaggregates while 1/3 stays in the bulk [16]. Recent experi-
ments of nuclear magnetic relaxation dispersion (NMRD) in crude
oils with asphaltenes have proven useful for characterizing the
translational diffusion of maltenes at proximity of asphaltene
nanoaggregates including trapped VO2+ paramagnetic sources of
relaxation [16,40,41].

Basically, in NMRD techniques, the proton Larmor frequencyx1

is varied allowing an exploration of the time scales of the magnetic
fluctuations (noise) to which the longitudinal proton spin relax-
ation 1=T1 is sensitive [16,40]. Further, the magnetic field depen-
dence of 1=T1 provides a good test of the theories that relate the
measurement to the microdynamical behavior of the fluid. This is
still true in complex fluids, such as crude oil, where the effect of
reduced dimensionality may force more frequent reencounters of
proton-spins bearing hydrocarbons with either paramagnetic spe-
cies or proton-surface groups on asphaltene nanoaggregates. The
remarkable observed features of the nuclear magnetic relaxation
dispersion (NMRD) profiles of proton 1=T1 for bulk and confined
crude oils with and without asphaltene have been interpreted with
an original relaxation model of intermittent surface dynamics of
proton species at the surface of asphaltene nanoaggregates and
bulk dynamics in between the slowly rotating clusters of these
nanoaggregates [40,41]. This allows probing the 2D translational
diffusion correlation time as well as the time of residence of the
hydrocarbons at the surface of the asphaltene nanoaggregates.
The latter time gives an average radius of exploration,
r2D ! 3:5 nm, for the 2D diffusion of hydrocarbons (maltenes) at
proximity of the surface of asphaltene nanoaggregates that agrees
with the sizes found previously by SAXS and SANS studies [42].
These NMRD experiments results are thus important for under-
standing the role of asphaltenes in the dynamics and hydrodynam-
ics of crude oils confined in rocks. An immediate consequence of
this experimentally observed 2D diffusion of hydrocarbons (malte-
nes) at proximity of the surface of asphaltene nanoaggregates is
the existence of an attractive potential interaction between the
maltene and asphaltene nanaoaggregates. One of our aims here is
to find from our MD simulations the origin of such an attractive
interaction for the vanadyl-containing porphyrins.

In silico, and up to our knowledge, no study has yet addressed
the effect of these metallic centers on the asphaltene aggregating
process and on other physical-chemical effects. Most of this is
due to the need of using Classical Molecular Dynamics Simulations
(CMDS) to study this phenomenon, but the parameters for metal
centers are rare in number, quality and variety. Moreover, the
structure of these porphyrinic and asphaltenic compounds is
weakly resolved and a big effort has been done in our group in this
sense [41,43,44]. Experimentally, a recent study has proposed the
synthesis of nickel porphyrins having ACOOH functions grafted
to it in order to study the aggregation mechanism with asphaltenes
but only intermediated by this polar function [45].

Iron and nickel molecular dynamics parameters are known and
have already been published in several reports, being able of repro-
ducing very well experimental data [46,47]. The former has been
an intense object of study because of its presence in hemoglobin
and several force fields present parameters for it [48]. Nickel
parameters are rarer but can be found in late ’90s reports, although

they are only a few [49]. However, for the case of vanadium, as it is
found as the vanadyl radical cation, no classical molecular dynam-
ics parameter set can be found for it or can be either produced
because of its radical character. Although this limitation, we pur-
sue our wish to acquire more information on their role in the
aggregation process and we propose a simple way to introduce
classical molecular dynamics parameters for the vanadyl group.
To circumvent this weakness of CMDS, we use Density Functional
Theory (DFT) and the semi-empirical PM7 hamiltonian (PM7) cal-
culations to validate the results obtained by the former. Moreover,
for the case of vanadyl radical cation, the use of DFT and PM7
allowed us to explicitly take into account any possible effect due
to the unpaired electron for which CMDS cannot account. This
multi-scale approach herein presented proved then to be essential
for studying the aggregation of asphaltene in the presence of
metals.

2. Methodology

The computational details behind the classical molecular
dynamics simulations (CMDS) are fully exposed in the ESI. We used
twomolecular models to study asphaltene’s behavior, both of them
of the ‘‘island”-type [50]. The first, called C5Pe (Fig. 1) is a N-(1-Hex
ylheptyl)-N0-(5-carboxy-licpentyl)-perylene-3,4,9,10-tetracarboxy
licbis-imide derivative and was chosen since it has already proved
to be a good model for asphaltenes besides the possibility of
theory-experience confrontation due to its synthetic availability
[51,52]. The second, called A13, is derived from the experimental
work of molecular cartography done by Schueler et al. [53] which
isolated and identified it using Atomic Force Microscopy (AFM).
The behavior in solution and the aggregation of these molecules
were studied and published recently by our group [43,44]. We took
a simple porphyrin model bearing a metallic center to model the
metalloporphyrins that can be found in crude oil. As the experi-
mental molecular structure of these metallic compounds is weakly
determined, we preferred not to introduce long alkyl lateral chains
grafted on the conjugated core in order to study the effect on the

Fig. 1. Molecular structure of (a) C5Pe and (b) A13 molecules studied in this paper.
R1 is a n-C6H13 chain and R2 is a n-(CH2)5COOH one.
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aggregation of the metallic center only. These structures are
depicted in Fig. 2.

DFT calculations were also performed to account for the miss-
ing formalism in CMDS. The details behind these calculations are
fully explained in the ESI. Last but not least, PM7 calculations
[54–57] were also performed as a middle-step between DFT and
CMDS. More details are presented within the text and in the ESI.

3. Results and discussion

3.1. Classical Molecular Dynamics Simulations (CMDS)

CMDS started by determining the aggregation behavior of sim-
ulation boxes containing only one type of molecule at a time. This
constitutes the baseline that allows one to say how the metallopor-
phyrins can have an effect on asphaltene aggregation or not.
5 " 5 " 5 nm3 simulation boxes containing either 2, 5 or 8 mole-
cules of C5Pe, A13, or each one of the porphyrins were constructed
and simulated. The aggregation within these systems were studied
by the Radial Distribution Functions (RDFs), which allows one
determining the probability of finding a molecule j; x nm away of
a reference molecule i, during the whole simulation time.

Asphaltene-like molecules, such as C5Pe and A13, aggregate by
both p-stacking and H-bond interaction between the acid chain-
ends, when it exists. This double aggregation mechanism agrees
with recent results published by our group [43,44] and they are
strong enough to keep the stack architecture in place during the
simulation time at 298 K. In Fig. 3, one can find the RDFs for a total
of 8 molecules each (the cases containing 2 and 5 molecules each
can be found in the ESI). In Fig. S2 one can find the final snapshots
of these configurations.

A13 and C5Pe asphaltene molecules do aggregate under these
thermodynamic conditions whereas porphyrin ones are spread
all over the simulation box without any special aggregation pat-
tern, as it can be seen from the RDFs and the snapshots. C5Pe, hav-
ing acid chain-ends, can form structures based on the H-bond
interactions and this is not the case of A13, which has CH3 chain
ends: this molecule can only aggregate forming p-stacks.

Then, the aggregation pattern of the asphaltene molecules in
the presence of porphyrins was studied by adding to the simula-
tion boxes containing 2, 5 or 8 asphaltene molecules only 1 por-
phyrin molecule. For the case of boxes containing 8 asphaltenes,
other systems containing 2 or 3 porphyrins were also simulated.
The concentration obtained in this way corresponds to the empir-
ical evidences of metal concentration in the asphaltenic fraction of
crude oil that are as high as #500 ppm, what is equivalent to 1 por-
phyrin molecule to each 5–8 asphaltene molecules [13,37,38,58].

The RDFs of these systems are of two types and represent the
asphaltene-asphaltene interaction and the asphaltene-porphyrin
interaction. For the case where there is more than one porphyrin
molecule, there is a third type of function representing the
porphyrin-porphyrin interactions. In Fig. 4 one can find these
curves for the 8 asphaltene molecules plus 1 porphyrin molecule
case system. The other situations can be found in the ESI. These
curves indicate that, while asphaltene molecules have a high prob-
ability of interacting among them forming organized structures in
the case of A13 molecule (sharp peaks spaced equally indicating
the p-stacking interactions) and less organized ones for the case
of C5Pe (due to the presence of H-bonds between ACOOH chain-
ends which induces the widening of the peaks), the interaction
with porphyrins is erratic and not constant across all the type
herein studied. For A13 interacting with these metallic centers,
PorFe is the only one presenting an important affinity with the
asphaltene molecule, followed by PorNi. The other two porphyrins,
the free-base, PorH2, and the vanadyl one, PorVO, do not interact in
any particular way with this molecule. We believe that this very
ordered pattern observed for PorFe is because since the beginning
this molecule was trapped in-between two asphaltene planes and
kept this configuration throughout the whole simulation. Snap-

Fig. 2. Molecular structure of the porphyrins herein studied: (left) with no metal (free-base) (PorH2) and metallic ones (right). X can be: Ni, Fe or ðVOÞ& (PorNi, PorFe and
PorVO, respectively).

Fig. 3. RDFs for 8 molecules of A13, C5Pe, PorH2, PorNi, PorFe, PorVO each
interacting with themselves in 5 " 5 " 5 nm3 simulation boxes. One can clearly
note that porphyrins have no aggregation pattern among them, the probability of
face-to-face p-stacking aggregation (bump centered at 4 Å) being ten times smaller
than the random distribution inside the box.
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shots of the final configuration can be found in Figs. S2 and S3. For
C5Pe asphaltene, the situation is quite the opposite: whereas
PorVO continues not interacting with the asphaltene molecules,
PorH2 and PorNi are now the porphyrins with the greatest proba-
bilities of interacting in a face-to-face configuration with a C5Pe
molecule. On the basis of these curves, PorFe has now no pro-
nounced affinity with the asphaltene molecule. The snapshots of
the final simulation frame indicate that only C5Pe-PorH2 system
is stable in a co-facial architecture at this step of the simulation,
as it can be seen in Fig. 5(a).

When the porphyrin concentration is increased, a clearer aggre-
gation pattern can be identified, as it can be seen in Figs. S9 and
S10. One can now clearly identify the probability of one porphyrin
having a co-facial interaction with an asphaltene molecule (regard-
less of the type) up to the 5th neighbor. This indicates that the por-
phyrin is located on the top or in-between the stack. This
probability density is higher for the systems containing A13 than
the ones containing C5Pe and this should be due to the fact that
C5Pe molecules do not always organize themselves as stacks, what
is a consequence of the presence of acid chain-ends. This is better
seen in the ‘‘8+3” systems’ 60 ns snapshots presented in Fig. S4(a)
and (b). In (a) one can see the presence of non-bonding interactions
for the A13-PorNi ‘‘8+3” system, showing the close distance that
the nickel atom can be from the aromatic hydrogen atoms of the
conjugated backbone. This non co-facial interaction can explain
the widening of the RDF peaks. Moreover, in (b), one can identify
for the C5Pe-PorH2 ‘‘8+3” system the insertion of the porphyrin
molecule in-between planes of the asphaltene molecules.

Another interesting fact is that PorVO porphyrin does not inter-
act significantly with any type of asphaltene molecule in a co-facial
configuration. This may be due to two major factors: 1 - our
attempt to translate the conformation properties of this molecule
into classical parameters and their adaptation to the force field is
not fruitful or; 2 - as this molecule is not planar (the VO center
assumes a pyramidal conformation related to the plane of the
tetrapyrolic macrocycle), it can not be inserted in-between the
stacks as the other porphyrins can. The effect of both factors would
induce a reduction of the probability of finding PorVO in the vicin-
ity of an asphaltene molecule (see Fig. 5(b) and (c)). However, this
does not avoid the interaction between the very polar oxygen atom
of the VO group and other hydrogen atoms within the asphaltene
molecules. Two distinct cases can be found in this situation: a -
interaction with the ACOOH group and b - interaction with the
aromatic hydrogen atoms of the conjugated backbone. As it can
be seen from Fig. S5(a), the first case has an average distance of
interaction of 0.16 nm (peak not available in the RDFs - only the
region higher than 0.2 nm is shown). The second case, identified
by a bump in the RDF centered around 0.45 nm can be visualized
in Fig. S5(b).

With all that said, CMDS do not show any strong interaction
mechanism of aggregation between porphyrins and asphaltene
molecules. This result is valid for the case where the porphyrin
molecules do not present acid chain-ends. In this case, one would
see that the aggregation is favored based on the H-bonds that can
be formed between the porphyrins and the asphaltene molecules,
as it is the case of asphaltenes having this type of chain-end [44].
In order to investigate whether these results arise from this fact
or if there is indeed a deep electronic effect that has not been taken
into account by CMDS, we performed DFT and PM7 calculations as
well, as it can be found in the next section.

3.2. DFT and PM7 calculations

DFT and PM7 calculations are two distinct levels of theory that
allow, in opposition to CMDS, the inclusion of the electrons in the
calculation scheme. The treatment of the electronic cloud is neces-

Fig. 4. RDFs for 8 molecules of A13 or C5Pe interacting with themselves or with
each type of porphyrin herein studied: (a) A13 interacting with other A13
molecules when there is no porphyrin (black curve) or in the presence of one
porphyrin of each type; (b) A13 molecule interacting with a porphyrin one of each
type; (c) same as (a) but for C5Pe; and (d) same as (b) but in the case of C5Pe.
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sary to determine both if the force field used in the CMDS is accu-
rate enough for the properties in interest and to better understand
the origin of the physical-chemical mechanisms taking placing in
the aggregation. Particularly in our case, the treatment of the vana-
dyl radical needs such methods. Finally, the differences between
them is the fact that PM7 is a semi-empirical method that relies
on the fitting of its internal parameters to make them reproduce
properties obtained experimentally or from higher-levels of theory
for a ensemble of test molecular systems. DFT, on the other hand,
can have some degree of fitting but this is only used to tune the
exchange-correlation functional.

In this way, all-electron DFT and PM7 calculations were per-
formed in order to 1 - determine the electronic properties of the
studied porphyrins in vacuum (DFT) and, 2 - to scan the ‘‘vertical”
distance relevant to the aggregation mechanism (DFT), and 3 -
optimize the internal coordinates for the minimum distance of
interaction (PM7). Given the high computational cost of the
methodology in use for these DFT calculations (B3LYP exchange-
correlation functional with def2-TZVPP basis set and using the Ste-
fan Grimme’s D3BJ van der Waals correction - see ESI for more
details), we have introduced the following approximations/con-
straints: 1 - for DFT calculations, we only considered the interac-
tion between C5Pe and the 4 studied porphyrins since symmetry
could be used; 2 - the lateral chains of the asphaltene molecules
were reduced to a methyl group; 3 - the lateral chains of the por-
phyrins were set to a single hydrogen atom; and 4 - once the indi-
vidual geometries of either C5Pe or the porphyrins optimized in
vacuum, the interaction between them was studied by single-
point calculations. The optimization of the minima were only per-
formed within PM7 methodology. In this part of the modeling pro-
cedure, the iron porphyrins (PorFe) were not treated since their
ground state is not the singlet one S0 (it can be either triplet T0

or quintuplet Qu0). This has no incidence on the results obtained
by CMDS since it does not take into account electrons explicitly.
On the other hand, the presence of high-order spin states for the
iron-compounds introduce more difficulties in our procedure since
it would require treating multi-reference states, what is way
beyond the capabilities of both DFT and PM7.

In this way, considering the isolated porphyrin molecules, the
first astonishing pieces of information that can be extracted is
the non-planar configuration of PorVO: the VO assumes a pyrami-
dal structure above the macrocycle plane. Furthermore, the oxygen
is pronouncedly negatively charged compared to the rest of the
molecule. This can have as consequence both the non-possibility
of introduction of this porphyrin between adjacent asphaltene
planes and the possibility of forming new hydrogen interactions
between acid chain-ends or aromatic hydrogens of the conjugated
backbone, as already mentioned before. Besides having this pro-
nounced charge, the PorVO molecule also has an unpaired electron
which could have an effect on the aggregation of the asphaltene-
porphyrin systems. This effect would not be taken into account
by CMDS based on the classical character of this latter. This
unpaired electron is delocalized over the VO bond region as it
can be seen from Fig. S12, and the Mulliken spin population shows
that the unpaired electron is distributed between the nitrogen
(#'0.024), vanadium (#1.20) and oxygen (#'0.14) atoms.

These isolated porphyrins were centered around the origin
lying planar on the x-y plane. The same alignment was also
imposed to the C5Pe molecule, with its biggest axis lying parallel
to x axis. The z axis was then scanned by single points from 6.0
down to 2.5 Å with 21 equally spaced distance steps. This was per-
formed for the following systems: C5Pe-C5Pe, C5Pe-PorH2, C5Pe-
PorNi, and C5Pe-PorVO. The resultant attraction-repulsion poten-
tial curves in the neutral singlet state S0 can be visualized in
Fig. 6. These curves were fitted to a Morse potential and the
obtained equilibrium energies are listed in Table 1.

Although the difficulties that are introduced by the ground state
in higher spin states of the iron porphyrin, we have tried to esti-
mate this energy of interaction for the triplet state (which is the
ground state of the isolated porphyrin). More details can be found
in the ESI. For the C5Pe-PorVO system, we first expected that the
unpaired electron of the latter would induce the formation of a
‘‘covalent-like” bond with the asphaltene in a cation-p-like inter-
action, based on the fact that the radical can be considered as an
electron poor species. The binding energy that was found is coher-
ent with the ones for the other porphyrins and, besides, based on

Fig. 5. 60 ns snapshots of the C5Pe interacting with (a) PorH2, (b) PorNi, (c) PorFe, and (d) PorVO molecules in 5 " 5 " 5 nm3 simulation boxes. Toluene molecules are omitted
for clarity.
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the plot of the localization of this unpaired electron as it can be
seen in Fig. S13, it continues localized in the same region as it is
found in the isolated molecule.

In this way, we could show that the interaction between por-
phyrins and asphaltene molecules are probable to happen but its
intensity is not much greater than an asphaltene-asphaltene inter-
action. Even though CMDS and DFT results agree, i.e., the interac-
tion exists but is not much stronger than what a single p-
stacking would be, and that is why an optimization of the equilib-
rium distances of the DFT scanning curve was performed within
the PM7 level of theory in order to obtain a still more stable energy.
These results confirm both CMDS and DFT: the interaction between
porphyrins and asphaltene molecules is not stronger than
asphaltene-asphaltene interactions and this is due to the fact that
the aromatic conjugated core is smaller than the ones of asphal-
tene molecules. The metalloporphyrins, such as PorNi and PorVO,
interact differently with each type of asphaltene molecule and this
should be a function of the symmetry of the conjugated core. These
observations are consistent with practical observations which have
shown that, when asphaltenes are dispersed in some solvents at
room temperature, porphyrins can be released into the maltene’s
phase. These porphyrins can then be associated to these interacting
weakly with the asphaltene nano-aggregates by p' p interactions.

Besides the energy of interaction and the visualization of the
localization of the unpaired electron on PorVO species, it would
be interesting to visualize the non-covalent interaction beyond
the quantification. To do so, we have used the Non-Covalent Inter-
actions (NCI) formalism developed by Johnson and coworkers,[59]
which is described in more details in the ESI, where one can also
find, in Fig. S14, the plot of the electronic reduced gradient density
s against the density q times the sign of k2. This analysis allows one
to state that the differences between the C5Pe-C5Pe, C5Pe-PorH2,
C5Pe-PorNi and C5Pe-PorVO are noticed for the systems containing

metals, which have besides this a peak centered associated to a
bonding non-covalent Coulomb interaction (attractive) mediated
by the presence of the metallic center.

More particularly, as it is showed in Fig. S16 and suggested by
the CMDS calculations, we observed the existence of an attractive
potential between the vanadyl group and hydrogen atoms calcu-
lated by DFT. This interaction energy between the VO( ( (H pair
strongly supports the hypothesis of an attractive interaction allow-
ing a two-dimensional translational diffusion of the maltenes
molecules at proximity of the slowly rotating asphaltene nanoag-
gregates with embedded PorVO radicals. We have shown several
experimental evidences of such anisotropic molecular dynamics
by our NMRD profiles [41], in particular a very long correlation
time (#1 ls) of residence of such maltene at proximity of the
asphaltene nanoaggregates. However, all the theoretical models
that we develop for interpreting the striking observed bilogarith-
mic dispersion profiles in crude oils required an attractive poten-
tial energy for the maltene-asphaltene systems. Last but not
least, the fact that PorVO assumes a tridimensional pyramidal
geometry (see Figs. S12 and S13) due to the vanadyl group sup-
ports the choice of the NMR parameters in our previous works: dis-
tance of minimal approach between maltene proton and
paramagnetic sources of relaxation VO2+ ions) needed for inter-
preting the NMRD data (see Fig. 7 for further explanation) [41].
This particular geometry of the PorVO molecule does not allow
its insertion in-between planes of asphaltenes, in a ‘‘sandwich”-
type conformation, as it can be the case for the other porphyrins,
as it was herein showed. Instead, besides this attractive VO( ( (H
behavior, the insertion of these porphyrins should take place in
the space between nanoaggregates of asphaltenes or in a way of
displacing them from a perfect face-to-face p' p-stacking
conformation.

4. Conclusions

We have shown using classical molecular dynamics simulations
that the asphaltene-porphyrin aggregation phenomena is less
dependent on the p' p-interaction type and should somehow
depend more strongly on the H-bond formation between lateral
chains of both compounds. This result was herein evidenced based
on classical molecular dynamics, density functional theory and
semi-empirical simulations showing that p' p interactions are
not strong enough to explain the fact that porphyrins are com-
monly found within asphaltene aggregates. In this way, besides
interaction between lateral chains (which are out of the scope of
this work), the nature of the p' p asphaltene-porphyrin interac-
tion was studied and found to be consistent with a van der Waals
dispersion type with an important contribution of an attractive-
repulsive Coulomb interaction between the metal and the asphal-
tene molecules. This former can be understood as a ‘‘cation-p”
interaction type.

More particularly, for the vanadyl-centered porphyrins, their
geometrical properties impose that they cannot be found in-
between two asphaltene planes in a ‘‘sandwich”-like configuration.
This corroborates the previous NMRD experiments that indicated a
particular dynamics of maltene’s protons in the proximity of the
paramagnetic source of relaxation. This observation was herein
explained based on both the geometrical model of the PorVO por-
phyrins and on the discovery of a strong attractive potential
between this metallic center (namely, the oxygen atom of the
VO2+ group) and environmental hydrogen atoms.

Finally, this also explains why porphyrins can be found in a
wide range of molecular weights of asphaltene aggregates: 1 -
some of them, such as the nickel-containing ones, can be found
trapped in-between asphaltene planes in a ‘‘sandwich”-type con-

Fig. 6. Attraction-repulsion curves for the C5Pe-C5Pe, C5Pe-PorH2, C5Pe-PorNi, and
C5Pe-PorVO in S0 state (D0 for C5Pe-PorVO) calculated within the DFT level of
theory.

Table 1
Energy of interaction DE for each C5Pe-porphyrin pair calculated by DFT and by PM7
Df H

o
298K , measured by the difference in the heat of formation.

Mol. 1 Mol. 2 DE (kcal mol'1) Df H
o
298K (kcal mol'1)

C5Pe C5Pe '21.3 '40.8
C5Pe PorH2 '26.7 '35.1
C5Pe PorNi '23.0 '20.1
C5Pe PorVO '24.6 '36.2
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[55] Hostaš J, Řezáč J, Hobza P. Chem Phys Lett 2013;568:161–6.
[56] Dutra JDL, Filho MA, Rocha GB, Freire RO, Simas AM, Stewart JJ. J Chem Theory

Comput 2013;9:3333–41.
[57] Thiel W. Wiley Interdisc. Rev.: Comput. Mol. Sci. 2014;4:145–57.
[58] Mullins OC, Martínez-Haya B, Marshall AG. Energy Fuels 2008;22:1765–73.
[59] Johnson ER, Keinan S, Mori-Sanchez P, Contreras-Garcia J, Cohen AJ, Yang W. J

Am Chem Soc 2010;132:6498–506.

H. Santos Silva et al. / Fuel 188 (2017) 374–381 381

http://refhub.elsevier.com/S0016-2361(16)31027-4/h0250
http://refhub.elsevier.com/S0016-2361(16)31027-4/h0255
http://refhub.elsevier.com/S0016-2361(16)31027-4/h0260
http://refhub.elsevier.com/S0016-2361(16)31027-4/h0260
http://refhub.elsevier.com/S0016-2361(16)31027-4/h0265
http://refhub.elsevier.com/S0016-2361(16)31027-4/h0265
http://refhub.elsevier.com/S0016-2361(16)31027-4/h0270
http://refhub.elsevier.com/S0016-2361(16)31027-4/h0275
http://refhub.elsevier.com/S0016-2361(16)31027-4/h0280
http://refhub.elsevier.com/S0016-2361(16)31027-4/h0280
http://refhub.elsevier.com/S0016-2361(16)31027-4/h0285
http://refhub.elsevier.com/S0016-2361(16)31027-4/h0290
http://refhub.elsevier.com/S0016-2361(16)31027-4/h0295
http://refhub.elsevier.com/S0016-2361(16)31027-4/h0295

	The role of metalloporphyrins on the physical-chemical properties of petroleum fluids
	1 Introduction
	2 Methodology
	3 Results and discussion
	3.1 Classical Molecular Dynamics Simulations (CMDS)
	3.2 DFT and PM7 calculations

	4 Conclusions
	Acknowledgments
	Appendix A Supplementary material
	References


