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ABSTRACT
The conversion or photo conversion of asphaltenes to polycyclic aromatic hydrocarbons (PAH’s) promoted
by a laser source is analyzed using both experimental and theoretical methods. We propose that during
measurements performed at an intermediate laser power, fragmentation to afford PAH’s and ring fusion
to yield fused PAH’s (FPAH’s) may occur either within molecular clusters (resin case) or within molecular
aggregates (asphaltene case) which are vaporized or sublimed after ionization by the laser source. These
events change the initial molecular mass distribution (MMD) of the sample to a continuous statistical MMD
that can be fitted to a log-normal distribution. At a high laser power, the experimental MMD is converted
to a sequence of Cn bands (n is an even number) which are separated by a 24-amu, the characteristic of a
mixture of fullerene compounds.
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INTRODUCTION

materials are examined by LDI MS.

The formation of photocompounds during laser

When asphaltenes were examined using LDI (+)-FT-

desorption ionization mass spectrometry (LDI

ICR MS, asphaltenes showed a wide Gaussian

MS) examination of asphaltenes and other

band extended from 500 to 2000 Da with a 24-Da

carbonaceous materials is becoming an important

separation over the entire range. These bands,

research area related to fullerene and carbon

promoted by laser power, were attributed to

nanotube

bodies,

fullerene-type materials [1] Similar results were

and, of course, asphaltenes. Several research

reported by Rizzi et al. in 2006 [2] when Italian

groups have presented spectra showing a 24-amu

asphaltenes were analyzed using LDI and SALDI

difference, corresponding to C2. These spectra are

MS techniques. The abovementioned sequential

produced when asphaltene or other carbonaceous

band of 24 Da, which was found in a wide band

formation,

extra-terrestrial
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extending from 500 to 2000 Da and beyond,

to these authors [8], the “C2 sequence” has been

was promoted by the laser and attributed to the

observed previously [9,10], and was erroneously

formation of polycyclic aromatic hydrocarbons

ascribed to the compounds present in the sample

(PAH’s) [2]. Carbon clusters or fullerenes with

under analysis. The C2 sequence was also found

a typical 24-amu separation were reported for

during the LDI treatment of Hassi-Messaoud

a vacuum residue examined using LDI [3]. The

asphaltenes [11] and Algerian asphaltenes [12].

examination of PAH’s under LDI MS conditions

Becker et al. in 2008 [13] used LDI MS combined

similar to the one employed for asphaltenes led

with ion mobility to study asphaltenes and DAO,

to the formation of multimers of these PAH’s [4].

and observed fullerenes only in the case of

Authors have ascribed these multimers to the

asphaltenes. High resolution transmission electron

presence of non-covalent clusters during the

microscopy (RTEM) was used for the detection of

desorption process [4]. Apicella and co-workers

fullerenic structures in crude oils [14 ]. Traveling

have also reported both multimer formation and

wave ion mobility (TWIM) was combined with

fragmentation when PAH’s were studied using LDI.

LDI to separate fullerenes from other asphaltene

The abovementioned 24-amu sequence was also

components formed during LDI MS experiments.

observed when a soot sample was studied using

The technique employed gives a two-dimensional

LDI techniques [5]. Covalent clusters of PAH’s were

plot where fullerenes are clearly distinguished

detected when they were examined using an LDI

from other components [15].

assisted by collision-cooling with nitrogen as the

Mass spectra showing the removal of hydrogen

inert gas [6]. According to these authors [6], the

from cation radicals to afford multiradicals

collisions of radical ions with the gas molecules

(diradicals, triradicals, and so on) under the energy

dissipate energy, thereby reducing unwanted

environment provided by a laser (henceforth, laser

reactions such as fragmentation. However, C-H and

conditions) were reported in 2014 [16]. Thus, all

C-C fragmentations were observed as there were

the hydrogens of the PAH cation radical [C66H26]+

covalent clusters with a molecular mass of 2M-4H,

were removed as laser power steadily increased.

in which M is the mass of the parent cation radical

MMD obtained using SEC with a UV detector

and the dimer lost 4 hydrogens during the fusion

leads to a log-normal distribution when octylated

of two PAH’s [6,7] . A statistical MMD comprising

asphaltenes (OA) are used as the sample [17].

a sequence of bands separated by 24 amu was

Presumably, the octyl groups inhibit the column-

reported by Santos et al. after the examination

sample interaction responsible for the long

of an asphaltene sample using LDI MS [8]. When

tail and band deformation typical of the SEC of

a mixture of polycyclic aromatic hydrocarbon

asphaltenes. Due to the employment of a UV

standards was examined under similar conditions,

detector, the observed MMD corresponds to the

it afforded a similar MMD that allowed the authors

random distribution of PAH’s comprising the core

to conclude that these MMD were the result

of the asphaltene molecules.

of PAH fusion and the formation of fullerene-

The reported LDI mass spectra of asphaltenes and

type homologous photocompounds. According

octylated asphaltenes with up to five octyl groups
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per 100 carbons showed a similar MMD, indicating

boiling n-heptane. Asphaltenes were obtained

that these alkyl groups have no impact on the MMD

from Cerro Negro (CN) and Furrial crude oils, while

obtained. As is now recognized [8], the obtained

the resins were obtained from Furrial crude oil.

MMD corresponds to a log-normal distribution
of fused PAH’s (see below). A combination of LDI,
SALDI, and L2 MS techniques led authors to propose
the presence of asphaltene nanoaggregates in
the vapor phase [18], and, according to other
authors, the use of ion mobility techniques
confirm aggregate formation in the gas phase for
molecules with an MM > 3000 Da [13]. The partial
fragmentation of alkylated PAH was observed
during its analysis with desorption/ionization
two laser μL2-MS equipment [19], a technique
employed to reduce or suppress fragmentation
and ring fusion. When LDI MS was employed to
measure the MMD of asphaltenes obtained after
evaporation from toluene solutions, a large shift to
a higher MM was observed. The authors ascribed
this finding to asphaltene aggregates presented in
the sample [20]. LDI MS applied to Algerian [11]
and asphaltenes from another source [21] also
confirmed the C2 sequence referred to above.
Curved PAH structures, containing five member
rings such as corannulene and corannulene
derivatives, were proposed by Pope et al. as the
precursors of fullerene structures [22,23].

EXPERIMENTAL PROCEDURES
Materials and Methods
Asphaltenes and resins, both from Venezuela, were
obtained by routine methods described elsewhere
[24]. Briefly, corresponding crude oils mixed with
toluene (1:1) were diluted (at a ratio of 1:60) with
heptane, and the flocculated asphaltenes were
filtered and dried. The resins were obtained after
the extraction of asphaltenes in a Soxhlet using

Equipment
LDI MS TOF was determined using a laser
desorption ionization system with a time-of-flight
mass spectrometer (LDI TOF MS Voyager DE-STR
Applied Biosystems Instrument). The laser system
comprised a 337 nm-N2 excimer laser at 20 Hz,
which was used to analyze diluted (approximately
100 mg.L-1) tetrahydrofuran solutions. These
solutions were spread on the sample holder, and
after solvent evaporation, these solutions were
introduced into the LDI system under vacuum. The
TOF detector was used in the linear mode, and the
laser shots (LS) or laser powers were in a range of
1500 to 3000. No signal was detected below the LS
equal to 1500.

Methods
The semi-empirical quantum mechanical method
PM6, developed by Stewart et al. in 2007, was used
for the required calculations [25].
The ionization and fragmentation of asphaltenes
leading to the formation of PAH systems, along
with ring fusion to form larger systems (FPAH’s) and
C2 sequence fullerene are the processes considered
herein. The route examined here is shown in
the scheme below (Figure 1); all the stages are
promoted by the laser source, where the power
increases from one stage to the next in an LS range
of 1500 to 3000.
In the first stage, asphaltene aggregates are
ionized to a cation radical (CR) and sublimed from
a condensed state that could be either the solid
state or the plume.
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Molar entropies were obtained at the required
temperature from the frequency facility of the
PM6 method. The calculation is illustrated by the
reaction scheme given below:
hv
A + B 
→ C + 2H 2

(1)

where, A is a CR, and B is a neutral reactant;
C comes from the fusion of A and B. In this
photoreaction, two moles of hydrogen are produced
Figure 1: A schematic representation of the sequence of
events promoted after laser contact with the sample.
Ionization to a cation radicals (CR) and sublimation
occurs in the first stage followed by fragmentation
and ring fusion to afford FPAH ion radicals at a
higher laser power. At even a higher laser power, the
dehydrogenation of FPAH’s is followed by fullerene
formation. The letters “s” and “v” stand for solid and
vapor respectively.

Once in the vapor phase as aggregates, the sample

when two moles of reactant are consumed. For
each component, the geometry was optimized,
and the entropy S was calculated at the required
temperature (T). The following changes were then
computed:
2 S + SC − S A − S B
∆S R = H
2
SC − S A − S B
∆S PAH =
2

(2)
(3)

undergoes the fragmentation and ring fusion to

where, ∆S R is the overall entropy change, and

afford FPAH’s in the second stage. Finally, after H2

∆S PAH is the entropy change of the PAH species.

is lost, fullerenes are formed in the third stage.

These changes were evaluated in a temperature

Relevant fragmentation, multiradical formation,

range of 500 to 1000 K.

and the formation of FPHA’s and fullerene-type

For these calculations, the reaction between one

materials were simulated and calculated with

pyrene molecule and its CR homolog was used

convenient models using PM6. In this work,

to afford a dimer CR of a molecular mass of 2M-

multiradicals are defined as the structure resulting

4, where M is the molecular mass of pyrene. This

after the removal of all or some hydrogen from the

occurs according to the reaction given below

corresponding PAH.

(Figure 2):

For the resin samples, the scheme is similar to
the one presented in Figure 1 with the following
differences; after ionization to a CR, a molecular
cluster is evaporated. After fragmentation and
fusion, the cluster is converted to FPAH’s. No
fullerene formation was observed in this case
within the same LS range used for asphaltenes.

Thermodynamic Parameters
Thermodynamic parameters were calculated at
different temperatures using the PM6 method.

Figure 2: The reaction between one pyrene molecule
and its CR homolog.
It should be noted that the MM of pyrene dimer is 2M-4.
This dimer was detected when pyrene was examined with
LDI MS under the conditions of collision cooling [16].
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Closed or Fullerene-type Structures

where σ, M, and M0 are the standard deviation, the

The few fullerene-type and curved surface

molecular mass, and the molecular mass mean.

structures considered herein were constructed

Equation 10 was used for fitting.

using the isolated pentane rule (IPR), in which no
two pentagons share an edge [8]. When required,
these structures were calculated using the PM6
method.
The number-(Mn) and weight-(Mw) average molecular
masses were obtained using Equations 4 and 5.
∑n M ∑I M
i

i
=
∑ ni

i

∑I

i

=
Mw

∑n M
i

2
i

=
i

∑n M
i

i

i

i

i

i

i

2
i

∑I M
i

i

RESULTS AND DISCUSSION
Fragmentation and Ring Fusion
Figures 3 and 4 show a series of LDI MS spectra
taken of Furrial and CN asphaltene samples at

(4)

different laser powers (LS’s).

i

∑I M
i

(10)

(5)

i

The geometric mean (Mg) of these values was
obtained using Equation 6.
M g = M nM w

Intensity

=
Mn

i

 1 ( log M − log M 0 )2 
A
y=
y0 +
exp  −

σ2
M σ 2π
 2


(6)

where, ni, Ii and Mi are the corresponding number
m/z

of molecules, intensity, and molecular mass
respectively. The intensity and molecular mass
were determined from the experimental results.
Intensity

Log Normal MMD
For statistical MMD, the log-normal distribution
was used, which is easily obtained as follows:
The error distribution could be defined using

m/z

Equation 7:
dP
=

 1 ( x − x0 )2 
1
exp  −
 dx
2
σ ′ 2π
 2 σ ′


(7)
Intensity

As usual, dP is the probability of finding the value
of x between x and x+dx. Herein, x0 is the mean,
and σ ′ is the standard deviation. Now, the variable
can be changed in a way that x = log M , which
leads to Equations 8 and 9.
dP
=

dP
=

 1 ( log M − log M 0 )2 
1
exp  −
 d log M
σ2
σ 2π
 2


(8)

 1 ( log M − log M 0 )2 
exp  −
 dM
σ2
M σ 2π
 2


(9)

1

m/z

Figure 3: Sequences of LDIMS of asphaltenes (Furrial)
measured at increasing LS power. The increase in LS
apparently promotes both fragmentation and ring
fusion, as suggested by the observed large MMD changes
observed in this LS range (200-5200 amu range).
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m/z

Intensity

Intensity

m/z

m/z

Intensity

Intensity

m/z

m/z
m/z

Figure 4: Sequences of LDIMS of CN asphaltenes
measured at increasing LS power. Evidence for ring
fusion is apparent from LS = 1900 onward in this LS
range(200-5200 amu).

Figure 5: Resin spectra measured at different relative
laser powers (LSs) in the range of 200 to 6200 m/z.
Apparently, as LS increases, the sample is steadily
converted to a mixture of FPAH’s.

The sequence shows how the initial sample
changes when the LS increases to the point where

Apparent conversion to FPAH’s was also observed

fragmentation is readily apparent as the initial

for the resins (Figure 5).

complex distribution is converted to a quasicontinuous MMD. This result is coherent with the
simultaneous operation of both fragmentation and
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ring fusion and with the mass maxima shown by

fusion have been observed using model PAH’s

these samples in Figures 6 and 7.

[4,6,19]. At an LS value larger than about 2100,
a series of maxima and minima are observed;
however, it appears that most of these values
are within the experimental error suggesting that
sample has been converted to stable derivatives
such as fullerenes.
It is likely that in this case, the sample is vaporized
as molecular clusters, thereby promoting ring
fusion. The molecular mass distribution of PAH
coming from ring fusion (MMDRF) could be well
fitted to a log-normal statistical distribution, as

Figure 6: Dependence of molecular mass on LS for
CN asphaltenes. The maximum below LS = 2100 is
consistent with the simultaneous operation of ring
fusion and fragmentation, which have opposite effects
on the sample mass. The sector to the right of LS = 2100
corresponds to fullerene formation and the loss of
hydrogen and other elements such as nitrogen, sulfur,
and oxygen.

Figure 7: Dependence of the molecular mass on LS for
Furrial asphaltenes. The maximum below LS = 2100
is consistent with the simultaneous operation of ring
fusion and fragmentation, which have opposite effects
on the sample mass. The sector to the right of LS =
2100 corresponds to fullerene formation and the loss
of hydrogen and other elements.

The increase in the mass of ring fusion is opposed
by fragmentation (mass decrease). As described
above (see Introduction), fragmentation and ring

shown in Figure 7.

Figure 8: Fitting a log-normal distribution (Equation 10)
to experimental data for the asphaltenes (top) and the
resins (bottom) at the shown laser power. Apparent
conversion to FPAH’s is complete for the asphaltenes
and partial (approximately 60%) in the case of the
resins.
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Log-normal distribution was well fitted to the

energy coming from the laser or by contact with

experimental data only at the tail of the mass

highly excited CR or homologs (see Figure 9 for an

spectra of the resins; for asphaltenes, conversion

example of this process).

to ring fusion was complete, whereas for the
resins it was approximately 60%. The parameters
corresponding to these fits are collected in Table 1.
Table 1: Log-normal fitting parameters.
Sample

M0

σ

y0

A

Asphaltenes 1863 0.596 -151.2 5.47E+07
Resins

676

0.8

-289 3.00E+04

Adjusted

R2

0.98
0.99

See Equation 10 for parameter definition.
In comparison with the asphaltenes, the resins have
higher and faster volatility, which could account for
their partial conversion; they are also consistent
with the higher LS value required for ring fusion.
Previously, MMD’s obtained from LDI-MS were also

Figure 9: An example of ring fusion considered herein,
in which the alkyl aromatics, represented by 1-ethylpyrene (I) and 4-ethyl-anthracene (II), are fragmented
by the laser to afford diradicals III and IV, which leads
to fused system V or VI cation radicals (CR).

fitted by a log-normal distribution [4,27].

Ring fusion in the open vapor phase is unlikely

Asphaltene molecules are thought of as aromatic

to occur. The gathering of many molecules in the

cores with a high substitution of hydrogen in the

vapor state would have a high entropic cost, as

form of aliphatic chains [28]; in other words, they

suggested by the calculations shown in Table 2.

contain a very low percentage (approximately 5%)
of aromatic hydrogens [24]. This means that for
sufficient laser power (see Figures 2 and 3), the

Table 2: Entropy changes computed for the fusion of
pyrene and the pyrene cation radicala.

fragmentation of alkyl chains would result in the

T/K

formation of very reactive multiradicals, which, if

T ∆S /kCal.mol-1
∆S R b

∆S PAH c

close enough, will react with the nearest neighbor

500

3.8

-26.0

homologs, leading to ring fusion and to a random

600

4.9

-32.0

MMD.

700

6.1

-38.2

Figure 7 is a simple depiction of fragmentation

800

7.1

-44.7

900

8.2

-51.4

1000

9.2

-58.4

using molecular models. Because multiradicals are
extremely reactive, they could react to form new
6- or 5-member aromatic rings.

The PM6 method; b: overall change; c: change between

The presence of diradicals is possible only in the

PAH species.

presence of the high energy provided by the
laser. Fragmentation could occur either by direct
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Although the overall T ∆S R is positive, due to the

presence of asphaltene nanoaggregates has been

formation of hydrogen, bringing the reactants

suggested in the vapor phase using a combination

together for the reaction to occur involves a large

of LD techniques [4,18].

negative change in T ∆S PAH , which could severely
impair or prevent all contacts among reactants. As
shown in Table 2, this hindering effect increases
with temperature.

Fullerene Formation
Figure 10 shows the LDI MS spectrum of Furrial
asphaltenes measured at an LS value of 2900.

Thus, photoreactions in the vapor phase are unlikely
and expected to have a small or insignificant
contribution to ring fusion and other possible
photoreactions. For the fusion of three or more
PAH’s, larger, more negative T ∆S PAH are obtained.
Moreover, very high temperatures, in the range
of 4000-8000 K, are expected in ns pulsed laser
plasma commonly used in LDI [23].
On the other hand, due to close contact within an
aggregate or cluster that has been evaporated or
sublimed from the corresponding condensed state,
ring fusion will more be favored for an associated
mixture such as the asphaltenes. Of course, in this
case, little contribution of ∆S PAH to the reaction
is expected. These arguments are congruent with
the method employed in the L2 MS technique
described above, in which, to avoid ring fusion, the
two lasers are tuned so that the first sublimes the
sample and the second (the one used to ionize the
sample) is shot at the vaporized sample a few µ s

sublimed (the asphaltenes) or vaporized (the resins)

Figure 10: LDI spectra of Furrial asphaltenes measured
at LS = 2900 laser power. A) full range; B: expansion
of the 500-900 amu, corresponding to the inset range
showing the C2 = 12 amu band sequence. No fullerene
bands were detected below 500 g mol-1 or above 2300
g mol-1. Bands and intensities corresponding to C44, C60,
and C70 are distinguished by vertical lines.

as aggregates or molecular clusters respectively.

At this high energy, the sequence of C2 bands shown

Subsequently, they undergo fragmentation and

in the expansion is very clear. We could detect

ring fusion before being converted to fullerenes at

fullerenes from C42 (MM = 720) to approximately

higher LS values. As mentioned in Introduction, the

C214 (MM = 2570). As suggested elsewhere [30,31],

later [19,27].
In view of the above comments and results, it is
concluded that under the present conditions and
after ion radical formation, the samples are either

C60 and C70 are relatively stable fullerenes, and
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this is consistent with the intensities of the
corresponding bands (Figure 9-B). Similar results
were obtained for CN asphaltenes (not shown).
Thus, in view of similar findings regarding the C2
sequence described in Introduction, this behavior
appears to be a characteristic of asphaltenes under
high laser energy conditions.
At energies high enough to promote the removal
of hydrogens from C-H corresponding to the
formed FPAH cation, multiradicals will form. These
multiradicals are very reactive species; a hint of
this is shown in Figure 11, where a very large and
negative change in the enthalpy of formation could
be estimated.

Figure 12: A schematic representation of the formation
of the fullerene-type structure C72 by means of
progressive stages in which the growth of the spheroid
surface, after C2 transfer, allows for hydrogen loss
without the formation of multiradicals. Transfer of
C2 is intramolecular and comes from somewhere else
within the molecule (not specified for simplicity).

It should be mentioned that, by using appropriate
computation algorithms, it is possible to build
fullerenes to the required size and molecular
mass [32]. In this way, the observed C2 sequence
can be possible in terms of the above arguments
irrespective of the fullerene size.
Figure 11: Depiction of the conversion of a multiradical
cation C70 to a closed C70 cation radical fullerene type
structure

It should also be mentioned that heteroatoms
initially present in the asphaltene sample should
be removed at some stage during laser contact;

As it is well known [22,23,30], the PAH’s avoid
the formation of multiradicals by forming curved

otherwise, the observed C2 band sequence will not
exist. It is also interesting that under the same LS

surfaces in which the rupture of C-H would occur

used for the asphaltenes, the resins do not yield

simultaneously with C2 additions and C-C bond

fullerenes. Finally, it is very important to remark

formation. These curved surfaces are formed

that, as it is the case for fullerenes, the statistical

after intramolecular rearrangements of the planar

molecular mass distribution obtained at low and

hexagonal structures of FPAH’s, which become

medium values of laser power for the asphaltenes

curved after the inclusion of pentane rings.

is an artifact produced by laser contact with the

A plausible evolution of some stages leading to C72

sample and is not at all the proper molecular

is shown in Figure 12.

mass distribution of the asphaltenes. Thus, some
previous results regarding this issue need revising
[27].

Journal of Petroleum Science and Technology 2018, 8(2), 57-69
© 2018 Research Institute of Petroleum Industry (RIPI)

66

http://jpst.ripi.ir

Analysis of the Photo Conversion of Asphaltenes Using Laser Desorption Ionization

CONCLUSIONS
The sublimation of aggregates (the asphaltenes)
and the vaporization of clusters (the resins) were
found out to be consistent with both fragmentation
and ring fusion. The fragmentation promoted
either by the laser or by contact with high energy
homologs leads to very reactive PAH multiradicals,
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