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The presence of fullerenes as natural constituents of carbonaceous materials or their formation as laser artifacts during 

laser desorption ionization (LDI) mass spectrometry (MS) analysis is reinvestigated and reviewed. The results using 

asphaltenes samples with varying composition as well as a standard polycyclic aromatic hydrocarbons (PAH) and fullerene 

samples as models have demonstrated that indeed Cn ring fullerenes are not natural constituents but they are formed as 

common and predominant artifacts upon laser radiation, and a series of incorrect assignments based on LDI-MS data of 

several carbonaceous materials seems unfortunately to have been made. When the present results are evaluated also in 

the light of the vast literature on LDI-MS of carbonaceous materials, the formation of fullerene artifacts seems particular 

important for LDI-MS analysis of alphaltenes and other carbonaceous samples with considerably high levels of PAH and 

vary according to the type of laser used, and the intensity of the laser beam.    

Introduction  

The characterization of the myriad of molecules that form 

most complex chemical mixtures such as those found in crude 

oils [1,2], bitumen [3], carbonaceous rocks [4,5] and eventually 

even in extra-terrestrial bodies such as meteorites [5] has been 

a most challenging task for the analytical chemist. Sample 

manipulations such as solvent or thermal extractions or 

derivatization reactions are always a great concern due to 

eventual contamination, whereas the applied technique 

should be robust and extensively investigated for each type of 

matrix so as to avoid incomplete sample description or the 

misleading information from artefacts. Mass spectrometry 

(MS), due to its superior speed, selectivity and sensitivity as 

well as the increasingly reduced need for sample manipulation 

and the power to deal with mixtures via concomitant ion 

separation and measurement has been increasingly used for 

complex mixture analysis [6,7,8,9]. For instance, for the 

comprehensive characterization of crude oil, arguably the 

most complex chemical mixture found on earth, MS has 

become the central technique able to characterize thousands 

of its constituents [1,2] with little manipulation.  

Among crude oil constituents, asphaltenes forms an important 

class, but this fraction of petroleum is curiously not  defined in 

terms of its structural features but a solubility criterion is used [10]. 

That is, asphaltenes are defined as the fraction of petroleum 

insoluble in low MW n-paraffin, such as n-pentane or n-heptane 

[11]. The composition and structure of the asphaltenes have been 

for decades, and still remains a topic of considerable debate in 

crude oil chemistry. In general, studies have suggested that 

asphaltenes comprises molecules with a vast range of functional 

groups, including alkyl rings and chains, aromatic and poly 

heteroaromatic rings, carboxylic acids, basic nitrogen groups and 

porphyrins [12,13,14]. A major controversy is also related to the 

predominance of either archipelago or island-like structures 

[15,16,17] such as the two model molecules of Figure 1, but 

numerous experiments using a vast array of techniques such as 

time-resolved fluorescence depolarization, laser desorption laser 

ionization (tandem) mass spectrometry, optical spectroscopy, 

molecular orbital calculations, NMR spectroscopy,  and atomic force 

microscopy seem to have established that asphaltene molecules 

consist predominantly of single aromatic cores with alkyl side chains 

in molecules with an average weight around 700 Da [18]. 
 

 

Figure 1. Examples of compounds with island (A) and 

archipelago (B) structures assigned to asphaltene constituents. 
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As for crude oils, asphaltene composition has indeed 

shown to be extremely complex and difficult to characterize 

[19]. To make its characterization even more challenging, 

asphaltene composition also varies as a function of the crude 

oil origin, the type of residuum from which they have been 

precipitated, either from atmospheric or vacuum distillation, 

the precipitant used as for instance n-pentane or n-heptane 

and/or the precipitation conditions such as sample-to-

precipitant ratio, addition of solvents, temperature, agitation 

and digestion time [20]. 

MS characterization of asphaltenes has employed different 

ionization methods including field ionization (FI) [21], field 

desorption ionization (FDI) [22], electrospray ionization (ESI) 

[23], atmospheric pressure chemical ionization (APCI) [24], 

atmospheric pressure photoionization (APPI) [25], LDI 

[26,27,28], two-step laser desorption laser ionization (L
2
MS) 

[29], and SALDI [18]. Although challenging, the comprehensive 

knowledge of asphaltene composition has been highly pursued 

in geochemistry studies since these molecules have been the 

source of major problems associated with crude oil processing 

[30,31]. Another longstanding controversy is the actual range 

of MW distribution of asphaltenes which predictions varying 

from less than 1000 Da to as high as 100.000 Da [32], but 

nowadays this question seems to have settle down and 

asphaltenes are believed to display an average MW of ca. 700 

Da [18]. 

LDI techniques have been perhaps the most extensively 

applied but are those that have also generated most 

controversy, since a diverse range of MW including high MW 

have been predicted [Error! Bookmark not defined.]. It has 

been determined, however, that the high MW was due to 

formation of gaseous asphaltene aggregates [33]. A seminal 

controversy also arose when Buseck and co-workers [34a] 

used LDI-FT-ICR-MS, thermal desorption ionization-MS and 

electron ionization, in conjunction with high resolution 

transmission electron microscopy (HRTEM), to analyse Sungite 

- a carbon-rich Precambrian rock from Russia - and Fulgurite 

[35b] as well as a glassy rock formed by the lightning strike in 

the ground, concluding for the natural occurrence of fullerenes 

C60 and C70 in these specific carbon-rich rocks. In other seminal 

work that has attracted considerable attention, Becker and co-

workers [35], using LDI-MS as well, have also concluded for the 

presence of fullerenes in meteorites, reporting the presence of 

C60 and C70, as well as a unique distribution of remarkably 

stable clusters of C100 to C400 separated all by m/z 24 units in 

the mass spectra. In all, the authors concluded that “these 

large extraterrestrial carbon clusters are either the first 

indication of higher fullerenes or are an entirely new range of 

aromatic carbon-rich molecules”.  

More recently, Traldi and co-workers [36] used LDI-MS to 

analyse asphaltenes from crude oils and detected a Gaussian-

like homologous ion series separated as well by m/z 24 units, 

which they have interpreted as well as latter by others [37] as 

evidence not for fullerenes but for PAH, that is, more 

specifically a series of polycondensed aromatic compounds 

with varying numbers of condensed rings with additional C=C 

bonds (Figure 2). MS measurements with high resolution and 

accuracy would have allowed the authors to characterize the 

+24 m/z series distinguishing all-carbon species (fullerenes) 

from PAH with their characteristic mass defects form the H 

atoms, but such data was not reported.  For asphaltenes, 

controlled conditions such as laser power, surface 

concentration and pulsed ion extraction, have been reported 

to avoid aggregation whereas LDI-based techniques have been 

reported to provide consistent and reliable results for 

asphaltene MW and composition [27,33,38].  

 

Figure 2. Structures proposed by Traldi and coworkers [36] for 

the homologous series of ions separated by m/z 24 units and 

detected during LDI-MS of asphaltenes. 

 

The initial goal of this work was to perform a petroleomic 

investigation via (MA)LDI-MS of asphaltenes from crude oils 

with contrasting levels of thermal evolution hence with 

expected contrasting compositions. But surprisingly, we just 

observed very similar (MA)LDI-MS profiles for all samples with 

a well behaved Gaussian-like series of ions separated by  m/z 

24 units [39]. As discussed below, contrasting interpretations 

for such profile were found in the literature, not only for 

asphaltenes but also for samples ranging from coal, rocks, 

bitumen and meteorites. We decided therefore to perform, as 

this paper reports, a systematic evaluation of the LDI-MS 

reliability in asphaltene analysis and to re-evaluate the 

substantial body of literature data on LDI-MS of asphaltene 

and other carbonaceous materials on the light of our results to 

conclude for the natural presence of fullerenes or their 

formation as laser artifacts. 

Experimental 

Samples and Reagents 

Samples of crude oil from different reservoirs in Brazil were 

provided by CENPES/ PETROBRAS. For the asphaltenes 

precipitation approximately 80 mg of crude oil were stirred in 

glass flasks during 24 hours in a 5 mL of 40:1 (v/v) mixture of 

heptane (HPLC grade, Honeywell Burdick) and crude oil [38]. In 

total, 20 different samples were evaluated. The insoluble 

asphaltenes were filtered using a Millipore 0.45 µm pore 

diameter PTFE filter and dissolved in toluene (HPLC grade, J.T 

Baker, Mexico City, Mexico) at concentrations of ca. 0.2 

mg/mL. These solutions were spotted onto a steel target plate 
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(MTP 384 polished steel target; Bruker Daltonics, Bremen, 

Germany) and allowed to air-dry. For MALDI, a saturated 

solution of DHB (98%, Sigma-Aldrich Co., St. Louis, MO, USA) 

was used as matrix and spotted upon the sample. For LDI, the 

asphaltene solutions in toluene were spotted and directly 

analyzed after toluene evaporation and asphaltene 

crystallization. A synthetic standard of fullerene C60 (Aldrich, 

MO, USA) and a standard of a polycyclic aromatic hydrocarbon 

(PAH) mixture (AccuStandard, CT, USA) containing the 16 EPA 

target PAHs (acenaphthene, acenaphthylene, anthracene,  

benz(a)anthracene, benzo(b)fluoranthene, 

benzo(k)fluoranthene, benzo(ghi)perylene, benzo(a)pyrene, 

chrysene, dibenz(ah)anthracene, fluoranthene, fluorene, 

indeno(1,2,3-cd)pyrene, naphthalene,  phenanthrene and 

pyrene) were also subjected to LDI-MS and spotted using 1 

µg/mL toluene solutions. 

 

Mass Spectrometers 

The MALDI-MS and LDI-MS analysis was performed in a 

Bruker Autoflex III MALDI-TOF(/TOF)-MS operated in the linear 

mode and equipped with a smart beam laser using Flex Control 

3.3 software (Bruker Daltonics). The MS were collected within 

the mass range of m/z 100 to 3500 in the positive ion mode. 

The instrument settings were as follows: ion source 1 at 18.99 

kV, ion source 2 at 16.64 kV, lens at 7.19 kV, and a pulsed ion 

extraction of 40 ns. The instrument was externally calibrated 

with the peptide standard supplied by Bruker Daltonics. The 

laser power was tested in a range of 10-90% to evaluate the 

optimal condition.  

FT-ICR-MS analyses were performed in Thermo Scientific 

7.2 T Fourier transform ion cyclotron resonance mass 

spectrometer (Thermo Scientific, Bremen, Germany). A scan 

range of m/z 200−1000 was used, and 100 microscans 

(transients) were collected in each acquisition. The average 

resolving power (Rp) was 400,000 at m/z 400. Time-domain 

data (ICR signal or transient signal) were acquired for 3000 ms. 

Microscans were co-added using Xcalibur version 2.0 (Thermo 

Scientific). 

The molecular formulas of the APPI(-) signals in the mass 

spectrum of asphaltene samples were assigned using the 

Xcalibur 2.0 software as well and verified by its isotopic 

pattern of 
13

C. Then, Excel spreadsheets were used to sort and 

group the formulas and compounds to build class diagrams 

(Supp. Information). All the interpretations and data treatment 

were made using homemade software for petroleomics.  

Results and discussion 

First, both MALDI-MS using DHB as the matrix as well as 

matrix-free LDI-MS data was acquired. Note that the presence 

of polycondensed aromatic molecules have been shown to 

make asphaltenes to work as a “self-matrix” for LDI-MS and 

indeed, for the samples tested herein, a matrix was 

unnecessary. Figure 3 shows, as an example and for 

comparison, a characteristic MALDI and a LDI mass spectrum 

of a typical asphaltene sample. Surprisingly for all samples, 

despite the contrasting crude oil composition from which they 

were precipitated, the spectra were all very similar regardless 

the level of thermal evolution of the crude oil from which the 

asphaltenes samples had been precipitated.  

 

 

Figure 3. A) MALDI(+)-MS using DHB as matrix and B) LDI(+)-

MS of a typical asphaltene sample.  

 

Note that both spectra in Figure 3 show very similar and 

continuous Gaussian-like profiles but the ion of m/z 720 clearly 

shows up. These well behaved m/z 24 (24 Da for singly charged 

ions) apart ion series is also quite contrasting from those 

typical much packed continuous ion series commonly 

displayed by crude oil samples, which are often centered 

around m/z 400 [1,2].  See Figure S1 for a full range LDI mass 

spectrum within the m/z 200 – 2500 range. 

Next, to investigate the nature of such homologous ions in 

Figure 3, their MS/MS data were acquired. Figure 4 shows, as 

examples, the MS/MNS for the ions of m/z 720, m/z 840, m/z 

1008, m/z 1176. Their fragmentation patterns were dominated 

by fragment ions separated by 24 m/z units due to C2 losses, a 

most typical pattern that firmly points to fullerenes [40,40, 

41,42,43]. 
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Figure  4. LDI-MS/MS of the ions of A) m/z 720 (C60) and B) m/z 840 

(C70) C) m/z 1008 and D) m/z 1176 sampled for a typical 

asphalthene sample.  

Next, we investigated the effect on the LDI-MS data of 

varying the fluency (intensity) of the laser beam (Figure 5). 

With the laser at 60% of fluency or less (Fig. 5A), only a noise 

spectrum was obtained. When the laser power was increased 

to 70% or even better at 80%, high ion abundances were 

attained and then the typical +24 m/z Gaussian distribution 

was formed (Figs 5B, C). Note that a similar behavior during 

LDI-MS was recently described elsewhere [44].  

Next, to investigate the effect of the laser beam in creating 

artifacts for (MA)LDI-MS analysis, asphaltene samples were 

analyzed by APPI(-) in an FT-ICR mass spectrometer. APPI is a 

very mild photon ionization technique using ca. 10 eV photons 

and is known to work quite efficiently for fullerenes 

particularly in the negative ion mode [45]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. LDI-MS of a typical asphaltene sample acquired by 

varying the laser fluencies from 60% to 80%. A) 60%, B) 70% 

and C) 80%. 

 

First, the APPI(-)-MS of the same asphaltene sample was 

acquired (Figure 6A) and a rather typical and complex ion 

profile of crude oil mixtures centered around m/z 400 was 

observed. Note also the absence of the fullerene ion series, 

more specifically of the C60 ion of m/z 720 which is an 

abundant ion under LDI-MS. The main classes detected and 

attributed in the mass spectrum in Figure 6A were the NO 

(75.3 %), NO2 (21.3 %) and NO3 (3.3 %) classes (See sup. 

information). Figure 6B shows then the APPI(-)-MS  of  a C60 

solution  from which an abundant molecular anion of C60 

fullerene was detected. This result demonstrates the efficiency 

for APPI(-) of fullerenes under the chosen conditions.  

 

 

Figure 6. APPI(-)-MS of (A) an asphaltene sample and (B) of C60 

fullerene synthetic standard.  

 

To further test whether the natural polycyclic aromatic 

hydrocarbons present in asphaltenes were being indeed 

transformed into fullerene-artifacts upon laser irradiation, a 

standard mixture containing 16 PAH molecules (Figure 7) was 

subjected to LDI(+)-MS. As now expected, indeed a similar 

profile as that of Figure 3 of fullerene ions separated by m/z 24 

units was clearly observed. Note that Boorum and co-workers 

[45] have reported formation of C60 fullerene from LDI(+)-MS 

of selected C60H30 and C80H40 PAH molecules but not from 

C48H24. This observation led the authors to conclude that the 

major mechanism for fullerene formation upon laser 

irradiation is H-removal followed by ring closure and not by 

ring condensation. Since the constituents of the standard 

mixture used are PAH with C16 (pyrene) or lighter molecules, 

and since fullerenes with MW up to 3,000 Da or more were 

detected (Figure 7), it seems that under our LDI conditions 

substantial ring fusion indeed occurred. 
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Figure 7. LDI(+)-MS spectra of a standard mixture containing 16 

different PAH molecules.  

It seems therefore that fullerenes are not major natural 

constituents of asphaltenes but photochemical reactions 

favored by laser radiation are transforming the natural PAH 

asphaltenes molecules into ring C2n fullerenes which are 

detected as predominant artifacts during LDI(+)-MS.  

Reviewing the literature about the detection of fullerenes 

in geological material using LDI-MS or related techniques, 

many studies were found. For example, as already mentioned, 

Buseck [34], and Jehlicka and co-workers [46] have concluded 

for the presence of C60 fullerene in carbonaceous rocks and 

bitumen. But such conclusion as reported by Buseck and co-

workers [34] has been a subject of a large debate since later it 

was argued that the detected fullerenes were not endogenous 

but indeed formed as LDI artifacts [47]. As the present results 

indicate, an erroneous conclusion for the natural occurrence of 

fullerenes in shungite rocks has indeed been made. Becker and 

coworkers [35] may be also erroneously concluded using LDI-

MS for the presence of fullerenes in meteorites, since a 

Gaussian distribution of fullerenes very similar with that seen 

in the spectrum of Figure 3 was reported. But we note that 

Zare [48] and coworkers have correctly interpreted such a 

series as due to fullerenes formed as LDI-MS artifacts from 

insoluble organic matter present in meteorites  

Yacaman and co-workers [49] have also been able to form 

fullerenes from asphaltenes by electron radiation. Using high 

resolution transmission electron microscopy, the authors were 

able to produce fullerene onions by electron beam irradiance 

onto an asphaltene sample. They proposed that electron 

irradiance kicks off aliphatic chains (and hydrogen) leaving the 

aromatic rings free to accommodate into new fullerene 

structures. Laser irradiation could therefore produce similar 

results transforming asphaltenes into fullerenes. 

Incorrect structural assignments in LDI-MS of asphaltene 

samples have therefore been unfortunately common [36, 37]. 

For instance, Traldi and co-workers [36] analyzed asphaltenes 

from two different Italian oil fields, and observed similar LDI-

MS spectra the same homologous ion series separated by m/z 

24 units. They initially attributed this series to electrical noise 

but analysis in another instrument gave the same profiles 

which lead them to conclude that asphaltene species differing 

by 24 Da were detected. They proposed that such molecules 

would be natural PAH constituents of asphaltenes differinfg by 

additional rings formed by reactions promoting “C=C 

attachments” (Figure 2). Rogalski and coworkers [37] also 

observed similar +m/z 24 profiles during LDI-MS of asphaltenes 

missassigning them again as natural PAH asphaltene 

molecules. 

 Rogalski also used LDI-MS to infer MW distribution of 

asphaltenes, but again fullerenes were clearly detected [37]. 

Rogalski and co-workers, when investigating the formation of 

molecular aggregates of asphaltenes by LDI-MS, obtained 

again the same +m/z 24 profile with ions of m/z 720 and m/z 

840 being the most abundant, but they cited the work of Traldi 

and co-workers [36] to support such ions as due to detection 

not of fullerenes but of natural PAH asphaltene-like molecules 

(Figure 2). Romão and co-workers [45] recently observed as 

well the formation of a +m/z 24 series for asphaltenes 

fractions during LDI-FT-ICR-MS analysis, but they incorrectly 

attributed the covalently bonded fullerene formations due to 

in source “clusterization reactions”.   

Martinez-Haya and coworkers [50] also analyzed 

asphaltenes by LDI-MS. In fact, they used a combined IR and 

UV approach since such L
2
DI [27,51] technique was believed to 

avoid gas phase asphaltene aggregation which was responsible 

for the erroneous high MW observed before by LDI-MS [52]. 

But again, fullerenes seem to have been formed but, citing 

Traldi and co-workers, the +m/z 24 series of ions was 

incorrectly attributed to natural PAH asphaltene constituents 

such as those exemplified in Figure 2 [36].  

Apicela and co-workers [53] evaluated the influence of 

experimental parameters in LDI-MS of asphaltenes particularly 

in regard to correct MW determination concluding that laser 

power and surface concentration are the main parameters to 

control. They also performed LDI-MS of PAH, fullerene, and 

polyacenaphthylene. For the LDI-MS of PAH, a +m/z 24 series 

was also observed but two other ion series of +m/z 12 and 26 

were detected. They interpreted these series as due to CH2, C2 

and CH2CH2 “bridges”.  

Predominant fullerene formation as artifacts during 

asphaltene LDI or MALDI-MS analysis seems, however, not to 

be inevitable and has sometimes not been observed. For 

instance, Apicela and co-workers [53] performed asphaltene 

analysis by LDI-MS using a nitrogen laser and reported spectra 

with the classical crude oil-like Gaussian profile. Indeed 

asphaltene ions centered around m/z 400 seem to have been 

formed, with no evidence of fullerene artifacts.  

What appears to a crucial clue to understand fullerene-

artifact formation or not during LDI-MS of asphaltenes comes 

from the work of Rogalski and co-workers [37]. Their 

asphaltene fraction extracted with THF displayed once again 

the fullerene series mistakenly attribute to natural PAH 

asphaltene constituents but, interestingly, if extractions were 

done with more polar solvents such as N-methyl-2-

pyrrolidone, dimethylformamide and dimethyl sulfoxide, the 

fullerene distribution was no longer seem and the LDI-MS 

displayed the normal crude oil-like pattern. Fullerene 

formation upon laser radiation seems therefore to depend on 

the actual constitution of the asphaltene sample and is most 

likely favored when PAH level or certain PAH classes are highly 

abundant. The easy ionization of fullerenes by LDI-MS can also 
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lead to ionization suppression of the remaining and intact but 

undetected “real” asphaltene molecules.  

Another crucial parameters is the type of laser used for 

desorption. Zare and co-workers used a two-step laser based 

or single photon lasers and reported minor artifacts from 

fragmentation, aggregation, and multiple charging for 

asphaltene-model compounds [27,51,54] Interestingly, a  

recent study [55] also reported very minor fullerene formation 

for LDI-MS analysis of fullerenes using an Infrared (IR) laser. 

Via travelling wave ion mobility MS [52,55,56], both the 

asphaltene as well as the fullerene-ion series could be 

separated. This result seems to indicate therefore that IR 

lasers could be also an adequate choice for  LDI-based 

fullerene analysis and that fullerenes artifacts can indeed be 

avoided. 

Conclusions 

As has been mistakably assumed and vastly reported, from 

several LDI-MS data on different carbonaceous materials, 

neither C2n ring fullerenes nor the class of PAH proposed by 

Traldi (Figure 2) are natural constituents of asphaltenes. The 

molecules normally detected by LDI-MS are indeed C2n 

fullerenes but they are in fact formed as artifacts of the laser 

radiation. Such artifacts are therefore common and seem to be 

particular favored for asphaltene samples or other carbon-rich 

materials most particularly for those with considerably high 

levels of PAH. For asphaltenes, formation of fullerene artifacts 

has been shown to depend on the precipitation or extraction 

methods used, and this trend can now be understood in terms 

of contrasting levels of PAH. The type of laser and its fluency 

(intensity), as recently demonstrated for IR, single photon or 

two-step lasers, also seems to greatly influence the extent of 

fullerene formation during LDI-MS analysis.  

Acknowledgements 

We acknowledge FINEP, FAPESP, CNPq and PETROBRAS for 

financial support. We are also immensely grateful to Professor 

Dr Richard N. Zare for discussions.   

Notes and references 

                                                             

 

 

 

 

 

1  A. G. Marshall and R. P. Rodgers, Accounts of Chemical 

Research, 2004, 37(1), 53-59. 
 

2  R. P. Rodgers, T. M. Schaub and A. G. Marshall, Analytical 

Chemistry, 2005. 77(1), 20a-27a. 
 

3  L. Wang, C. He, Y. Liu, S. Zhao, Y. Zhang, C. Xu, K. H. Chung and 

Q. Shi, Science China Chemistry, 2013, 56(7), 863-873. 
 
4  D. B. Koralay, Journal of Petroleum Science and Engineering, 

2014. 116(0), 90-102. 
 
5  A.Y. Rozanov and R. B. Hoover. Acritarchs in carbonaceous 

meteorites and terrestrial rocks. 2013. 
 

6 R. J. Cotter, Time-of-Flight Mass Spectrometry: 

Instrumentation and Applications in Biological Research. . 
1997, Washington D.C.: ACS. 

 

7 (a) C. F. Klitzke, Y.E. Corilo, K. Siek, J.Binkley, Jeffrey Patrick, 
and M. N. Eberlin, 2012. 26(9), 5787 - 5794. (b) Y. E. Corilo, 
Boniek G. Vaz, R. C. Simas, H. D. L. Nasciment, C. F. Klitzke, R. 

C. L. Pereira, W. L. Bastos, E. V. S. Neto, R. P. Rodgers and M. 
N. Eberlin, Analytical Chemistry, 2010, 82(10), 3990-3996. 

 

8  A. Michalski, E. Damoc, O. Lange, E. Denisov, D. Nolting, M. 
Müller, R. Viner, J. Schwartz, P. Remes, M. Belford, J. J. 
Dunyach, J. Cox, S. Horning, M. Mann and A. Makarov, 

Molecular & Cellular Proteomics, 2012, 11(3), 1-11.  
 
9  A. E. Pomerantz, O. C. Mullins, G. Paul, J. Ruzicka and M. 

Sanders, Energy & Fuels, 2011, 25(7), 3077-3082. 
 
10  J. M. Hunt, Petroleum geochemistry and geology. A Series of 

books in geology. 1979, San Francisco, W. H. Freeman. p. 
617.   

 

11  M. R. Riazi, Characterization and properties of petroleum 
fractions, (1

st
 ed.) ASTM manual series: MNL50, Baltimore, 

USA (2005). 

 
12  S. K. Panda, J. T. Anderson, W. Schrader, Angew. Chem. Int. 

Ed., 2009, 48, 1788-1791. 

 
13  S. B. Jaffe, H. Freund, W. N. Olmstead, Ind. Eng. Chem. Res., 

2005, 44, 9840-9852.  

 
14  J. Ancheyta, G. Centeno, F. Trejo, G. Marroquin, J. A. Garcia, 

E. Tenorio, A., Energy & Fuels, 2002, 16, 1121-1127. 

 
15  O. C. Mullins et al., Energy & Fuels, 2012, 26(7), 3986-4003. 
 

16  T. F. Yen, J. G. Erdman and S. S. Pollack, Analytical Chemistry, 
1961, 33(11), 1587-1594. 

Page 6 of 8Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



Analyst 

  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7  

Please do not adjust margins 

Please do not adjust margins 

                                                                                                         

 

 

 

 

 

 
17  H. Sabbah, A. L. Morrow, A. E. Pomerantz and R. N. Zare, 

Energy & Fuels, 2011, 25(4), 1597-1604. 
 

18  For a summary see: A. Pomerantz, Q. Wu, O. Mullins, and R. 

N. Zare, Energy & Fuels 2015, 29, 2833−2842. 

 
19 A. Scherer, F. Hampel, M. R. Gray, J. M. Stryker and R. R. 

Tykwinski, J. Phys. Org. Chem., 2012, 25, 597-606. 
 
20  J. G. Speight, H. Heinemann, The chemistry and technology 

of petroleum, 4
th

 ed.,  Taylor & Francis Group, 2006, Boca 
Raton, FL, USA. 

 

21 M. M. Boduszynski, Energy & Fuels, 1987, 1(1), 2−11. 
 
22  K. Qian, K. E. Edwards, M. Siskin, W. N. Olmstead, A. S. 

Mennito, G. J. Dechert and N. E. Hoosain, Energy & Fuels, 
2007, 21 (2), 1042−1047. 

 

23  O. C. Mullins, B. Martinez-Haya and A. G. Marshall, Energy & 
Fuels, 2008, 22 (3), 1765−1773. 

 

24  E. Y. Sheu, O. Mullins, Energy & Fuels, 2004, 18(5), 
1531−1534. 

 

25  J. M. Purcell, I. Merdrignac, R. P. Rodgers, A. G. Marshall, T. 
Gauthier and I. Guibard, Energy & Fuels, 2010, 24(4), 2257-
2265. 

 
26  A. R. Hortal, B. Martinez-Haya, M. D. Lobato, J. M. Pedrosa 

and S. Lago, J. Mass Spectrom., 2006, 41(7), 960−968.  

 
27 A. E. Pomerantz, M. R. Hammond, A. L. Morrow, O. Mullins, 

C. and R. N. Zare, J. Am. Chem. Soc., 2008, 130(23), 
7216−7217. 

 
28 W. F. Edwards, L. Jin and M. C. Thies, Carbon, 2003, 41, 2761-

2768. 
 

29  A. E. Pomerantz, M. R. Hammond, A. L. Morrow, O. C. Mullins, 

and R. N. Zare, J. Am. Chem. Soc. 2008, 130, 7216-7217. 

 
30 V. Callemma, R. Rausa, P. D’Antona and R. Montanari, Energy 

& Fuels, 1998, 12, 422-428. 

 
31 P. A. Artola, F. E. Pereira, C. S. Adjiman, A. Galindo, E. A. 

Muller, G. S. Jackson and A. J. Haslam, Fluid Phase Equilibria, 

2011, 306, 129-136. 
 
32 J. P. Dickie, T. F. Yen, Anal Chem., 1967, 39, 1847-1852.  

                                                                                                         

 

 

 

 

 

 
33 Q. Wu, A. E. Pomerantz, O. C. Mullins and R. N. Zare, Energy 

& Fuels, 2014, 28, 475-482.  
 
34 (a) P. Buseck, J. S. Tsipursky and R. Hettich,  Science, 1992, 

257, 215-217, (b) T. K. Daly, P. R. Buseck, P. Willians and C. F. 
Lewis, Science, 1993, 250, 1599-1601. 

 

35 L. Becker, T. E. Bunch and L. J. Allamandola, Nature, 1999, 
400, 227-228.  

 

36 A. Rizzi, P. Cosmina, C. Flego, L. Montanari, R. Seraglia and P. 
Traldi, J. Mass Spectrom., 2006, 41, 1232-1241.  

 

37 (a) M. Daaou, D. Bendedouch and M. Rogalski, Energy & 
Fuels, 2012, 26, 5672-5678. (b) M. Daaou, D. Bendedouch, Y. 
Bouhadda, L. Vernex-Loset, A. Modaressi and M. Rogalski, 

Energy & Fuels, 2009, 23, 5556-5563. (c) M. Daaou, A. 
Modaressi, D. Bendedouch, Y. Bouhadda, G. Krier and M. 
Rogalski, Energy & Fuels, 2008, 22, 3134-3142. 

 
38 A. R. Hortal, P. Hurtado, B. Martinez-Haya and O. C. Mullins, 

Energy & Fuels, 2007, 21(5), 2863−2868. 

 

39    Vanessa G. Santos, Marcos A. Pudenzi, Maíra Fasciotti, Rosana 

C. L. Pereira, Wagner L. Bastos, Boniek G. Vaz, Erica T. de 

Morais, Eugenio V. Santos Neto, José R. Cerqueira and  Marcos 

N. Eberlin. Asphaltenes as Biomarkers for Petroleum Thermal 

Evolution, 61
st

 ASMS Conference for Mass Spectrometry and 

Allied Topics. 

 
40 S. W. McElvany, M. M. Ross and J. H. Callahan, Accounts of 

Chemical Research, 1992, 25(3), 162-168. 

 
41 B. Cao, T. Peres, R. J.Cross, M. Saunders and C. Lifshitz, J. 

Phys. Chem. A, 2005, 109, 10257-10263.  

 
42 K. L. Morand et al., Organic Mass Spectrometry, 1992, 27(3), 

284-288. 

 
43 D. B. Robb, T. R. Covey and A. P. Bruins, Analytical Chemistry, 

2000, 72(15), 3653-3659. 

 
44 M. C. T. Pereira, G. Vanini, L. V. Tose, F. M.R. Cardoso, Felipe 

P. Fleming, P. T. V. Rosa, C. J. Thompson, E. V. R. Castro, B. G. 

Vaz and W. Romão, Fuel, 2014, 131(1),  49-58. 
 
45 M. M. Boorum, Y. V. Vasil’ev, T. Drewello and L. T. Scott, 

Science, 2001, 294, 828-831.  
 

Page 7 of 8 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Analyst 

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

                                                                                                         

 

 

 

 

 

46 J. Jehlicka, A. Svatos, O. Frank and F. Uhlik, Geochimica et 

Cosmochimica Acta, 2003, 67, 1495-1506.  
 
47 T. W. Ebbesen, H. Hiura, J. W. Hedenquist, C. E. J. de Ronde, 

A. Andersen, M. Often, V. A. Melezhik, 1995, Science, 268, 
1634-1635. 

 

49  R. N. Zare and M. R Hammond, Geochim. Cosmochim. Acta., 

2008, 72, 5521-5529. 

49 G. A. Camacho-Bragado, P. Santiago, M. Marin-Almazo, M. 
Espinosa, E. T. Romero, J. Murgich, R. Lugo, M. Lozada-
Cassou, M. Jose-Yacaman, Carbon, 2002, 40, 2761-2766. 

 
50 P. Hurtado, F. Gámez and B. Haya-Martinez, Energy & fuels, 

2010, 24, 6067-6073 

 
51 (a) A. E. Pomerantz, M. R. Hammond, A. L. Morrow, O. C. 

Mullins, and R. N. Zare, Energy & Fuels, 2009, 23(3), 1162-

1168. (b)  H. Sabbah, A. L. Morrow, A. E. Pomerantz, O. C. 
Mullins, X. Tan, M. R. Gray, K. Azyat, R.  R. Tykwinski and R. 
N. Zare, Energy & Fuels, 2010, 24, 3589–3594. 

 
52 C. Becker, K. Qian and D. H. Russell, Anal. Chem., 80, 2008, 

8592-8597. 

 
53 B. Apicela, M. Alfè, A. Amoresano, E. Galano and A. Ciajolo, 

Int. J. Mass Spectrom., 2010, 295, 98-102. 

 
54 H. Sabbah, A. E. Pomerantz, M. Wagner, l. Müllen and R. N. 

Zare, Energy & Fuels, 2012, 26, 3521−3526. 

 
55 H. Koolen, A. Gomes, L. Moura, F. Marcano, F. Cardoso, P. 

Rosa and F. Gozzo, Structural Study of Asphaltenes by Laser 

Desorption Ionization Mass Spectrometry Coupled to 
Traveling Wave Mass Spectrometry, 62

nd
 American ASMS 

Conference on Mass Spectrometry and Allied Topics. 

 
56 M. Fasciotti, P. M. Lalli, C. F. Klitzke, Y. E. Corilo, M. A. 

Pudenzi, R. C. L. Pereira, W. Bastos, R. J. Daroda and M. N. 

Eberlin, Energy & Fuels, 2013, 27, 7277−7286. 

Page 8 of 8Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t


