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Abstract  11 

Solid fossil-fuel derived pitches serve as potential feedstocks for the preparation of high-12 

performance carbons materials, which is, however, hampered by the lack of sound knowledge on 13 

the molecular composition and structure of pitches. Soxhlet extraction and ultrahigh-resolution 14 

Fourier transform ion cyclotron resonance (FT ICR) mass spectrometry were combined to 15 

characterize a petroleum pitch and a coal tar pitch, as well as their toluene-soluble and toluene-16 

insoluble fractions. Important information can be gained on the chemical nature of polycyclic 17 

aromatic compounds such as pure hydrocarbons or various N-, O- and S-derivatives, as well as the 18 

relative abundance of each molecular structure in terms of carbon number vs. hydrogen number. 19 

This is the first time that the heteroatom-containing and pure hydrocarbon aromatics were clearly 20 

differentiated in such solid pitch samples. The differences among the toluene-soluble fraction, 21 

toluene-insoluble fraction, and unfractionated intact sample of both the petroleum pitch and coal 22 

tar pitch could be systematically compared at a molecular level. Insight into the molecular 23 

structures may provide a rational basis for the use of such carbon-rich materials for the fabrication 24 

of nanographenes, organic light-emitting diodes, and carbon fibers. 25 

 26 

 27 

 28 
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1.  Introduction 29 

Asphalt-like solid pitches, well-known side products from the fossil fuel refinery industry, serve 30 

as easily accessible and economically viable raw materials for various purposes. In addition to the 31 

routine uses of these carbonaceous substances as road paving materials, roofing shingles, and 32 

binding agents, it is a joint research interest of both academia and industry to explore more 33 

sophisticated applications. One promising direction is to convert these carbon-rich molecules into 34 

industrially relevant carbon materials, e.g., high-performance carbon fibers [1,2], aluminum-35 

smelting electrodes [3,4], and graphite [5,6]. Due to the largely unknown reaction mechanisms 36 

during thermal or catalytic polymerization and carbonization [7–9], the tunable production of high-37 

quality carbon materials is still a grand challenge. A major step in this direction is a deeper 38 

understanding of the compositions and structures of the raw solid petroleum pitch and coal tar 39 

pitch as well as the mesophase pitch intermediates [10,11]. Analytical methods are urgently needed 40 

to discover the chemical formulae, structural entities, and compound distributions of these 41 

complex mixtures at the molecular level. 42 

These fossil-fuel derived carbonaceous specimens are mainly composed of complex polycyclic 43 

aromatic hydrocarbon (PAH) mixtures. Most of these PAH molecules contain aromatic structures 44 

of more than 24 carbon atoms [12]. PAHs with such sizes have the potential to be further utilized 45 

for the preparation of graphene-like molecules [13–16] and carbon fiber related mesophase pitches 46 

[17,18]. The molecular characterization of these large PAH mixtures remains a troublesome task 47 

for gas chromatography, liquid chromatography, and other techniques, due to the extreme 48 

complexity, high boiling points and limited solubility of the investigated solid pitch samples. 49 

Mass spectrometry (MS) with select ionization sources may be a potential solution for this 50 

challenging task. While laser desorption ionization mass spectrometry (LDI MS) does not require 51 

solubility of the samples, it has been widely employed to analyze the molecular weight 52 

distributions of fossil-fuel pitches [19–21]. However, the LDI technique is often hampered by ion 53 

fragmentation and cluster formation [21,22]. Matrix-assisted laser desorption ionization (MALDI) 54 

has been developed to avoid such drawbacks and improve the soft ionization of high molecular 55 

weight species. Notably, the solvent-free sample preparation introduced by us [23–25] can furnish 56 

homogeneous solid analyte-matrix blends upon mechanical mixing, which facilitates the 57 

subsequent MALDI mass spectrometric investigation. This feature qualifies MALDI MS as a 58 
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useful tool for the molecular characterization of solid pitch samples. The method has been 59 

previously employed by Herod et al. [26–28] and Thies et al. [18,29,30]. The overall molecular 60 

weight distribution could be determined and compared for solid pitches from different sources. 61 

Nevertheless, due to the limited resolving power of the employed mass spectrometers, more 62 

detailed structural assignments were only possible for selected mass peaks on an empirical basis. 63 

To overcome this problem, we have recently [12] combined solvent-free MALDI sample 64 

preparation with high-resolution time-of-flight mass spectrometry for the analysis of two solid 65 

pitch samples. The molecular structures of hydrocarbons were well investigated in terms of the 66 

exact molecular weight distributions and chemical formulae. The thousands of different molecular 67 

structures were further visualized in a distributional diagram in terms of the carbon number, double 68 

bond equivalence number, and abundance of each chemical formula. Recently, Apicella et al. [31] 69 

followed a similar approach to investigate the molecular structures of coal tar pitches and 70 

petroleum pitches by laser desorption ionization TOF MS. However, the fragmentation of 71 

molecular ions during LDI MS measurements could not be avoided. Moreover, the resolution of 72 

the mass spectrometers in both reports [12,31] was insufficient to investigate heteroatom-73 

containing molecules. Indeed, the structures of oxygen-containing molecules in pitches has not 74 

been well addressed yet, although this would be critical information for  crosslinking reactions of 75 

PAHs and  fabrication of carbon fibers [32]. 76 

     Due to its unparalleled mass resolving power and accuracy, Fourier transform ion cyclotron 77 

resonance mass spectrometry (FT ICR MS) is employed in this study to examine the individual 78 

components, especially the heteroatom-containing compounds, of these complex pitch samples. 79 

Moreover, the soluble and insoluble components of solid pitches in typical organic solvents, such 80 

as dichloromethane, toluene, quinolone, N-methylpyrrolidine and pyridine, have significant 81 

impact on the mesophase formation and graphitization[31,33,34]. Nevertheless, the structural and 82 

compositional differences of the soluble and insoluble parts of solid pitches have not been well 83 

investigated. Soxhlet extraction and FT ICR MS analysis are combined herein to separate and 84 

characterize the soluble and insoluble fractions. Toluene is chosen as solvent because it is suitable 85 

for PAH-rich solid pitches as well as a good dopant for atmospheric pressure photoionization 86 

(APPI) MS analysis. Furthermore, the amount and composition of toluene-insoluble components 87 

provide important information for judging the wetting behavior of samples and the preparation of 88 

high-quality mesophase pitches[35].  89 
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 90 

2.  Experimental 91 

2.1. Materials 92 

Two solid pitch samples were kindly provided by RÜTGERS Basic Aromatics GmbH (Castrop-93 

Rauxel, Germany). These solid carbon samples were produced by the selection of suitable raw 94 

materials with low heteroatom content and appropriate thermal carbonization techniques. The 95 

petroleum pitch (ZL 250M, CAS NO.: 68187-58-6) and the coal tar pitch (CARBORES® P, CAS 96 

NO.: 121575-60-8) have softening points at 252 and 235 °C, respectively.  97 

The DCTB matrix material ({(2E)-2-methyl-3-[4-(2-methyl-2-propanyl)phenyl]-2-propen-1-98 

ylidene}malononitrile, CAS NO.: 300364-84-5) was obtained from the TCI Corp. (Tokyo, Japan). 99 

Toluene (CAS NO.: 108-88-3) was purchased from Sigma-Aldrich (Taufkirchen, Germany). All 100 

chemicals were used without further purification. 101 

2.2. Methods 102 

2.2.1 Soxhlet extraction 103 

Batches of approximately 4.5g of petroleum pitch or coal tar pitch were used separately for Soxhlet 104 

extraction with toluene as the solvent. The extraction process was performed for 72 hours until no 105 

color changes of the solvent in the Soxhlet siphon were observed. The insoluble fractions were 106 

collected after the extraction tubes became dry. The soluble fractions were treated with a rotary 107 

evaporator to remove the toluene solvent. The weight of the dry samples gave the percentages of 108 

toluene-soluble and toluene-insoluble portions for the petroleum pitch and coal tar pitch. 109 

2.2.2 FT ICR MS measurement 110 

All of the mass spectrometric measurements were performed at KAUST on a SolariX XR FT ICR 111 

mass spectrometer (Bruker GmbH, Bremen, Germany) equipped with a 9.4 Tesla superconducting 112 

magnet. The spectrometer was first calibrated with an electrospray ionization source by a sodium 113 

format standard solution. The mass spectra were acquired within the mass range of 255-1800 Da 114 

under the data size of 8M with a transient time of 4.4739 s. One final spectrum was generated by 115 

accumulating 300 individual mass scans. 116 
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Atmospheric pressure photoionization (APPI)[36] utilizes vacuum ultraviolet lamps for the 117 

generation of charged species from the infused liquid sample flow. Due to the strong ultraviolet 118 

absorbance of PAHs at given wavelengths of the commercial Krypton lamps in the APPI source, 119 

this ionization technique is suitable for the soluble aromatic molecules. FT ICR MS with an APPI 120 

source is widely used to reveal the structural complexity and diversity of crude oils and their 121 

aromatic-rich derivatives[37,38]. Therefore, the soluble fractions of petroleum pitch (PP) and coal 122 

tar pitch (CTP) were analyzed by APPI FT ICR MS in this study. The analytes were re-dissolved 123 

and further diluted in toluene to give sample solutions with a concentration of approximately 3 124 

ppm. This solution was infused directly into the APPI source with a flow rate of 5 µL/min. The 125 

vaporizer temperature was set at 400 °C and the dry N2 gas flow was 5.0 L/min.  126 

The insoluble fractions and unfractionated samples of PP and CTP were analyzed by FT ICR MS 127 

with solvent-free MALDI. The DCTB matrix and solid powders of the entire pitch sample or the 128 

insoluble fraction were separately placed in a lab-made alumina beaker, which was then fixed on 129 

a ball mill. After shaking for 30 minutes, the specimen-matrix mixture was crushed on the MALDI 130 

sample plate with a flat spatula. The measurement was started after tuning the laser energy to a 131 

minimal level, with a laser power of 24% and a lamp power of 10%. Upon checking the mass 132 

spectrum, there was no apparent ion fragmentation, and fragments could be observed if the laser 133 

power was further increased. 134 

 135 

3. Results and discussion 136 

    For easier description, the sample names are shortened as PP-S (toluene-soluble fraction for the 137 

petroleum pitch), PP-I (toluene-insoluble fraction for the petroleum pitch), CTP-S (toluene-soluble 138 

fraction for the coal tar pitch), CTP-I (toluene-insoluble fraction for the coal tar pitch), PP (the 139 

entire petroleum pitch) and CTP (the entire coal tar pitch). 140 

    The results of Soxhlet extraction of both PP and CTP are listed in Table 1. While almost three-141 

quarters of the PP is soluble in toluene, the toluene-soluble fraction only accounts for 46% of the 142 

CTP. This is in line with previous reports [12,31,33] that petroleum pitch mainly consists of large 143 

polycyclic aromatic hydrocarbons with long aliphatic side chains. These compounds are much 144 

more soluble in organic solvents than molecules from their coal tar pitch counterpart, in which the 145 

condensed aromatics with short alkyl side chains are more abundant.  146 
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 147 

Table 1. The weights of soluble and insoluble fractions, respectively, of petroleum pitch and coal 148 

tar pitch after Soxhlet extraction with toluene 149 

 

Petroleum pitch Coal tar pitch 

Soluble Insoluble Soluble Insoluble 

Weight (g) 3.34 1.19 2.06 2.41 

Percentage (%) 74 26 46 54 

 150 

     FT ICR MS was employed to characterize the four sub-fractions as well as the unfractionated 151 

PP and CTP samples. PP-S and CTP-S were measured with APPI FT ICR MS, while the other 152 

samples were analyzed by FT ICR MS with our solvent-free sample preparation MALDI technique. 153 

The raw mass spectra are presented in Figure 1.  154 

 155 
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Figure 1．Mass spectra of the petroleum pitch (PP), coal tar pitch (CTP), and their subfractions. 156 

In the mass spectrum of PP-S, the peaks around m/z 1202 (the same for m/z 662 in the spectrum 157 

of the CTP-S) are clearly separate from the main mass envelope. These peaks may come from 158 

some contaminants in the samples, and thus, are not considered during the chemical formula 159 

assignment. 160 

 161 

Not surprisingly, from the molecular weight distributions, the toluene-soluble fractions of PP 162 

and CTP are mainly comprised of the low molecular weight molecules. The molecular weight 163 

distribution of PP is generally much broader than that of the CTP, whether present as toluene-164 

soluble and toluene-insoluble fractions, or as unfractionated intact samples. While this finding is 165 

in line with previous time-of-flight MS measurements [12], the mass resolution of the TOF MS 166 

was insufficient to distinguish the mass splitting of CH4/O (36.4 mDa), N/CH2 (12.6 mDa), and 167 

H4S/C3 (3.4 mDa). Thus, during these earlier measurements [12,31,33], only the dominant 168 

hydrocarbon components were considered while the heteroatom-containing molecules were 169 

neglected. Due to the ultrahigh mass resolution and accuracy of FT ICR MS, the detected mass 170 

peaks can now be unambiguously assigned to a unique chemical formula. These thousands of 171 

chemical formulae fall into the range of C1-120H2-100N2O1S1. For easier comparison, the concept of 172 

compound classes is used to assess the overall abundance of molecules with different elemental 173 

compositions. The hydrocarbon molecules are grouped into the compound class of HC, as given 174 

below in Figure 2. The other molecules are sorted into different compound classes, such as O1, 175 

N1O1, etc. according to the number of heteroatoms in the chemical formula. Moreover, due to the 176 

high number of possible isomers of each chemical formula, it is impossible for any analytical 177 

technique to uncover the exact structures of each molecule at the current stage. Thus, the term 178 

chemical species is used in the following discussion to represent all of the isomeric compounds 179 

that share an identical chemical formula without considering their structural differences. 180 
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 181 

Figure 2．The compound class distributions of the petroleum pitch (PP), coal tar pitch (CTP), and 182 

their subfractions. HC: pure hydrocarbons (chemical formulae: CcHh); O1: molecules containing 183 

one O heteroatom (chemical formulae: CcHhO1); N1O1: molecules containing one N and one O 184 

heteroatoms (chemical formulae: CcHhN1O1); N1: molecules containing one N heteroatom 185 

(chemical formulae: CcHhN1); N2: species containing two N heteroatoms (chemical formulae: 186 

CcHhN2); S1: molecules containing one S heteroatom (chemical formulae: CcHhS1). The complete 187 

data is listed in Table S1. 188 

 189 

The PP and its fractions are dominated by pure hydrocarbon molecules, with a small number of 190 

molecules reflecting CcHhO1 compositions (O1 species in Figure 2). In addition to the 191 

hydrocarbons, heteroatom-containing molecules also give significant quantities within CTP and 192 

its subfractions. Such compound class distributions are also in line with the results from previous 193 

CHNS elemental analysis [12] according to which PP is composed of hydrogen, carbon and <0.2w% 194 

other elements (mainly oxygen) while approximately 2w% heteroatoms (N, S, O) have been found 195 

together with C and H elements in the CTP. Remarkably, although the heteroatom content amounts 196 

to only 2w% in the entire CTP sample, heteroatoms are present in roughly half of the molecules 197 

of different CTP fractions. The majority of the heteroatom-containing species are hydrocarbon 198 
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structures containing one oxygen and/or nitrogen atom. From the compound class distributions, 199 

the O1-containing molecules are enriched in the soluble fractions for both PP and CTP. The reason 200 

is probably that the incorporation of oxygen in PAHs improves their solubility in toluene. In 201 

contrast, hydrocarbon molecules with one or two additional nitrogen atoms (N1 and N2) appear to 202 

be less abundant in the soluble fraction of the CTP.  203 

One might object that the percentages of different compound classes among PP, CTP, and their 204 

soluble and insoluble fractions are not in the right mass balance. Taking the O1 compound class 205 

as an example, the sum of the percentage of molecules containing one oxygen atom in CTP-S and 206 

CTP-I is higher than that of the entire CTP. This cannot be correct because the overall percentages 207 

of different compound classes should remain the same before and after solvent extraction. This 208 

phenomenon is explained by the so-called matrix effect [39–45], which is commonly seen with 209 

mass spectrometric analysis of complex mixtures. The matrix molecules coexisting with the 210 

analyte molecules can cause signal suppression or enhancement during ionization, which is 211 

especially pronounced for the less abundant compound classes. Notably, the matrix effect is 212 

unavoidable during the MS analysis, regardless of the ionization method. The appropriate sample 213 

treatment/separation is a powerful way to simplify the investigated sample system and reduce the 214 

matrix effects during the following chemical analysis. This is also one of the reasons why Soxhlet 215 

extraction is employed in this study.  216 

Considering the abovementioned matrix effect and ionization selectivity during the MS analysis, 217 

one must admit that quantitative analysis of the distribution of compound classes is not perfectly 218 

reliable. Nevertheless, the semi-quantitative information is already very helpful to provide the 219 

relative abundances, which is very difficult to be obtained for mixed samples with such a high 220 

complexity. While other techniques, such as NMR, FT IR, elemental composition, etc., can only 221 

give the average compositional information for such complex mixtures, the FT ICR MS technique 222 

used in this study proves as the most powerful tool for providing detailed structural information at 223 

a molecular level.  224 

Toward high-resolution mass spectrometric characterization of fossil fuels, the iso-abundance 225 

plot (carbon number vs double bond equivalence number)[37,46] and the Kendrick mass defect 226 

spectrum (nominal mass vs Kendrick mass defect)[47] are widely used to visualize the diversity 227 

and distributional differences of the chemical formulae. For the investigated solid pitches which 228 
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possess very broad molecular weight distributions, the large number of dots in the Kendrick mass 229 

defect spectrum makes it difficult to visualize the differences. The same problem occurs with the 230 

conventional iso-abundance plots (carbon number vs double bond equivalence number), in which 231 

the dots converge in a very narrow domain of the Cartesian coordinate system and are not broadly 232 

distributed (as shown in Figure S1 by taking the CTP-I as an example). It is not easy to clearly 233 

visualize the distributional differences among samples. In a similar application [48] where an iso-234 

abundance plot was used  to visualize the molecular distribution of combustion soot, the converged 235 

dot distribution became broadly dispersed after changing the y-axis from double bond equivalence 236 

number to hydrogen number. Therefore, the modified iso-abundance plot (carbon number vs 237 

hydrogen number) is employed in Figure 3 for the comparative analysis of the molecular 238 

distributions of all hydrocarbons in both PP and CTP as well as their separated fractions.  239 

 240 

Figure 3. The iso-abundance hydrogen number vs carbon number plots for hydrocarbon molecules 241 

in petroleum pitch, coal tar pitch, and their subfractions, respectively. PP-S (top left, toluene-242 

soluble fraction of petroleum pitch analyzed by APPI-FT ICR MS); PP (top middle, petroleum 243 

pitch analyzed by MALDI-FT ICR MS); PP-I (top right, toluene-insoluble fraction of petroleum 244 

pitch analyzed by MALDI-FT ICR MS); CTP-S (bottom left, toluene-soluble fraction of coal tar 245 

pitch analyzed by APPI-FT ICR MS); CTP (bottom middle, coal tar pitch analyzed by MALDI-246 

FT ICR MS); CTP-I (bottom right, toluene-insoluble fraction of coal tar pitch analyzed by 247 

MALDI-FT ICR MS). 248 
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 249 

As each dot in Figure 3 represents one chemical formula, the distributional difference among 250 

samples can thus be visualized in a detailed manner. The distributions of PP and subfractions are 251 

much broader than those of their CTP counterparts in terms of carbon and hydrogen numbers. 252 

Moreover, the hydrogen number ranges of the CTP, CTP-I, CTP-S are mainly between 10-50, 253 

which is much lower than the hydrogen number ranges of 10-90 for PP, PP-I, and PP-S. This 254 

finding is in line with the previous report that CTP is mainly composed of condensed aromatic 255 

cores with either no or short aliphatic side chains, while aromatic hydrocarbons with extended 256 

alkyl groups dominate the PP sample [12]. Compared with the unfractionated samples, the toluene-257 

soluble fractions of PP and CTP are prone to occur in the upper-left corner of the diagrams with 258 

lower carbon/hydrogen ratios(C/H), while the insoluble components tend to be present in the 259 

lower-right region with higher C/H values. The molecules with higher hydrogen numbers are 260 

favored at each carbon number (below 70) for the soluble fraction of the PP sample, whereas PP-261 

I stands for molecules with fewer hydrogen atoms. This trend is also followed by CTP samples. 262 

Such an outcome is understandable since the toluene-insoluble fractions are mainly aromatic cores 263 

with short aliphatic side chains, while molecules with long or multiple short alkyl chains are more 264 

soluble in toluene. Thus, compared with the other subfractions or unfractionated counterparts of 265 

CTP and PP, the insoluble portion of CTP more likely represents highly condensed aromatic 266 

molecules with no or short alkyl chains. Similar findings are shown in the distributional diagrams 267 

(C/H vs m/z) of the six specimen (Figure S2). The C/H ratio can be used as an index to assess the 268 

aromaticity of highly condensed aromatic molecules with no or short alkyl chains, such as the ones 269 

present in the CTP-I. However, the correlation between the C/H ratio and molecular aromaticity is 270 

less significant for molecules with comparatively many/long aliphatic side chains, e.g. the ones in 271 

the PP-S. 272 

Moreover, there are many new chemical species determined only after the Soxhlet extraction. 273 

This can be explained by the abovementioned “matrix effect”, as a result of which minor 274 

components are usually covered by the dominant compounds and some other molecules are 275 

favored during the chemical analysis. For a better understanding, as shown in Figure 4, Venn 276 

diagrams depict the total amount of assigned chemical formulae, which were obtained from the 277 

unfractionated solid pitch/toluene-soluble fraction/toluene-insoluble fraction for both PP (left) and 278 
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CTP (right). The numbers in the diagram indicate the amount of chemical formulae uniquely 279 

present in one particular sample or commonly detected in several specimens. Taking the petroleum 280 

pitch as an example, there are 692 new chemical species in terms of their chemical formulae that 281 

are detected in the toluene-insoluble fraction, while only 282 chemical formulae are identified 282 

among all petroleum pitch derived specimens. Remarkably enough, there are 204 and 64 chemical 283 

formulae only identified in the entire PP and CTP, respectively, but not in their subfractions. This 284 

might be due to the fact that these compounds are less readily ionized after removing the soluble 285 

molecules, as explained by the matrix effect. 286 

  287 

Figure 4. The Venn diagrams of chemical formulae determined in petroleum pitch and its 288 

subfractions (left) and coal tar pitch and its subfractions (right) by mass spectrometric analysis 289 

with different ionization techniques (as shown in Figure 1). 290 

 291 

As listed in Figure 4, both the PP and CTP samples stand for approximately 1360 chemical 292 

formulae, which are detected by MALDI-FT ICR MS. The detailed chemical nature of the 293 

components is totally different. The molecules of PP are almost all hydrocarbons (Figure 2), and 294 

PP has much wider distributions in terms of carbon and hydrogen numbers in comparison with 295 

CTP (Figure 3). Nevertheless, CTP also holds a large variety of heteroatom-containing species 296 

(their iso-abundance plots are shown in Figure S3). Notably, 1033 new chemical formulae are 297 
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uncovered for PP after the Soxhlet extraction, while only 404 new chemical species appear for 298 

CTP upon the same treatment. The number of different molecules determined after the Soxhlet 299 

extraction has almost doubled for PP, while it only increases by 30% for CTP. Moreover, about 300 

3/4 of the new chemical formulae are identified in the toluene-insoluble fractions for both the PP 301 

and CTP. The reason might be that the insoluble compounds in PP and CTP have higher carbon 302 

numbers and hydrogen numbers in their chemical formulae than those in the soluble counterparts. 303 

Thus, the molecules in the insoluble fractions will naturally have greater chemical complexity and 304 

are represented by more pronounced differences in their chemical formulae. It should be 305 

emphasized here that the ultrahigh resolution of the FT ICR MS method employed in this study is 306 

the key to preventing the mass peaks of these heteroatom-containing molecules from merging with 307 

the mass signals having similar m/z. While these peaks cannot be well resolved by other types of 308 

mass analyzers, the supreme FT ICR MS technique can reveal these small mass differences. Such 309 

chemical compounds, however, are unlikely to be discovered without the employed sample 310 

extraction and ultrahigh-resolution mass spectrometers. 311 

As discussed above, the chemical compounds in each sample have very diverse compositions 312 

in terms of chemical formulae. Despite the many chemical formulae and possible isomeric 313 

structures, a simplified, but reasonable way is needed to depict the differences at the level of 314 

molecular structures. Therefore, an average chemical formula has been selected around the 315 

geometric center of the many dots from each diagram in Figure 3. This average chemical formula 316 

comprises the median carbon number and hydrogen number among all of the compounds in each 317 

sample. A possible structure is thus listed in Figure 5 for each specimen to give a general concept 318 

of structural differences. The PAH structures with single or multiple aromatic cores are shown 319 

herein to demonstrate structural diversity, especially considering that both island-type and 320 

archipelago bridged molecules had been proven to be present in similar specimen, namely crude 321 

oil asphaltenes [49,50]. Nevertheless, more work and other analytical techniques are needed in the 322 

future to investigate the precise molecular structures occurring in these complex mixtures. 323 
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 324 

Figure 5．The mediated chemical formulae and structures for the six investigated samples. 325 

 326 

The molecules in Figure 5 share significant similarity to the well-designed nanographenes 327 

[15,51], which require tedious and labor-intensive synthetic work. Organic chemists usually tend 328 

to synthesize target molecules with monodisperse and defect-free structures for applications, e.g. 329 

in electronics [52]. Pitch materials with diverse and imperfect structures, however, are widely used 330 

by chemical engineers to manufacture carbon materials because the structural precision of organic 331 

chemistry is not needed. With the molecular complexity revealed in this study, it is reasonable to 332 

employ a pre-treatment step, such as extrography, and supercritical extraction[53], to separate such 333 

solid pitches into more subdivided fractions with narrower molecule weight distributions or with 334 

similar molecular moieties. Based on the molecular composition and structure of each subfraction, 335 
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a more rational and economically viable utilization can be developed. For example, the bridged 336 

archipelago structures (PP-S & CTP-S representative structures in figure 5) can be directly 337 

solution-processed or further functionionalized by introducing other chemical moieties for the 338 

preparation of organic light-emitting diodes(OLEDs) [54,55]. Although it may remain empirical to 339 

predict the electronic transport and other physical properties of the devices which are made from 340 

such mixtures, product classification and quality assurance can be achieved by measuring the 341 

product performances after manufacturing. Another option for this fraction is the production of 342 

fuel oils by hydrotreatment of the toluene-soluble fractions of PP and CTP. Liquid fuels can be 343 

obtained after hydrodearomation and subsequent distillation [56]. The condensed PAHs structures 344 

(PP-I & CTP-I representative structures in figure 5) can be further used for the fabrication of 345 

pyrolytic materials including mesophase pitches[57,58], supercapacitor graphite anodes[59] and 346 

carbon fibers[34]. Compared with other specimens, the toluene-insoluble molecules in both the PP 347 

and CTP possess very high carbon-to-hydrogen ratios and C═C double-bond ‘densities’. These 348 

condensed aromatic structures are the favored molecular intermediates during the carbonization 349 

and following preparations of carbon fibers [60], and other pyrolytic materials. In this regard, the 350 

distribution of carbon-to-hydrogen ratios and degree of unsaturation (double bond equivalence 351 

number) of the molecules in the raw pitch materials can serve as selection criteria for applications 352 

in materials science. 353 

Therefore, more attention should be paid to such readily available large PAH molecules, for 354 

both fundamental research as well as industrial applications. With the aid of comprehensive 355 

chemical analysis methods, including the one developed in the current study, one can correlate the 356 

molecular structures of the raw pitches with the performance of the final products. This is hoped 357 

to furnish molecular based manufacturing strategies. Such an overarching concept needs a holistic 358 

approach, where chemical analysis, modelling, mechanistic studies, process engineering and 359 

quality control are combined to provide a full understanding of the overall fabrication protocols.  360 

In other words, the envisaged technological applications and associated processing techniques will 361 

be tailored based on the characterization of the pitch feedstock.  362 

From the results of this work, it is certainly rewarding to further investigate the effect of pre-363 

separation of the feedstock pitches for the preparation of carbon materials. The carbonaceous 364 

mesophase and, subsequently, graphitizable materials are produced by a dehydrogenative 365 
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polymerization process[61], where a group of molecules instead of single synthetic molecules are 366 

employed as the  monomeric building blocks. The separation of raw pitches can divide the complex 367 

aromatic mixtures into subfractions with high structural similarity. This pre-separation procedure 368 

allows a better selection of the monomers for the following polymerization and graphitization. 369 

This concept is expected to produce products with higher uniformity and lower polydispersity. The 370 

subdivided fractions can also be used as simplified model pitches for the discovery of reaction 371 

mechanisms.  372 

 373 

4. Conclusion 374 

    Ultrahigh-resolution FT ICR mass spectrometry was employed to characterize petroleum pitch 375 

and coal tar pitch before and after Soxhlet extraction. The solvent-free sample preparation of the 376 

MALDI technique was used to ionize the unfractionated solid pitch powders and toluene insoluble 377 

fractions, and the APPI mode was employed for the ionization of the toluene-soluble fractions. 378 

Both methods give consistent results for the petroleum pitch, coal tar pitch, and their subfractions, 379 

respectively. The petroleum pitch comprises large polycyclic aromatic hydrocarbons with carbon 380 

numbers between 20 and 120 and hydrogen numbers between 10 and 90. The major components 381 

in the coal tar pitch are polycyclic aromatic hydrocarbons and their analogous species with one O 382 

or N heteroatom. The Soxhlet pretreatment greatly enhances the capability of mass spectrometry 383 

to identify new chemical compounds present in the specimen, especially for molecules present in 384 

only trace amounts.  385 

For such complex samples with thousands of different chemical formulae, the iso-abundance 386 

plot is useful to visualize and compare the detailed structural differences in terms of the distribution 387 

of the carbon number, hydrogen number, and compound abundance. Then, the Venn diagram can 388 

be further employed for the general comparison of the number of chemical compounds being 389 

detected among different samples and by varied analytical techniques. The analytical methods 390 

developed here may also be applicable for the characterization of other samples rich in polycyclic 391 

aromatic hydrocarbons with limited solubility and volatility, such as asphaltenes, combustion soot, 392 

aerosol particulate matters and so forth. However, for such complex mixtures the current 393 

techniques are still limited in disclosing exact molecular structures and their future determination 394 

would be extremely useful. 395 
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Last, the pitches, which were derived from the fossil fuel industry, are an abundant source of 396 

diverse PAH molecules that are not prepared by targeted chemical synthesis. It might be 397 

worthwhile for chemists and material scientists to pay more attention to these carbonaceous 398 

resources for the industrial and practical use of mesophase pitches[57,58], carbon fibers[34,60,62], 399 

and needle cokes[63]. The approach which we propose entails the pre-separation of the complex 400 

pitches based on the solubility, molecular weights and molecular constituents, and then the 401 

transformation of the resulting, much better characterized subfractions.  402 
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