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ABSTRACT: The initial thermal reactions of aromatic hydrocarbons are relevant to many industrial applications. However, tracking
the growing number of heavy polycyclic aromatic hydrocarbon (PAH) products is extremely challenging because many reactions are
unfolding in parallel from a mixture of molecules. Herein, we studied the reactions of 2,7-dimethylpyrene (DMPY) to decipher the
roles of methyl substituents during mild thermal treatment. We found that the presence of methyl substituents is key for reducing the
thermal severity required to initiate chemical reactions in natural molecular mixtures. A complex mixture of thermal products
including monomers, dimers, and trimers was characterized by NMR, mass spectrometry, and noncontact atomic force microscopy
(nc-AFM). A wide range of structural transformations including methyl transfer and polymerization reactions were identiﬁed. A
detailed mechanistic understanding on the roles of H radicals during the polymerization of polycyclic aromatic hydrocarbons was
obtained.
In a previous AFM study on petroleum pitch M-50,23 methyl
substituents on PAHs were identiﬁed as a key common feature
in most structures, consistent with extensive studies on this
material over half a century.24−30 However, questions remain
on how petroleum pitches are thermally converted and
transformed into carbon materials under relatively mild
thermal conditions.31 Important insights on the polymerization
of PAHs have been obtained by studying various pitches made
from model PAHs (pyrene, naphthalene, phenanthrene,
etc.).32−34 However, most of the existing studies on model
PAHs employed catalysts (AlCl3 or HF), and hence diﬀerent
mechanisms are expected.32,33 In addition, surface-assisted
polymerization and cyclodehydrogenation of tailored PAH
precursors have been studied extensively,35−38 and the role of
surfaces has been shown to be important. In this work, we
compare the thermal reactions of pyrene with 2,7-dimethylpyrene (DMPY) without catalysts, which is identical to the
thermal condition (hours at 400 °C) employed in the thermal
conversion of M-50 pitch. The products are characterized with
NMR, MS, and CO-tip noncontact AFM, which has been
successfully applied to M-50 pitch,23 various petroleum
mixtures,19,39,40 and model PAH compounds.41−44

1. INTRODUCTION
Aromatic hydrocarbons undergo numerous reactions under
thermal conditions. Under severe thermal situations, such as
those at pyrolytic temperatures above 1000 °C during ﬂame
combustion, laser ablation or chemical vapor deposition
(CVD), hydrocarbons undergo molecular weight growth and
transform into various carbonaceous materials, such as
buckminsterfullerene (C60), carbon nanotubes, graphenes,
graphite, and coke.1−5 The formation of aromatic rings and
their polymerization and condensation have been extensively
studied, and multiple complementary formation mechanisms,
including the Diels−Alder (DA) reaction and hydrocarbonabstraction−acetylene-addition (HACA) mechanisms have
been proposed.6−8 In particular, the cyclopentadienyl (C5)
species is believed to be an important intermediate for the
formation of ﬁrst aromatic rings.9
Aromatic hydrocarbons also react under relatively mild
thermal conditions. The early stage of mild thermal reactions,
reﬂected by the intrinsic reactivity of aromatic hydrocarbons,
has signiﬁcant implications in numerous industrial processes,
such as fouling, thermal cracking, coking, and upgrading of
heavy oils.10−13 For example, it is known that petroleum and
other natural hydrocarbon resources undergo reactions at
around 350−400 °C,14−20 which is associated with the onset of
thermal cracking because many covalent bonds (e.g., C−H and
C−C bonds) break on reaching this temperature range. The
free radicals produced via homolytic cleavage of covalent
bonds couple with other molecules to form ever-larger
molecules with increasing molecular weight up to and
including coke.21,22 However, the detailed mechanism is still
unclear and is the focus of this study.
© 2021 American Chemical Society
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Figure 1. Studying the eﬀect of methyl groups on the diﬀerent thermal reactivities of pyrene and 2,7-dimethylpyrene (DMPY). (a) Pitch materials
were obtained from DMPY after thermal treatment at 400 °C for 6 h, and (b) no conversion of pyrene was achieved at the same thermal treatment
based on NMR and GC-MS analysis (the color change is likely caused by phase change or minor impurities). (c) Thermogravimetric analysis
(TGA) showed that DMPY pitch products are comprised of both low and high molecular weight molecules. Comparison of DMPY with pitch
products after thermal treatments at 400 °C for 6 h with 1H NMR (d) and 13C NMR (e) spectra. Assignments of aliphatic (in blue) and aromatic
(in red) structural moieties are related to their expected regions in NMR spectra. The distinctive absorption peaks by the CH2 linker expected at
3.5−5 ppm (in green) were not detected in 1H NMR spectra. (f) FT-ICR MS with APPI ionization of DMPY thermal products (400 °C for 6 h)
showed peak clusters including monomers, dimers, and trimers.
modulation mode,50 with quality factor Q ≈ 20000, stiﬀness k ≈ 1800
N/m, resonance frequency f 0 ≈ 30 kHz, and oscillation amplitude of
A = 100 pm.
2.2.3. NMR. 1H and 13C NMR spectra were obtained with a 400
MHz (100 MHz for 13C) Bruker Ascend spectrometer with CDCl3 as
the solvent and with 0.003% TMS (tetramethylsilane) as the
reference. Data was processed with TopSpin 4.0.6 software.
2.2.4. Mass Spectrometry. Fourier transform ion cyclotron
resonance mass spectrometry (FICR MS) was conducted on a
Bruker 15 T solariX FT-ICR MS (Bruker Daltonics Inc., Billerica,
MA, USA). A solution in toluene with a concentration of 25−100
ppm was prepared and injected into an atmospheric pressure
photoionization (APPI) source. Nitrogen was used as both the
nebulizing and the drying gas. Data acquisition was set between m/z
300 and 3000 with an accumulation time between 40 and 60 ms. Data
analysis was performed with the Bruker data analysis (DA) software
and calibrated with an internal homologous mass series.
2.2.5. Thermogravimetric Analysis (TGA). A PerkinElmer Pyris 1
TGA was utilized for the thermogravimetric analysis. Approximately
10 mg of sample was loaded into a staged platinum pan, and the
temperature was scanned from 30 to 950 °C with a ramp rate of 3
°C/min under a high purity dried nitrogen ﬂow (60 mL/min). Prior
to thermal scanning the sample was allowed to equilibrate in the
staged pan under nitrogen for 30 min to ensure an established inert
environment.

2. MATERIALS AND METHODS
2.1. Materials. Pyrene was obtained from Sigma-Aldrich Co. 2,7Dimethylpyrene (DMPY) was custom synthesized (AbovChem LLC.,
San Diego, CA) by n-BuLi treatment of 2,7-dibromopyrene and then
alkylation with methyl iodide in anhydrous tetrahydrofuran. The yield
of the isolated product was around 73%. The structures and purities of
pyrene (97%) and DMPY (96%) were conﬁrmed by NMR and GCMS (Figure 1, Supporting Information, SI, Figures S1−S6). DMPY
was designed due to its symmetric structure, which facilitates both its
synthesis and characterization.
2.2. Methods. 2.2.1. Thermal Treatment in Batch Microreactors. Stainless steel sealed tube microreactors (Swagelok) with
a volume of approximately 15 mL and working pressures up to 24
MPa (3500 psig) and temperatures up to 450 °C were employed for
the heat treatment. In a typical experiment, approximately 0.5 g of
sample was loaded into the reactor chamber and sealed at ambient
conditions. The reactor was submerged into a ﬂuidized sand bath,
which was prestabilized at the desired temperatures. After heating for
diﬀerent periods of time, the reactor was removed from the sand bath
and cooled to room temperature overnight before the vessel was
opened in a chemical fume hood. The weight of the vessel and the
material was measured and the weight loss due to potential gaseous
products was negligible (<0.5%).
2.2.2. nc-AFM. nc-AFM was carried out with a low temperature
(LT), ultrahigh vacuum (UHV) scanning tunneling microscope
(STM) and atomic force microscope (AFM) system (CreaTec
Fischer & Co., GmbH, Germany) operated at 4.7 K and ultrahigh
vacuum (∼10−10 mbar) with a Nanonis controller.39−41,43,45 A qPlus
sensor46 with a PtIr tip was sharpened with focused ion beam milling
and functionalized with a single carbon monoxide molecule.43 A
Cu(111) single crystal was cleaned by sputtering with Ar+ and
annealing. Molecules were introduced by the resistive heating method
using a silicon wafer, similar to that previously described.19,39−41,47−49
The molecules were evaporated onto the Cu sample at a sample
temperature of about T = 10 K and investigated at T = 5 K.
Therefore, thermally activated on-surface reactions can be excluded.
AFM images were obtained at constant height in the frequency-

3. RESULTS AND DISCUSSION
3.1. The Role of Methyl in PAH Polymerization. The
role of methyl (and alkyl) substituents during thermal
polymerization of PAHs was investigated by comparing 2,7dimethylpyrene (DMPY) with pyrene (Figure 1). Both
compounds were subject to the same thermal severity (6 h
at 400 °C) in batch microreactors, and signiﬁcantly diﬀerent
reactivities were observed. Despite a minor change in color of
pyrene from light yellow to brown after thermal treatment,
shown in Figure 1b, no signiﬁcant compositional or structural
2225
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Scheme 1. Known Reaction Mechanism and Anticipated Major Product Molecules from Thermal Treatment of DMPYa

a

Exemplar molecules are indicated by a and b. Bond dissociation energies (BDE) for indicated bonds (in blue) are shown in kcal/mol in
parentheses. The highlighted CH2 linker moieties (red) in the anticipated products are expected to have diagnostic chemical shifts at 4−5 ppm in
NMR.

products. 13C NMR spectra also showed that very few new
carbon peaks emerged in the products (Figure 1e). The lack of
new absorptions in the NMR spectra of products is
unexpected, considering the signiﬁcant structural transformation and molecular weight growth based on TGA data and
change in solubility. Especially, distinctive adsorptions at 4−5
ppm are expected in 1H NMR for structures containing
methylene (CH2) linkers, or 3−4 ppm for ethylene (CH2CH2)
linkers. These products are expected to be predominant based
on the widely accepted mechanisms shown in Scheme 1 via the
formation of a stabilized α radical by thermal cracking of the
weakest C(α)−H bond in DMPY and subsequent alkylation
reactions with PAHs.42 The lack of NMR peaks associated with
the CH2 linker moieties suggests that these anticipated
structures are not dominant, raising questions about the
predominance of the reaction mechanism shown in Scheme 1.
Mass spectrometry shown in Figure 1f and Figures S2−S6
revealed a mixture of molecules in products. APPI FT-ICR MS
data showed that the thermal treatment of DMPY at 400 °C
for 6 h produced a mixture of monomers (200−250 Da),
dimers (400−500 Da), and trimers (600−700 Da). The
observation of higher molecular weight species conﬁrmed the
TGA data on the formation of condensed molecules. The
formation of dimers and trimers could be in principle
consistent with the mechanism of condensation shown in
Scheme 1. However, the structures of product molecules
remain unknown. To characterize these product structures, we
resorted to the noncontact AFM technique, which has recently
been used to characterize structures of a wide range of organic
molecules41,42 and molecular mixtures.19,39,40,47,55
3.2. Structure Characterization of Thermal Products
from DMPY with nc-AFM. Structures of products from
thermal treatment of DMPY were imaged with nc-AFM by
depositing the molecules directly onto the cryo stage at 10 K.
Diﬀerent areas of the sample were investigated, and a total of
about 30 images shown in Figure 2 were recorded comprising
approximately 70 molecules (individual molecules labeled by
numbers). The polyaromatic rings and their aliphatic
substituents can be identiﬁed in the nc-AFM images, facilitated
by deduction from the structure of the reactant DMPY.
Carbon monoxide (CO) coabsorbed for tip functionaliza-

changes were detected by NMR and GC-MS data (Supporting
Information, Figures S1−S5). Hence, the color change was
likely caused by phase changes or minor impurities from
heating. This lack of conversion by pyrene was further
supported by additional heating (i.e., increasing the reaction
temperature to 450 °C or by extending the heating time), and
again no signiﬁcant products were formed. This result for
pyrene is consistent with earlier studies in which a thermal
severity of heating at 500 °C for 50 h was required for a
signiﬁcant conversion of naphthalene,34,51 which is expected to
have similar reactivity to pyrene. Previous studies also showed
that pitches were only made from pyrene in the presence of
catalysts (AlCl3 or HF) at 350−400 °C.32,33,52−54 Hence, the
lack of signiﬁcant conversion of pyrene under the thermal
treatment employed in this study is consistent with previous
studies.
In contrast, thermal treatment of DMPY produced a black
pitch material under the same conditions (Figure 1a). The
signiﬁcant conversion of DMPY is indicated by a mass residue
of 40−50% remaining at 300−500 °C, shown using TGA
(Figure 1c). The signiﬁcant amount of residue at this
temperature range indicates molecular weight growth from
thermal reactions, because DMPY or similar organic molecules
are unlikely to have residue at above 260 °C due to
evaporation or sublimation in TGA. The growth of molecular
weight is also evident from the change of solubility in organic
solvents. Materials insoluble in organic solvents including
toluene, dichloromethylene (DCM), and chloroform were
formed after thermal treatments, and they increased with
higher thermal severities (longer time or higher temperatures).
For example, although DMPY is fully soluble in DCM, ∼15%
of mass was insoluble after 3 h treatment, and ∼65% of mass
was insoluble after 6 h treatment in the same solvent. The
insoluble materials were removed by ﬁltration in the following
NMR and MS analyses, except in nc-AFM imaging.
NMR analysis of the thermal transformation of DMPY
showed only a signiﬁcant peak broadening, without new peaks
observed for the products. For example, the 1H NMR spectra
in Figure 1d showed that the chemical shifts of methyl groups
(at ∼2.5-3.5 ppm) and PAHs (∼7.5-8.5 ppm) remained
unchanged, except for peak broadening in the thermalized
2226
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Figure 2. Constant-height CO-tip nc-AFM images of the thermalized products from DMPY deposited on Cu(111). Dashed circles indicate carbon
monoxide (CO) molecules. Dashed lines indicate separate molecules rather than covalently bonded structures. Distinctive molecules are labeled by
numbers and their assigned chemical structures are shown in Scheme 2. Molecules labeled by lower case letters (a−e) could not be assigned
unambiguously to chemical structures.

tion,56 unrelated to the thermal product species, is indicated by
dashed circles. Occasionally a few molecules were clustered
together, or close to each other, sometimes with a CO
absorbed between the molecules (panels A4 and E2 in Figure
2).57,58 The AFM data show that many fused products are
formed by the thermal treatment of DMPY. Many isomers of
DMPY are observed as well, including a few unreacted DMPY,
which is expected for the incomplete conversion of DMPY
chosen on purpose to understand the initial reactions.
It is important to identify the linkers between the pyrene
moieties, because the predominant structural manifolds
predicted by Scheme 1 contain a CH2 linker between aromatic

units. However, clustered molecules complicate the assignment, as they sometimes feature apparent bonds between
distinct molecules. It is known that using AFM with CO
functionalized tips, features that look similar to covalent bonds
(apparent bonds) can be observed even in the absence of
bonds.59−61 This is explained by the ﬂexibility of the CO
tip45,62 that can lead to apparent bonds along the ridges of
potential energy wells, even in the absence of bonds at the
respective positions. In most images, clustered individual
molecules can be discerned by the large separation between
them (such as in panels A1, A4, C2, D2, F1, and F2 in Figure
2), and hence they were assigned as diﬀerent molecules
2227
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Scheme 2. Product Molecules from Thermal Treatment of DMPY Characterized by AFMa

a

Molecules are labeled by numbers and grouped into monomers, dimers, trimers, and tetramers. Abundance is shown as the number in parentheses
if observed more than once by AFM. Diﬀerent pyrene units are indicated by diﬀerent colors to show the fused structures.

monomers are observed multiple times. For example, molecule
2 is observed 13 times, while DMPY (4) is observed 8 times
and 7 is observed 5 times. The 35 identiﬁed structures have a
total of 22 unique formulas and molecular weights. This result
is roughly consistent with ∼17 molecular ions (m/z) observed
by FT-ICR MS in Figure 1f. In addition, GC-MS identiﬁed
only the monomers (no oligomers), and their relative
abundances were reasonably consistent with AFM observations
(Figures S4 and S5 and Table S1). The structures derived from
the AFM data are also consistent with the NMR data, as most
molecules contain only methyl groups and aromatic moieties.
Very few molecular structures contain a CH2 linker (19, 21,
23, and 30), indicating that the lack of their detection by NMR
is likely caused by their low abundance. In addition, two free
radical species (29 and 33) were observed, and subsequently
conﬁrmed by absorptions in electron paramagnetic resonance
(EPR) spectra, indicating that the quantitative NMR results
could be likely aﬀected by these paramagnetic radical species.
These product structures characterized by AFM make it
possible to deduce the thermal transformation of DMPY and
their reaction mechanisms. At a higher level regardless of
mechanisms, four types of reactions can be summarized related
to the transformation of DMPY (Scheme 3).
First, methyl transfer is identiﬁed as a major reaction
pathway by examining the resolved monomers. The observation of many isomers of methylpyrenes (1−11), including

(indicated by dashed lines). However, it is less clear for images
in panels B5, C3, and E2 (Figure 2), which might either be
assigned to separate molecules with methyl groups or a single
molecule connected by a covalent linker between two pyrene
units (such as CH2 and CH2CH2). Despite that similar
structures with such linkers have previously been imaged by
AFM,41,42 we simulated AFM images (Figure S7)62 of the
possible chemical structures and compared them to the
experimental data to identify the structures. We found that a
CH2 linked structure (19) is consistent with the AFM data in
panel B5, and a CH2CH2 linked structure (20) is consistent
with the AFM data in panel E2. Two separate molecules with
methyl groups (7 and 8) are consistent with the AFM data in
panel C3.
Most AFM imaged molecules could be assigned to chemical
structures (Scheme 2 and Table S1) either by comparison to
model compounds or by comparison with AFM simulations. A
high uncertainty was still encountered in interpreting a few
AFM imaged molecules (a−e in Figure 2), and hence no
chemical structures were assigned to these imaged structures. A
total of 35 distinct molecules could be identiﬁed from the AFM
data, with their assigned chemical structures shown in Scheme
2. These molecules comprise 11 monomers (1−11) including
DMPY (4), 18 dimers (12−29), 4 trimers (30−33), and 2
tetramers (34, 35). While each oligomer (dimer, trimer, and
tetramer) is observed only once in the AFM data, most
2228
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Scheme 3. Four Types of Reactions during the Thermal Transformation of DMPY Deduced from AFM Structures, Including
Methyl Transfer (1), Direct Coupling (2), Coupling via Carbon Addition (3), and Coupling via Carbon Deletion (4)

indeed occurs, yet rarely. Suprisingly, a −CH2CH2− linker is
observed in one molecule (20). Observation of this structural
manifold is unexpected, considering the thermal stability of a
weak bond (BDE ≈ 65 kcal/mol).47 Nevertheless, its
formation can be rationalized by the combination of α radicals
shown Scheme 1.
In addition to direct coupling, more complicated reactions
are expected to form other fused structures. Two structures
(24 and 25) are fused together by two extra carbon atoms with
the formation of an aromatic ring between two pyrene units
(coupling via carbon addition). This fusion is not surprising,
based on migrated methyl groups and subsequent aromatization.
So far, the rationalization of reaction mechanisms assumes
that the basic structure of pyrene will not be changed. This
assumption is reasonable because the CC bonds in aromatic
structures are very strong, and most literature indicates that
rearrangement of aromatic structures (such as the 1,2swapping of carbon atoms in benzenoid PAHs) mostly occurs
only at temperatures above 1000 °C.3 Indeed, most AFM
observed structures are consistent with this assumption.
However, unusual changes in the pyrene cores are found in
a few identiﬁed molecules (26−28). In those, one of the two
pyrene units is reduced by two carbon atoms (coupling via
carbon deletion), that is, one pyrene is changed into a
phenanthrene (26 and 27). This observation is quite

unsubstituted pyrene (1), indicates frequent methyl transfers
or migrations. Substituted methyl groups are scrambled on
pyrene and are diﬀerent from their original 2,7-positions.
Dealkylation is evident based on structures 1−3 by the loss of
one or both methyls. Transfer of methyls occurs both intraand intermolecularly, evidenced by structures 8−11, which
contain 3−4 methyls. Methyl transfers are evidently predominant in fused products as well.
Second, the coupling or condensation reaction is evident
from dimer products. Several types of dimerization can be
identiﬁed by examining their molecular structures. (a) Most of
the dimer products can be considered as a direct coupling
between two pyrene units via an aromatic hexagonal ring, and
this accounts for about half of the dimers (12−18, 21). The
sites of fusion in product structures are diﬀerent from the
original substitution positions (ipso) of methyl groups. Direct
coupling via an aromatic ﬁve-membered ring is observed in
only one molecule (22), suggesting that this coupling is
infrequent. Surprisingly, the anticipated predominant structure
from Scheme 1, that is, coupling via a methylene linker (CH2),
is observed in only one molecule (19). Subsequent ring closure
via cyclodehydrogenation is expected to occur in this structure,
leading to the formation of an unconjugated ﬁve-membered
ring. Hence, two other molecules (21 and 23) can be formed
by following reaction pathways similar to that of 19. Hence,
the observation of three molecules suggests that this pathway
2229
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surprising, considering the mild thermal condition involved in
this study. Some structures (26 and 27) can be rationalized by
a retro-Diels−Alder reaction with the loss of an acetylene
(C2H2) unit followed by a normal Diels−Alder reaction with
pyrene. However, some other fused molecules (e.g., 28 and
34) cannot be satisfactorily explained. Hence, more complex
reactions should be considered. Structural changes in the
aromatic structures are more frequent for larger molecules such
as trimers and tetramers (28−33). Overall, these observations
indicate that the coupling reaction is more complicated than
previously predicted (Scheme 1).
3.3. Mechanism of Methyl Transfer and Coupling
Reactions. A detailed and consistent reaction mechanism can
be rationalized based on the thermal transformations of DMPY
and the reaction conditions employed. Methyl transfer has
been discovered since the early days of coal research.63,64
Although the direct cleavage of the CC bond between methyl
and pyrene shown in Scheme 4a provides a convenient
explanation for both the methyl transfer and coupling
reactions, this mechanism is very unlikely because of the
breakage of a very strong Caryl−Calkyl bond and the formation
of very unstable σ radicals. Indeed, previous studies suggested
that such a mechanism is unlikely for temperatures below 1000
°C.21
A more plausible mechanism, originally proposed by
Malhotra et al. and widely accepted in the literature,21,64−66
involves the attack by hydrogen radicals at the ipso position in
Scheme 4b. In this mechanism, the abundant H radicals easily
produced from the initial homolytic cleavage of C−H bonds in
DMPY, would attack the ipso position of DMPY (c), and the
methyl radicals are subsequently expelled due to rearomatization. Hence, subsequent alkylation reactions by methyl radicals
result in methyl groups transferred in products (d).
We ﬁnd that this mechanism of ipso attack by H atoms
(IAHA) not only explains the prevalent methyl transfer
reactions but also explains most of the observed fused
products. As shown in Scheme 4e, the initial π radicals (A)
produced from IAHA can react with another PAH to produce
the direct coupling products. The sites of fusion are consistent
with the observed fused products. Therefore, this mechanism
provides a self-consistent mechanism under the reaction
conditions.
It is interesting to consider the fate of the α radical, coproduced during the H radical formation (reaction b in
Scheme 4), which was previously assumed as the key
intermediate to form the predominant CH2 linked products
in Scheme 1. Why would the α radical not follow the reaction
mechanism described in Scheme 1 and Scheme 4f? The α
radical must have been formed, as evidenced by the H radicals,
which account for methyl transfer and coupling reactions. Our
explanation is that, instead of direct alkylation (f), it isomerizes
to a π radical (B in reaction g), which subsequently couples
with another PAH (h). This hypothesis is based on the
following considerations. First, the isomerization of α radical to
π radical (B) might be driven by the increased delocalization,
at the expense of a decrease in aromaticity. It is expected that
for larger PAHs the aromatic stabilization energy is decreased
and hence the π radical (B) is preferred over the α radical.
Second, the isomerized π radical (B) should have a similar
reactivity to the π radical (A) from IAHA, and hence both
should be able to react with PAH in a similar fashion. In
addition, the two π radicals (A and B) can also dimerize to
form the fused products (i). Alternatively, these two π radicals

Article

Scheme 4. Mechanisms of Methyl Transfer and Coupling
Reactions Based on This Worka

a

Dashed circles indicate free radical intermediates, and dashed
rectangles indicate mechanisms that are not supported or not
prevalent based on the results of this study.

(A and B) can be viewed as resonance structures of the same
radical. The explanation of why the α radicals do not follow the
mechanism of Scheme 1 is that the anticipated structure with a
CH2 linker would contain C−H bonds that are weaker than
those in the reactant DMPY. Hence, the formation of the
expected product in reaction f is unlikely as H atoms would
need to be extracted from strong C−H bonds in DMPY. This
2230
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is consistent with the rare observation of the CH2 linked
molecules (19) by AFM.
As far as we know, this is the ﬁrst report of the IAHA
mechanism producing condensed PAH molecules. It has been
widely accepted that free radicals formed from fragmentation
or homolytic bond cleavage are key intermediates in thermal or
hydrocracking reactions.21,64,65 In the presence of H2 or other
sources of H atoms, stable product molecules are formed by
“capping” free radicals with hydrogen atoms, and hence H
radicals have been believed as essential in “limiting” the
formation of condensed larger molecules. It is also widely
believed that with a lack of H atoms, the fragments or free
radicals would continue to react with others to produce ever
larger molecules.21,64,65 However, in this study we revealed that
H radicals also play an essential role producing radicals and
creating condensed structures.
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4. CONCLUSION
The growth of polycyclic aromatic hydrocarbons in thermally
driven reactions has consequences for a wide range of practical
applications. In this work, we studied the reactivity of aromatic
hydrocarbons under mild thermal conditions of about 350−
400 °C, at which most real petroleum mixtures are known to
undergo a variety of reactions to form condensed products.
The early events of these reactions, especially the coupling
mechanism between initial reactants, were tackled by employing model compounds and advanced characterization
techniques. A comparison of dimethyl substituted pyrene
with unsubstituted pyrene under identical thermal conditions
revealed that methyl groups signiﬁcantly reduced the thermal
severity required to initiate reactions, as pyrene failed to
produce any detectable products under a wide range of thermal
conditions employed. A variety of products formed from 2,7dimethylpyrene (DMPY) were characterized with NMR, MS,
and AFM, including monomers, dimers, and trimers. Analysis
of the structures indicated that methyl transfer occurred
frequently. Reaction pathways leading to the fusion of PAHs
were also revealed including direct coupling between PAHs,
and indirect coupling via migrated methyl groups. Furthermore, the mechanism of ipso attack by hydrogen radicals was
identiﬁed for both methyl transfer and fusion of PAHs. Various
mechanisms for the coupling reaction pathways were
discussed, such as the ipso attack by hydrogen atoms
(IAHA). These product structures revealed the complex
reaction mechanisms that take place during the thermal
condensation of PAHs.
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