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Heavy oils are enriched with polycyclic (or polynuclear) aromatic hydrocarbons (PAH or PNA),
but characterization of their chemical structures has been a great challenge due to their tremendous
diversity. Recently, with the advent of molecular imaging with noncontact Atomic Force
Microscopy (nc-AFM), molecular structures of petroleum has been imaged and a diverse range of
novel PAH structures was revealed. Understanding these structures will help to understand their
chemical reactivities and the mechanisms of their formation or conversion. Studies on aromaticity
and bonding provide means to recognize their intrinsic structural patterns which is crucial to
reconcile a small number of structures from AFM and to predict infinite number of diverse
molecules in bulk. Four types of PAH structures can be categorized according to their relative
stability and reactivity, and it was found that the most and least stable types are rarely observed in
AFM, with most molecules as intermediate types in a subtle balance of Kkinetic reactivity and
thermodynamic stability. Local aromaticity was found maximized when possible for both alternant
and nonalternant PAHSs revealed by the aromaticity index NICS (Nucleus-Independent Chemical
Shift) values. The unique role of five-membered rings in disrupting the electron distribution was
recognized. Especially, the presence of partial double bonds in most petroleum PAHs was
identified and their implications in the structure and reactivity of petroleum are discussed.



1. Overview of the molecular characterization techniques

There is no more basic enterprise in chemistry than the determination of the geometrical
structure of a molecule. Such a determination, when it is well done, ends all speculation as to the
structure and provides us with the starting point for the understanding of every physical, chemical
and biological property of the molecule.

The fundamental principle of structure determines function is well reflected by the
eloquent and much quoted statement above by Roald Hoffmann.! Characterizing the structure of
organic molecules has been a major effort for chemists for centuries since the tetravalency of
carbon was put forward by van’t Hoff in1874 and the structure of benzene by Kekulé in 1875.2
For many decades, researchers have deduced molecular structure from indirect methods.’> For
example, elemental analysis provides elemental composition, UV-vis spectroscopy depends on
absorption of conjugated systems, and vibrational spectroscopy (FT-IR and Raman) identifies
functional groups. Mass spectrometry is a valuable tool for elucidating molecular formulas, and x-
ray crystallography has revealed molecular conformation when pure crystals can be obtained. For
cases where structural characterization is tremendously complicated, chemists often have to rely
on chemical synthesis to ultimately confirm the structures.* Major breakthroughs followed with
the introduction of NMR spectroscopy, which provides connectivity in covalent structures.
However, most of these tools demand high purity samples of the material to be characterized,
and/or larger amounts. The crucial role of purification cannot be overstated, as the well-known
saying by Isaac Asimov that The first step in making rabbit stew is catching the rabbit. Thus, the
chromatography techniques (GC, HPLC), either alone or in tandem with other tools (GC-MS, LC-
MS, LC-NMR), have played instrumental roles in providing pure samples for characterization.

Chemists have longed for direct confirmation about what molecules might actually look
like, and hoped to someday see molecular structures directly.® Recently this hope has become a
reality via atomic-resolution molecular imaging techniques. Molecular imaging conventionally
refers to techniques which use fluorescence microscopy to reach beyond the diffraction limit of
optical microscopy, sometime even at molecular resolution.’® Recently, this concept has been
vastly expanded with the introduction of Cryogenic Electron Microscopy (cryo-EM), which was
awarded the 2017 Nobel Prize in Chemistry. Cryo-EM enables atomic resolution for a variety of
biological macromolecules and assemblies,”!® and the aberration corrected cyro-EM can
potentially even reach sub-angstrom resolution.!!"'* Although used primarily for the backbone
structure of biological macromolecules, cryo-EM has recently been applied to small organic
compounds with microED (electron diffraction), with atomic-resolution (<1 A) crystal structures
obtained from nanocrystals (~10'° g) in minutes.!>16

A different technique to obtain sub-atomic resolution of small organic molecules is
scanning tunneling microscopy (STM) and atomic force microscopy (AFM). Both are scanning
probe microscopy (SPM) technique and will be the focus of discussion in this paper. Unlike EM,
which uses electrons as the probe, SPM uses a sharp metallic tip to probe the atoms. The original
demonstration of chemical structure of small organic molecules such as pentacene was obtained
with noncontact atomic force microscopy (nc-AFM) by Gross et al. in 2009.!” Their unprecedented
atomic resolution (up to 0.03 A) was achieved using a carbon monoxide-functionalized tip.!”!8
Because of the vanishingly small samples (mg to pug) needed, and the low requirements for purity,



this direct molecular imaging AFM/STM technique is positioned as an ideal analytical method to
characterize molecules in complex heterogeneous mixtures such as heavy petroleum.

2. Introduction to molecular imaging with STM/nc-AFM:

Scanning Tunneling Microscopy (STM) was invented by Binnig and Rohrer in 1982 and
recognized with the Nobel Prize in Physics in 1986.!° But STM does not allow for imaging
molecular structure directly because the STM topology reflects the local density of states between
two conductive phases. Atomic Force Microcopy (AFM) was introduced by Binnig, Quate, and
Gerber in 1986, and operates by measuring the frequency shift of an oscillating cantilever which
reflects the interaction forces.?’ This powerful technique has been widely used in studying the
surface of materials on from micro- to nanometer scales.?! However, most of these conventional
AFM techniques are operated under either tapping or contact mode in which the cantilever tip is
in contact with the sample. The noncontact mode nc-AFM was enabled by the invention of qPlus
sensor by Giessibl et al. Here the oscillating amplitude can be controlled down to 0.1 angstroms.>*
Recently, the revolutionary breakthrough of imaging a small organic molecule directly was
achieved by Gross et al. with a CO-functionalized probe tip.!” Density functional theory (DFT)
analysis attributed the high resolution of molecular structure in AFM to Pauli repulsion. A
numerical Probe Particle Model developed by Hapala et al. reproduced the high resolution AFM
and STM molecular images very well and demonstrated that the origin of the sharp image is due
to strong lateral (not vertical) relaxation of the probe molecule attached to the metallic tip apex,
and not from increased electron density attributable to any kind of chemical bonds.>*** However,
other researchers consider it still controversial, and the contrast mechanism remains an active area
of research.”

Real sub-atomic resolution images of organic molecules has be achieved by tips
functionalized with CI, Br, I, Ag, CO, and NO, although the CO tip (oxygen on the apex) seems
to be especially robust and sensitive. It was soon further demonstrated that bond orders in
buckminsterfullerene (Ce0) could be distinguished with a resolution of 2 pm.'® It has also been
applied to characterize organic molecules from natural products®® which could not be
characterized directly with conventional methods such as NMR spectroscopy and mass
spectrometry. For characterization of unknown structures, it is helpful to image the frontier
molecular orbitals on two monolayers of insulator NaCl (2 ML) with STM and to compare these
STM images with quantum chemical calculations of hypothesized candidate structures. This
ultrahigh resolution technique has been demonstrated in monitoring a chemical reaction by direct
imaging of covalent bond structure,?’ inducing chemical reactions,?® and even imaging molecules
at room temperature.?’ Two dimensional structures have been studied, such as the water
network,? and hydrogen-bonded molecular clusters.*



Figure 1. A picture of LT UHV STM/AFM for imaging organic molecules with functionalized
CO-tip. (Picture credit by CreaTec Fischer & Co. GmbH)

A photo of a bimodal LT UHV STM/AFM instrument is shown in Figure 1. The cryo
stage is operated at 4.7 K cooled by liquid helium surrounded by liquid nitrogen (77 K) to
achieve ultralow temperature and prevent thermal diffusion. Ultrahigh vacuum (~10"1° mbar) is
required to maintain the atomically clean system. The substrate is typically Cu (111), although
Ag (111) and Au (111) can also been used. When preparing the system, single crystal Cu (111) is
initially sputtered with Ar* for several cycles to remove any defects or contaminants. If needed,
NaCl is deposited by subliming at room temperature or under slight heating to achieve a
moderate coverage of one or multiple layers of NaCl. At cryo temperature (4.7 K), carbon
monoxide (CO) is doped and functionalization with a CO tip is achieved by picking up an
individual CO molecule.’! Typically a sample is prepared by flash heating a sample deposited
onto the silicon wafer via resistive heating.

Major advantages of nc-AFM include: (1) bond-like structures and sub-atomic resolution
of molecular structures, (2) atomic manipulation using the tip to move molecules or even break
bonds, (3) sensitivity to adsorption geometry on a metal (catalyst) surface, (4) imaging of
individual molecules requiring very small sample size (micrograms) and with a low purity



requirement, (5) low temperature (4.7 K) and ultrahigh vacuum to preserve reactive
intermediates and to prevent most chemical reactions.

Despite these features and advantages, there are significant challenges and disadvantages
to using nc-AFM. Imaging molecules one by one requires maintaining cryogenic conditions and
instrument stability for periods from hours to days. Several days are typically required to prepare
the sample and tip. The acquisition time for an AFM image of an individual molecule is typically
15-30 min. Like any surface technique, planar molecules are preferred over nonplanar and three-
dimensional structures, although recently a few nonplanar molecules have been studied. Sample
preparation by flash deposition limits the molecular weight of most studied molecules to ~1000
Dalton. The high resolution is achieved only at cryogenic temperature where reaction dynamics
might be frozen out.*? Identification of heteroatoms is difficult and interpretation of images is
mostly by visual assessment rather than computer algorithms, due to the lack of model systems.
Aggregation phenomena and other bulk interactions on cryogenic surfaces are poorly
understood.

To address these challenges, an initial study on the aliphatic moieties in aromatic
molecules was performed.**> Model compounds allowed benchmarking of the sample preparation
conditions, especially the effect flash vaporization vacuum cryo-deposition on the structural
integrity of the molecules bonds. This integrity, and establishing that the vaporization did not
introduce sampling bias in the representativeness of detected molecules (for example, as a
function of molecular weight), was essential in qualifying the sample preparation methods for the
study of heterogeneous petroleum mixtures.** Other preparation methods such as electrospray
deposition would allow deposition of molecular weights larger than 1000 Daltons.*

So far there are a few papers published on imaging petroleum molecules and related
samples such as coal and petroleum asphaltenes (2015),¢ a heavy oil mixtures and asphaltenes
(2017),%” and more recently on fuel pyrolysis products (2018)*® and marine dissolved organic
matters (2018).%° Understanding these molecules has been challenging, except in one initial study
which sought to find the common structural patterns and to connect a limited number of diverse
molecules (each one different) to the infinitely large number of these molecules in a bulk
sample.*” A more systematic analysis of such AFM structures is described below.

3. Computational Details

Theoretical computations on the AFM structures were performed with density functional theory
(DFT) as implemented in Gaussian 09 Revision D.01.*! Becke’s three-parameter hybrid exchange
functional with the Lee—Yang—Parr correlation functional (B3LYP) were used.**** Geometries
were optimized with B3LYP and 6-31+G(d,p) basis sets, and vibrational frequency calculations
on the optimized geometries were performed at the same level of theory to characterize all
stationary points as minima. All calculations were in the gas phase. NICS values as an aromaticity
index were obtained from NMR calculations with the GIAO (Gauge-Independent Atomic Orbital)
method at the level of B3LYP/6-31+G(d,p), and the negative values of the magnetic shielding
(chemical shifts) of dummy atoms (Bq) placed one angstrom above the center of each ring were
used.** Electrostatic potential surfaces (ESPs) were computed using the cubegen function in
Gaussian and results were visualized with GaussView5.0.8. UV-vis spectra were predicted with
TD-DFT calculations at B3LYP/6-311+G(d,p) by allowing 20 excited states transitions.



Population analysis was performed with the natural bond orbital (NBO) program version 3.1
under the Gaussian09 program package, and the widely used Wiberg bond index (WBI) is reported
as the bond order.*®

4. Results and Discussions
4.1. Overview of the AFM structures

The structures observed in heavy oils are reproduced below in Figure 2. Some
ambiguities in originally assigned structures from AFM images have been omitted for clarity and
the reader should refer to the original publications by Schuler et al. for more accurate
information on their chemical structures and for sample descriptions.’’

This analysis focuses on polycyclic (or polynuclear) aromatic hydrocarbons (PAHs or
PNAs) since they are observed in many of the heaviest petroleum-derived organic molecules. In
the original 2015 JACS paper on asphaltenes,*® 32 chemical structures of coal asphaltene
molecules were assigned among the 100 images from coal samples, and only one structure from
a petroleum asphaltene was assigned among the 15 images obtained for the petroleum asphaltene
sample, indicating the greater extent of nonplanar molecules in petroleum. In the 2017 Energy &
Fuels paper by Schuler et al.,*” a total of 104 structures were reported for a total of 382 images
obtained, with 17 structures for 65 images of A1, 16 structures for 62 images of A2, 12 structures
for 49 images of B1, 10 structures out of 34 images of B2, 39 structures out of 68 images of C1,
3 structures out of 30 images of C2, 2 structures out of 36 images of D1, and 5 images out of 38
images of D2 sample. Overall, a total of 137 structures (28%) have been assigned among the 497
images obtained in these two publications. This shows that a large number of images remained
unassigned and illustrates the challenge of assigning the remaining chemical structures to AFM
images of petroleum by visual inspection. We envision that computer algorithms utilizing
artificial intelligence and pattern recognition will play a role in assigning structures for unknown
samples in the future.
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Figure 2. Chemical structures of petroleum molecules from AFM imaging. Reprinted with
permission from Ref. [37]. Copyright 2017 American Chemical Society.

4.2. Understanding the molecular geometries of PAHs

These detailed structures from AFM were studied to understand their conformations and
geometries by using density functional theory (DFT) and their structures were shown in Figure 3.
Although most of these molecules are planar or semi-planar PAH molecules, some nonplanar
moieties are present, and even a few helical structures are observed (C1.3 and C1.36). These
indicate that strong interaction with substrate (Cu 111) play an important role and the substrate
could induce some conformational planarity in structures. It is important to notice that heteroatoms
are frequently observed within the “cove” area, buried inside of the structures (C1.3, C1.2, C1.36,
and C1.27). Molecule C1.3 is an extreme case because the internal S atom is also “sandwiched”
between the two helical moieties, making it inaccessible from all directions. This steric hindrance
accounts for the difficulty in removing the heteroatoms under hydroprocessing conditions.

cie c1.2 c1.7 C1.36

O CH, CH,
o L) " s $2%
Ho, & by

a3 > Sy o & - .
”f)ﬁﬁfw‘“‘ 03000009, 'W-ﬂ##:é“

' s 9 C
)
o X% Na pEW ’ »a b <% P9y’
*9 PN - e =Y > 2 9 2 o
¢ rey %8 b . >, GG RS,
+a ¥ e 0 B 0 @ +9 it 2 @ oy
e o “eTe e e PP 29 99 LN B
' @0 ““-‘ & o “‘J a " 1 >d > @ >d @9 & b L i S o
¥ L ] & g .
JJJ JJ,“J"'JJ f ¥ 3 A, 2 e oa) Jr.l ” 2y S0,
] & M
> ‘J“‘ 3 ‘J j >
3



c1.13 c1.1 c1.20 c1.19 C1.35

2 2 2 b 2 2 b
WW - g ? SNSRI 03 2 s
? ? M 3 2 8 Mf‘f >
N e ““ r&
-]

F-— 4‘-4 JJ“ e " ‘)“" b
g%’ , o + 3 " DB O B, e oo ’
P 3 *a a9 g e 9 9 e ol N, 9
gt eT e ? 9 09 o 2 * e -9 d Hhd 9

) D4 4 > P T T T @ @ > > 2

F-— ) “ @ g > > &

e 4 > o o _a e @ 5 02 2 Pa pa

5 80 9, P LR A ] >0 ] > e

Fas” e o 9 9 o +d 29 -

- ¢ ° - TR 2,34 »o
> g
>4
4 9
>
é Y
C1.62 Cc1.27 C1.43

9
g 9
"‘J‘j e ; 9 .9
> @ 9o T B ’gP J‘ ‘J
¥ P8 DB _D > 9
bd 80 2 . 540 88 &8 &t 2k J‘J‘i,a >
. @ DO _d ; 4 R ]
"] E : - / e l ‘ ; J
o 0 a‘, ‘,&; >a 2 “;‘(J‘,J‘_J.a: s o 99 o 0,
- ‘ L - 9 ‘ < ,
R R, po 2 9, N o 7059 = > 7
>a S @9 3 g
Y @ P L)

Figure 3. Representative detailed molecular structures from AFM imaging with geometries
optimized with DFT calculations. The chemical structure, along with the side and top views show
the conformations of each structure.

It is a significant point that five-membered rings are frequently observed in many of these
molecule, and sometimes even seven-membered rings are observed. The molecular geometries of
PAHSs can be classified as alternant and nonalternant hydrocarbons (Figure 4). The best way to
check whether a PAH is alternant or nonalternant is to use the star-unstar approach. Starting with
any carbon atom by putting a star in the molecule and going around the ring alternating putting
stars, if at the end, two atoms are next to each other that are starred (or unstarred), the molecule is
nonalternant. There are important differences among these structural isomers. For example, despite
sharing the same CioHg formula, nonalternant azulene is blue while naphthalene is colorless.
Pyrene and fluoranthene share the same formula (Ci¢Hio, Figure 4), but the nonalternant
fluoranthene fluoresces strongly, and differently, than its isomeric alternant pyrene. While
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alternant molecules have mirror-related bonding and antibonding orbitals, nonalternants do not
have mirror-related orbitals, resulting in nonzero charges on some atoms and a different electron
distribution.** Therefore, nonalternant hydrocarbon are significant because of many unusual
electronic properties they exhibit, such as large dipole moments, long fluorescence lifetimes, UV-
vis light absorption, and high electron affinities.

nonalternant alternant
alternant nonalternant nonconjugated nonconjugated

99
C1eH10 Ca3H1o
Pyrene fluoranthene 9H-fluorene phenalene

Figure 4. Classification of nonalternant and alternant polycyclic aromatic hydrocarbons by the
starring approach.

Many structures observed by AFM imaging in Figure 2 are new molecules and have never
been discovered in the literature. Most of them are alternant, but nonalternants are also observed.
These two isomers cannot be easily distinguished by conventional techniques such as NMR or
MS. This indicates that other techniques, such as fluorescence or UV-vis, might be valuable to
consider for quantifying their presence. The significance for the distinction of alternant and
nonalternant hydrocarbons, and the presence of nonalternant PAH will be discussed in more detail
below. Calculations (Figure 3) predicted and confirmed that hydrocarbon molecules containing a
five-membered ring without heteroatoms have a larger dipole moment and become a more polar
molecule, e.g. compound C1.43 (1.22 Debye). As expected, heteroatoms contribute significantly
to the polarity of molecules, such as molecules C1.36 (2.67 Debye, N), C1.20 (2.32 Debye, O),
C1.19 (2.32 Debye, N), and C1.62 (2.13 Debye, S).

A second type of nonconjugated nonalternant hydrocarbons are also observed, such as
fluorene with a CH» bridge between two aromatic rings (Figure 4). It should be noted that fluorene
has an odd carbon number and the fully conjugated isomer (Ci3H1o, phenalene) has a non-Kekulé
structure. Some free radical species have been observed from the distinctive singly-occupied
molecular orbital or SOMO?® of these free radicals (e.g., CA12) as imposed by its geometry, i.e.,
a fully conjugated aromatic system is not possible with an odd carbon number PAH. Unless the
geometry of molecules was thermally altered or structurally rearranged, these free radicals were
very likely native free radicals. The presence of stable free radical species in native asphaltenes
has been reported since the1960s,’® when free radicals were detected by electron spin resonance
(ESR) spectroscopy and remained a subject of active research.’!->> Therefore, detection of these
odd-carbon number PAHs might provide a clue to the presence of these types of free radicals and
their structures.

It 1s helpful to understand the structure of these PAHs within the context of hydrocarbon
spaces. For polycyclic aromatic hydrocarbons (PAHs) composed of six-membered rings only, the
maximal number of topological structures is based on polyhexes in mathematics. The form of
polyhexes can be enumerated for a certain number of hexagonal rings (R) by 1 (IR), 1 (2R), 3
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(3R), 7 (4R), 22 (5R), 82 (6R), 333 (7R), 1448 (8R), 6572 (9R), and 30490 (10R). Therefore, the
number of possible structures for a molecule composed of ten hexagonal rings can easily reach
~30,000. Computer algorithms have been developed and the enumeration of benzenoid
hydrocarbons has reached ~ 5.8 x 10! for 35 fused benzene rings.>® It should be noted that although
not all predicted polyhexes are reasonable chemical structures. In this aspect, Dias prepared
periodic tables by enumerating possible chemical isomers for each formulas,>*® and in later
studies with five-membered rings incorporated,®’ and correlation of relative energetics and
stabilities with structures.®?

4.3. Energetics and stability of PAHs

Aromaticity can be considered to impart increased stability at the loss of olefin reactivity.
Although its electronic nature is often associated with 4n+2 7 electrons by Hiickel’s rule, it was
only intended for monocyclic systems such as benzene and annulene.®® For polycyclic aromatic
hydrocarbons (PAHs), only two-ring (naphthalene, C10Hsg) and three-ring aromatic hydrocarbons
(phenanthrene and anthracene, CisHio) are consistent with 4n+2 rule, while most other PNAs
larger than three rings do not follow this rule (Figure 5). For example, pyrene has 16 & electrons
and coronene has 24 &t electrons, making them antiaromatic according to Hiickel's rule. To extend
Hiickel’s rule to PNAs, the Platt’s perimeter model (which traces only the peripheral carbons) was
developed.®* With this modification, pyrene (14) and coronene (18) are now consistent with the
4n+2 rule. More recent models describing the aromaticity of PAHs include the Randié’s
Conjugated Circuit (CC) Model.%
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Figure 5. Electron counting rules for describing aromaticity of monocyclic (benzene) is different
with PAHs. The Hiickel’s 4n+2 rule applies for monocyclic system (such as benzene) only, and
cannot be used for PAH. The addition of Platt’s perimeter rule (by tracing only the peripheral
carbons, shown in bold) make PAH consistent with 4n+2 rule.

The relative energetics and stabilities of PAHs are related to the Kekulé structures. For
example, the Hull’s rule states that the greater the Kekulé structure count, the greater is the
thermodynamic stability of a benzenoid hydrocarbon. Clar’s sextet theory is the most prominent
theory for benzenoidal PAHs and has received widespread application. Clar’s sextet rule states
that the Kekulé resonance structure with the largest number of disjoint m-sextets is the most
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important to characterize properties of PAHs.®® Aromatic n-sextets were defined by Clar as six 7-
electrons localized in a single benzene-like ring separated from adjacent rings by formal C—C
single bonds. With this theory, it is easy to understand the decreased stability (increased reactivity)
with increasing number of rings in polyacenes. For example, hexacene (6-linear annulated benzene
rings) is unstable to both light and air.*> Calculations confirmed that the singlet-triplet band gap of
polyacenes decreases as the system size increases, and reaches zero for 9, meaning the most stable
form of polyacene for n = 10 is essentially a biradical.®” These predictions have been confirmed
by the recent experimental work on heptacene at ~150 K,® and the synthesis of polyacenes on a
gold surface with STM.® By examining the structures shown in Figure 2, it is important to notice
that the maximal number of linear rings in petroleum molecules is three, and a kink or turn is found
whenever the linear rings reaches three, which we dubbed the Rule of Three (Figure 6), indicating
a fine interplay between the kinetic reactivity and thermodynamic stabilities of these PAH
molecules found in petroleum structures. Recently it has been shown that the relative stability of
kinked vs. straight topologies in PAHs is driven by aromaticity.”

C1.35 C1.29 C1.11

O CH; Q

S P

GEGL, GEG

CH,

Figure 6. Petroleum structures identified with AFM imaging have three or fewer linear rings.

Clar’s m-sextet rule can be applied only to PAHs having six-membered rings (6-MRs), i.e.,
benzenoid species. Glidewell and Lloyd proposed to extend the Clar rule to non-benzenoid PAHs
containing four- and eight-membered rings which is later known as the Glidewell-Lloyd rule.®
Relative stabilities of PAHs can be analyzed with these theories, and it has been empirically
categorized based on reactivities and stability,*> and three types of structures has been
categorized.®> 7! For example, the most stable type of molecules are those having only one Clar’s
structure composed of only sextets and empty rings (indicated by inscribed circles, D in Figure
7), such as triphenylene and hexabenzocoronene (which has a melting point much higher than the
glass tubes used to measure melting point),’® and they were termed fuully benzenoids by Clar,’ or
total resonant sextet (TRS) by Dias, or all-benzenoid by Cyvin and Gutman, or fully aromatic by
Randié.”! The next most stable are those benzenoids with several Clar structures (i.e, C), and
benzenoids with only one Clar structure with a fixed sextet and double bonds are next least stable
(phenanthrene and pyrene, B).%°

13



More reactive
(less stable)

Less reactive
(more stable)

Figure 7. Stabilities of PAHs predicted by Clar’s sextet theory.

However, since the least stable are polyacenes with only one sextet (A), four types of PAHs
can be distinguished by modifying the previous three PAH classes (Figure 7). Based on this
analysis and the observed structures in Figure 2, it is found that the most stable (D type) and least
stable (A type) structures are very rare (the only exception is triphenylene), and that most of them
are consistent with intermediate B and C types. This initial analysis can be used to study other
structures.

4.4. Local aromaticity of PAHs

According to the IUPAC Gold Book,”* aromaticity is defined as the concept of spatial and
electronic structure of cyclic molecular systems displaying the effects of cyclic electron
delocalization which provide for their enhanced thermodynamic stability (relative to acyclic
structural analogues) and tendency to retain the structural type in the course of chemical
transformation. Aromaticity is a typical example of a unicorn in chemistry; as a popular concept
in chemistry everybody seems to know what it means although it is just a virtual quantity rather
than experimentally observable.”® There are many indices to quantify aromaticity based on various
criteria. The well-known indices based on energetics include: Dewar Resonance Energy (DRE,
1965), Total Resonance Energy (TRE, 1976), and Aromatic Stabilization Energy (ASE). The
structural indices include: HOMA, EN, and GEO.”*73 The electronic distribution indices include:
PDI and FLU. Finally the indices based on magnetic shielding include: TRC, ARCS, CDA, and
NICS.”®

Local aromaticity can be conveniently assessed using the aromaticity index NICS (nucleus-
independent chemical shifts),** which is a measure of local aromaticity of each ring of a PAH
including both alternant and nonalternant PAHs.””””” Enabled by this magnetic index, the
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continuous aromaticity spectrum can be classified from aromatic to nonaromatic to antiaromatic
according to the computed NICS value for a few typical PAHs (Figure 8).
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Figure 8. The local aromaticity calculated with NICS(1) in ppm (one angstrom above the center
of each ring) computed with B3LYP/6-311G(d,p). Color schemes are relatively more aromatic in
blue, nonaromatic in green, and more antiaromatic in red.

As a benchmark, the chemical shifts calculated at the center of aromatic benzene is -10.2
ppm, and antiaromatic cyclobutadiene is +18.8 ppm. The aromaticity in naphthalene and
anthracene is expected, although more aromatic character (decrease in chemical shift) predicted at
the middle ring of anthracene is a known issue for this method and has been extensively discussed.
In phenanthrene, the middle ring (-7.7 ppm) has decreased aromaticity vs. the two side rings (-10.5
ppm), as expected from Clar’s sextet theory. Similarly, NICS calculations for other PAHs
(triphenylene, pyrene, and coronene) are also precisely consistent with predictions by Clar’s rule.
Furthermore, the decreased aromaticity character due to annelation with antiaromatic
cyclobutadiene are also correctly predicted. Although thiophene and pyrrole are predicted to be
aromatic, it is interesting to note the S-containing central ring of the aromatic dibenzothiophene is
nonaromatic, with a magnitude comparable to the middle rings of pyrene. Based on this, it is not
surprising to see that the nonconjugated five-membered ring of fluorene (- 2.4 ppm) has little
aromatic character, since it is equivalent to a CH; bridged biphenyl molecule. However, the
conjugated five-membered ring in fluoranthene is even less aromatic (+ 0.5 ppm) than of the
nonconjugated fluorene. It indicates the significance and unusual behavior due to the presence of
a central five-membered ring in nonalternant hydrocarbons observed in petroleum. It showed that
the presence of a five-membered ring functions as a divider in a PAH prevents the delocalization
of electron density in the molecule. Taking together the predictions of the alternant benzenoids
with Clar’s theory and the nonalternant PAHs with NICS, it suggests that in polycyclic aromatic
systems, rather than delocalization, the electron density in a PAH is localized and the conjugation
is avoided, which is dramatically different with the conventional view in simple organic molecules
that conjugation (or delocalization of electron density) is often considered as favorable and lower
in energy. For this reason, we dub it as selfish aromatics. It should be noted this generalization in
both alternant and nonalternant PAH is consistent with the Glidewell-Lloyd rule®® and recent
studies on individual systems.5> 8!
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4.5. Electronic structure and electron density distributions in PAHs

One major difference between nonalternant and alternant PAHs is the electron density
distribution. While alternant hydrocarbons such as naphthalene, pentacene, pyrene, and coronene
are normal type and have symmetric charge distributions, nonalternant PAHs such as azulene and
fluoranthene have noticeable charge accumulation, as indicated by the electrostatic potential
surface on the electron density plots (Figure 9). Compared to naphthalene, with its relatively even
distribution among the two rings, significant charge separation among the two rings of azulene is
noticed, with negative charges accumulated in the five-membered ring, and positive charges
accumulated in the seven-membered rings. This non-even charge distribution is also evident in
nonalternant fluoranthene, with positive charge distribution in the five-membered ring. Based on
this, it is reasonable to understand the presence of five-membered rings in nonalternant PAH
structures in petroleum molecules. The significant charge separation will provide a driver for larger
than usual intermolecular van der Waals forces and even charge transfer between among
aggregation of petroleum asphaltene molecules.®?

i/‘*ii =

seece

naphthalene pentacene
pyrene

coronene

azulene fluorene
fluoranthene

Figure 9. Electrostatic potential surfaces (isovalue 0.004) mapped onto the electron density plot
(isovalue 0.02), with color schemes as negative in red and positive in blue.

4.6. UV-vis absorption

UV-vis spectroscopy is a great tool to study aromatic molecules, not only because UV-vis
spectrometers are readily available, but because the electronic transition measured by UV-vis is
related to the electronic structure of conjugated n systems. The abundant aromatic molecules in
petroleum manifest themselves by the canonical black color crude oils, and the origins for the
black of color of most heavy oils, resids, and asphaltenes has been extensively studied.®*%*

16



Although crude oils of other colors (e.g., blue oil #) has been reported, it was shown to be due to
the fluorescence emission by perylene, indicating the multifaceted reasons for the apparent color
of petroleum. It is understandable that heteroatom enrichment in these fractions plays an important
role in the optical spectra, but the role of PAHs (or aromatics) is also significant to the light
absorption in the visible range, and has been treated extensively.®® In his classic book  The
Aromatic Sextet (1972),% Clar examined numerous compounds and their UV-vis absorption and
some of them are listed in Figure 10. It can be seen that these stable PAHs of up to five, six, seven,
or even more fused rings with more sextets could not absorb much visible light, and hence would
appear light color or colorless. Hence Clar reasoned that the dark color of graphite must appear
very late (i.e., much larger number of rings).®® Later the Urbach tail (Urbach energy), which was
commonly encountered for the light absorption below the band gap of semiconductors (B
region),}” was involved for the long-wavelength light absorption of asphaltenes.®® More detailed
studied focused on the long-wavelength absorption > 600 nm indicated that the large PAHs (up to
15 rings) and decreasing sextet carbon fractions were identified as the key contributors by MO
calculations on hundreds of alternant (six-membered rings) PAHs 8384 88

o
0 G OO0
W IR a0s e

287 nm 295 nm
colorless colorless

435 nm
331 nm pale yellow pale yellow
hexbenzooronene (HBC)

Figure 10. The UV-vis absorption with only the longest wavelengths shown and the color of a few
PAHs indicated.

It 1s interesting to explore origins of the light absorption of PAHs based on the authentic
structures observed by AFM imaging. TD-DFT calculations (Figure 11) showed some of the
compounds to have long wavelength absorption. It can be seen that a few compounds could
actually absorb significantly in the visible region. Although some contain heteroatoms (C1.27,
C1.36), hydrocarbons alone could also absorb in the visible wavelength. This further confirms the
previous analysis that the most stable fully benzenoids are rarely found in petroleum PAHs.
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Figure 11. UV-vis spectra predicted by TD DFT calculations on the AFM structures.

Another notable reason could be due to the presence of nonalternant PAHs in asphaltenes.
It is well known that nonalternant aromatic molecules have distinctive light absorption spectra.
For example, the longest wavelength at which azulene absorbs light is 700 nm whereas the longest
for isomeric naphthalene is only 280 nm. By introducing pentagons/heptagons into the aromatic
system, the aromatics could reach further into the infrared region, covering the whole UV-vis
spectrum. This provides an additional explanations for the black color of petroleum oil, in
additional to previously studied very large PAH and their aggregations,® heteroatoms, metals, free
radicals, and Urbach tail,** etc. These studies on understanding the spectrum of light absorption
could help take advantage of these heavy petroleum species for optical applications.

4.7. The location of double bond character

It is not only important to know the overall stability of the molecules based on aromaticity,
but also important to understand the local reactive sites within a molecule. Quantifying bonding
order provided such a means to understand the olefinic character of certain bonds in aromatic
compounds. As mentioned above, aromaticity can be considered as the extra stability gained at the
loss of olefinic reactivities, such as the electrophilic substitution reaction of benzene instead of
addition reaction of alkenes. Bond order analysis provides a convenient way to compare the bonds
within the same molecule and among different structures. The bond order calculated form natural
orbital analysis by DFT is presented in Figure 12.
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Figure 12. Computation of bond order with natural molecular orbitals. The scale of bond order at
left is calibrated by some aromatic molecules with calculated bond order shown for the specific
bond location indicated in red; and (right) in each molecule among all bonds only bonds with
highest bond order are shown in red. Reprinted with permission from Ref. [40]. Copyright 2018
American Chemical Society.

Benchmarked by alkane (bond order 1 in ethane) and alkene (bond order 2 in ethylene),
the bond order of benzene is 1.44, which can be considered as a reference for aromaticity.
Naphthalene (bond order 1.56) and phenanthrene (1.65) have increased partial double bond
character, especially the CC bond at the 9,10-poition of phenanthrene has been considered as a
true double bond because it can participate in most olefinic reactions. Therefore, a bond order
above 1.65 can be considered as an olefinic bond in PAHs. The bond order of the olefinic bonds
in acenaphthene (1.75) and styrene (1.90) have higher bond orders. Therefore, it can be seen that
bond orders in PAHs span the whole range of bond orders, from single to double bond. Certain
locations in PAHs can not only increase bond order to reach that of olefins, but also can decrease
and reach that of single bond (e.g., 1.12 in triphenylene).

Based on this, it is important to analyze the detailed structures from AFM imaging. It can
be seen that most molecules have a few bonds with significant double bond order, although it is
generally believed that naturally occurring petroleum molecules are devoid of olefins (alkenes)
and only composed of aliphatic (alkanes) and aromatic moieties. In rare cases where olefins were
detected, it was eventually found that they were generated from special external sources (e.g.
radiolysis).*” From this study, we can conclude that although conventional olefins may not be
present in petroleum (e.g., by the criteria of olefinic region in NMR), partially enriched double
bonds are ubiquitous in petroleum as soon as PAHs are present. Recognition of this results is
important in understanding the reactivities of aromatic molecules in petroleum and in the design
of reactions.
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5. Conclusions

In this chapter, the molecular characterization for organic molecules was reviewed, with a
focus on new characterization tools using the molecular imaging technique at atomic resolution.
Noncontact atomic force microscopy (nc-AFM) was introduced and its applications to characterize
the unknown molecular structure in petroleum asphaltenes and heavy oils have been reviewed. A
systemic analysis on these structures from AFM imaging is presented. PAHs can be categorized
as alternant and nonalternant hydrocarbons, and both are present in these AFM imaged structures.
The presence of nonalternant PAHs (containing a five-membered or other odd-number carbon
rings) are especially worth noting, because their abundance in petroleum was not clear and not
well studied. Aromaticity analysis indicates that local aromaticity is maximized and these five-
membered rings function as a divider within PAH structures, which is also evident from
electrostatic potential surfaces. Clar’s theory was used to analyze the relative stability of different
kinds of PAHs by classifying them into four groups. It was found that, while the most stable and
least stable type of PAHs are rare, the two intermediate kinds are most abundant. Finally, the partial
double bond of PAHs was revealed by quantitative bond order analysis and showed certain sites
of a PAH could attain significant double bond character, enabling them be the reactive sites
participating in chemical reactions.
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