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Geometries, molecular Rayleigh scattering, Raman
and infrared frequencies of polycyclic aromatic
hydrocarbons and subunits of graphite studied by
DFT methods¥

Freja Hasager, (2 Ole John Nielsen® and Kurt V. Mikkelsen (2*

This study presents a computational investigation of geometric parameters, infrared (IR) and Raman
frequencies as well as molecular Rayleigh scattering of polycyclic aromatic hydrocarbons (PAHs), used as
models for subunits of larger graphitic materials. DFT functionals B3LYP, wB97XD and M06-2X with basis
sets 6-31+G(d,p), 6-311+G(d,p), aug-cc-pVDZ and aug-cc-pVTZ were utilized in different combinations
in the investigation of two molecular systems: 2H-benzo(cd)pyrene and double-layered 2H-benzo(cd)
pyrene. Bond lengths and angles of central carbon atoms in the different subunits varied by a maximum
of 2% between systems. Calculated Raman spectra compare well with experimental and simulated
Raman spectra from the literature of other PAHs, and only to some extent with experimental spectra of
graphitic materials. The molecular Rayleigh scattering was found to increase by a factor of 3.5 upon
addition of an extra layer to the system.

We investigate how black carbon particles can affect the climate by the direct scattering and absorption of light. Black carbon (BC) particles are strong warming
agents of the same magnitude as methane and they pose a threat to human health. Emissions of these particles are estimated to be around 7500 Gg year™ ' and

the particles are able to travel long distances from the source areas. Basically, BC particles are systems that we need to know more about. It is important to know

the photophysical properties of the BC particles in order to understand their impact on the climate.

1 Introduction

Aerosols affect climate by the direct scattering and absorption
of light and by the indirect effect of cloud interactions."*
Carbonaceous particles pose a threat to human health as they
have been found to be the cause of cardiovascular and respi-
ratory diseases.>* Ultrafine BC particles (less than 0.1 pm) and
fine (less than 2.5 um) penetrate deep into the lungs and carry
with them carcinogenic polycyclic aromatic hydrocarbons
causing lung cancer.>** Black carbon (BC) is a strong warming
agent of the same magnitude as methane.® The source of BC is
incomplete fossil fuel combustion and biomass burning. The
term soot is used mainly in the combustion community
whereas BC is used in the atmospheric community. Different
emission inventory methods estimated the 2000 total global BC
emissions to be 7500 Gg year " with an uncertainty of 2000~
29,000 Gg year . There is a large potential for emission
reductions. BC also plays a special positive warming role in the

Department of Chemistry, University of Copenhagen, Universitetsparken 5, 2100
Copenhagen @, Denmark. E-mail: kmi@chem.ku.dk
available. See

+ Electronic supplementary information

https://doi.org/10.1039/d1ea00105a

(EST)

© 2022 The Author(s). Published by the Royal Society of Chemistry

Arctic due to deposition on snow and ice. It is well known that
BC particles travel long distances from the source areas.*® BC
particles are spherules consisting of wrinkled graphite layers
forming disordered structures containing different levels of
elemental carbon and they absorb strongly in the ultraviolet,
visible and infrared wavelength ranges. Measurements of BC
mass concentrations rely on the optical properties of BC. Real-
time methods are based on measurements of optical proper-
ties: extinction, scattering and absorption in wavelength
regions where interferences from other species can be mini-
mized or completely avoided. Large uncertainties exist in the
determination of aerosol induced radiative forcing used in
climate models.® Assessment of the properties of particles is
thus important in understanding the climate impact of
anthropogenic aerosol emissions, and hence minimizing the
uncertainty in the radiative forcing from aerosols in climate
models. Optical properties are also important for detection and
quantification of BC. In this study graphite subunits were used
to investigate properties of graphite on the molecular scale.
Here, the vibrational frequencies, Raman shifts and Rayleigh
scattering, as well as the geometries have been determined for
two different polycyclic aromatic hydrocarbons. The
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(a) 2H-Benzo(cd)pyrene.

View Article Online

Paper

S s

(b) Two-layer subunit consisting of two 2H-
benzo(cd)pyrene molecules.

Fig. 1 Graphite subunits investigated in this study: 2H-benzo(cd)pyrene (a) and double-layer 2H benzo(cd)pyrene (b). Gray represents carbon

atoms and white represents hydrogen atoms.

investigated subunits were: 2H-benzo(cd)pyrene and a double-
layer system consisting of two 2H-benzo(cd)pyrene molecules.
The structures are given in Fig. 1.

2 Computational approach

Graphite subunits were investigated computationally using the
Gaussian16 program.'® Calculations were performed with three
density functional theory (DFT) functionals: B3LYP, wB97XD
and M06-2X. The hybrid functional B3LYP was chosen, as it has
previously proven useful in the study of PAHs."*> The wB97XD
functional has also shown to provide reliable results for PAHs"
and the Minnesota functional M06-2X has previously given
excellent results for aromatic-aromatic stacking interactions.**
The DFT functionals were used in combination with the basis
sets 6-31+G(d,p) and 6-311+G(d,p)** and the correlation
consistent basis sets aug-cc-pVDZ and aug-cc-pVTZ.'® Specifi-
cally, 2H-benzo(cd)pyrene was investigated using B3LYP,
wB97XD and MO06-2X in combination with 6-31+G(d,p), 6-
311+G(d,p), aug-cc-pvVDZ, and aug-cc-pVTZ, while the double-
layer subunit was investigated using B3LYP, wB97XD and
MO06-2X in combination with basis sets 6-31+G(d,p) and 6-
311+G(d,p). As this study presumes to model graphite subunits,
diffuse functions were added only to the carbon atoms. Polari-
zation functions were added to both hydrogen and carbon
atoms.

Isotropic, &, and anisotropic, @, polarizabilities were used to
calculate the molecular Rayleigh scattering (R) by the relation
(R) = 450” + 135>.1718

3 Results and discussion
3.1 Geometry optimizations

3.1.1 Single-layer subunit. Geometry optimizations of 2H-
benzo(cd)pyrene were performed at the B3LYP, wB97XD, and
M06-2X levels with the basis sets 6-31+G(d,p), 6-311+G(d,p) and
aug-cc-pVDZ. The basis set aug-cc-pVTZ was also used with
functionals B3LYP and M06-2X (Fig. 2). The three carbon atoms
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in the center of the molecule, 3, 4 and 8, were investigated with
respect to bond lengths, denoted R, and bond angle, denoted A.
The bond lengths and the bond angles calculated at different
levels of theory are represented in Fig. 3. Values used to
construct the plot, as well as all following plots, can be found in
the ESL.t The bond lengths R(3, 4) and R(3, 8) proved to be
identical within the same method/basis set combination. Vari-
ation between method/basis set are greatest between the B3LYP/
aug-cc-pvVDZ and M06-2X/aug-cc-pVTZ calculations with a vari-
ation of 0.6%. The largest variation of the bond angle is between
the B3LYP/6-31+G(d,p) and M06-2X/6-311+G(d,p) calculations
with a value of 0.1%. Thus, the geometry does not change
notably between the different levels of computational method.

3.1.2 Double-layer subunit. Geometry optimizations for the
double-layer graphite subunit, consisting of two 2H-benzo(cd)
pyrene molecules, were performed utilizing B3LYP, wB97XD
and MO06-2X functionals with 6-31+G(d,p) and 6-311+G(d,p)

Fig. 2 2H-Benzo(cd)pyrene optimized at the M06-2X/aug-cc-pVTZ
level of theory. Labels indicate atom number.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Bond lengths of R(3, 4) (white squares), R(3, 8) (black squares) and angle A(4, 3, 8) (gray circle) between center atoms of 2H-benzo(cd)
pyrene as a function of method and basis set. Bond lengths are given on the left axis and the bond angle is given on the right axis.

Fig. 4 Structure of the double-layered graphite subunit optimized at the M06-2X/6-311+G(d,p) level, shown from side view (a) and top-side

view (b). Labels indicate atom number.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Bond lengths and angles of center atoms of the double-layer structure as a function of functional and basis set. Squares represent bond

lengths and are given on the left axis. Circles represent bond angles and are given on the right axis.

basis sets. Fig. 4 displays an optimized structure of the double-
layered subunit from two different angles.

The distance between the two layers, 3.3222 A, is estimated
in GaussView6.0.16 (ref. 19) as the distance between atom 3 and

33, both located at the center in each of the two layers. In Fig. 5
the bond lengths and angles between the center atoms in the
two layers are shown as a function of basis set and method. The
6-31+G(d,p) basis set systematically estimates higher values
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Fig. 6 Calculated IR spectra of 2H-benzo(cd)pyrene at the M06-2X/6-311+G(d,p) and M06-2X/aug-cc-pVDZ level of theory (a), and of 2H-
benzo(cd)pyrene and double-layered 2H-benzo(cd)pyrene at the M06-2X/6-311+G(d,p) level of theory (b).
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Table 1 Vibrational IR frequencies in units of cm ™! of the major peak
for 2H-benzo(cd)pyrene and double-layer 2H-benzo(cd)pyrene

B3LYP wB97XD MO06-2X
2H-Benzo(cd)pyrene
6-31+G(d,p) 860.5708 869.8538 871.9956
6-311+G(d,p) 857.9248 866.3583 867.063
aug-cc-pvDZ 870.8079 878.762 883.4537
Double-layer
6-31+G(d,p) 865.2546 880.3031 877.3855
6-311+G(d,p) 858.5925 871.9908 873.8561

than 6-311+G(d,p) by a maximum of 0.2%. Bond lengths R(3, 4),
R(3, 8) and angle A(4, 3, 8) belong to the top layer, while bond
lengths R(33, 34), R(33, 38) and angle A(34, 33, 38) belong to the
bottom layer. The two angles are almost identical at a given
functional/basis set combination. Angles obtained by different
combinations of basis set and functional only vary up to 0.2%.
The greatest variation between bond lengths, regardless of basis
set/functional combination, proved to be 0.6%. As for the single
layer, only small variations in the optimized geometries were
identified depending on level of theory and/or location in the
system.

3.2 Spectral properties

IR vibrational frequencies, Raman shifts and polarizabilities
were calculated for 2H-benzo(cd)pyrene utilizing functionals
B3LYP, wB97XD and MO06-2X with basis sets 6-31+G(d,p), 6-
311+G(d,p) and aug-cc-pVDZ. For the double-layer subunit,
functionals B3LYP, wB97XD, and MO06-2X were utilized in
combination with basis sets 6-31+G(d,p) and 6-311+G(d,p).

View Article Online

Environmental Science: Atmospheres

3.2.1 Infrared frequencies. Experimentally determined IR
spectra of graphite crystallites, carbon nanotubes and highly
oriented pyrolytic carbon show two major active modes at
868 cm™ ' and 1575 cm™ ', from out-of-plane and in-plane
carbon-carbon vibrations, respectively.”® The calculated IR
spectra of 2H-benzo(cd)pyrene and the double-layer subunit are
given in Fig. 6b, and show one dominant peak in the 850-
900 cm ' range that corresponds to the out-of-plane C-C
vibrational mode. The double-layer subunit also has a C-H
vibrational mode at 3200 cm™". The peak at 1575 cm ™" is only of
minor intensity in the theoretical spectra. Possibly due to the
model systems being much smaller than the measured system,
i.e. the model systems contain fewer C-C bonds that can
contribute to the intensity of the 1575 cm ™" peak. Likewise, the
experimental spectra do not contain a peak at 3200 cm ™', as
there are zero to little C-H bonds in the system. It is also seen
that the spectrum of the double-layer subunit contains more IR
features than the spectrum of 2H-benzo(cd)pyrene, as the extra
layer introduces more vibrational modes.

The calculated IR spectra of 2H-benzo(cd)pyrene and the
double-layer subunit contain major peaks in the 850-900 cm ™"
range arising from the out-of-plane vibration. Thus this mode
has been compared to the experimental value of 868 cm .
Improved computational accuracy would be expected as a result
of increasing basis set size and with each step up on the rungs
of Jacob's ladder.*** In Table 1 and Fig. 7 it is seen that the
frequency for 2H-benzo(cd)pyrene calculated at the M06-2X/6-
311+G(d,p) level is closest to the experimental value, under-
estimating the experimental frequency by 1 cm™*. The calcula-
tions from wB97XD in combination with the Pople basis sets are
2 cm ™" from the experimental value, and hence the second best
determinations. The wB97XD and M06-2X with aug-cc-pVDZ

levels overestimate the frequency by 11 and 15 cm™,
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IR vibrational frequencies of the major peak for 2H-benzo(cd)pyrene (squares) and the double-layer subunit (circles) obtained by different

levels of theory. The black line represents the experimental value of 868 cm™! from Kastner et al.2°
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Fig. 8 Raman spectra obtained from M06-2X/6-311+G(d,p) calculations of 2H-benzo(cd)pyrene (gray line) and the double-layer subunit (black

line).

respectively, while the B3LYP/aug-cc-pVDZ level yields a value
3 em ™! above the experimental. The B3LYP method combined
with 6-31+G(d,p) and 6-311+G(d,p) underestimates the
frequency by 7 and 10 cm ™", respectively. The IR spectra of 2H-
benzo(cd)pyrene calculated at the aug-cc-pVDZ level show that
the peak in the 850-900 cm ™" range is split in two, whereas the
other basis sets yield spectra with only one peak in that range,
see Fig. 6a. The peak used for the aug-cc-pVDZ analysis is the
high energy split, which is a possible explanation for why aug-
cc-pVDZ overestimates the frequency. For the double-layer 2H-
benzo(cd)pyrene the aug-cc-pVDZ basis set was not utilized. The
B3LYP calculations underestimate the frequency by 3 cm ™" and
9 em ™ for 6-31+G(d,p) and 6-311+G(d,p), respectively. Hence,

the B3LYP/6-31+G(d,p) method yields the best value. Func-
tionals wB97XD and MO06-2X with the basis set 6-31+G(d,p)
overestimate the frequency by 12 cm ™" and 9 cm ™%, respectively,
while the wB97XD/6-311+G(d,p) and MO06-2X/6-311+G(d,p)
calculations overestimate the frequency by 4 cm™ ' and 6 ecm ™,
respectively.

On the basis of this investigation it is concluded that the
wB97XD/6-311+G(d,p) level of theory yields reliable results for
both 2H-benzo(cd)pyrene and double-layered 2H-benzo(cd)pyr-
ene, with a maximum variation of 0.5% from the experimental
value. It is expected that by increasing the size of the subunit
a better calculated value would be obtained, as the graphitic
material used for the experimental determination is a large

1720 T T T
[ O B3LYr m wB97XD B M062Xx (O B3LYP @ wBI7XD @ MO6-2X
1700 b
]
) o
__ 1680 1
' o
L,
=
§ 1660 | mE 1
2 L n®
C
1640 | O 1
O
1620 [ U b
[ O
1600 ) : :
6-31+G(d,p) 6-311+G(d,p) aug-cc-pVDZ

Fig. 9 Major Raman shifts in the 1600-1700 cm ™ range calculated at different levels of theory for 2H-benzo(cd)pyrene (squares) and the

double-layer subunit (circles).
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Table 2 Raman shifts given in units of cm~? of the major peak for 2H-
benzo(cd)pyrene and double-layer 2H-benzo(cd)pyrene calculated at
different levels of theory

B3LYP wB97XD MO06-2X

2H-Benzo(cd)pyrene

6-31+G(d,p) 1623.2125 1659.0021 1659.7803
6-311+G(d,p) 1615.0978 1652.0413 1650.9097
aug-cc-pvVDZ 1614.0553 1650.3219 1653.6153
Double-layer

6-31+G(d,p) 1640.1342 1692.9805 1683.5198
6-311+G(d,p) 1631.7723 1685.1069 1673.4912

Table 3 Isotropic and anisotropic polarizabilities of 2H-benzo(cd)
pyrene and the double-layer subunit given in atomic units

Isotropic Anisotropic

B3LYP wB97XD MO06-2X B3LYP ®wB97XD MO06-2X
2H-Benzo(cd)pyrene
6-31+G(d,p) 244.92 234.42 239.05 230.02 214.86 225.31
6-311+G(d,p) 243.80 234.33 237.03  228.85 214.33 221.21
aug-cc-pVDZ  252.18 243.25 246.25 232.09 216.72 225.72
Double-layer
6-31+G(d,p) 537.34 481.81 481.03 164.12 162.58 171.98
6-311+G(d,p) 528.23 480.39 476.89  159.46 162.20 169.57

multi-layer system. Comparison between the two subunits
relative to the experimental value were done for frequencies
obtained by B3LYP, wB97XD and MO06-2X with basis sets 6-

View Article Online
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31+G(d,p) and 6-311+G(d,p). The calculated value for 2H-ben-
zo(cd)pyrene maximally varies 1.2% from the experimental
value, and 1.4% for double-layered 2H-benzo(cd)pyrene. Hence,
no improvement was observed going from the single to the
double-layer subunit. It is important to note that the experi-
mental IR features were measured for graphitic systems much
larger than the two subunits investigated here. Additionally,
calculations were performed for vacuum conditions, while
experiments were not conducted in vacuum. This introduces
some uncertainty when comparing theoretical and experi-
mental values, as these may not be directly comparable.

3.2.2 Raman shifts. Experimental Raman spectra of
graphitic materials show an intense peak at 1580-1583 cm ™'
and another at 1350-1370 c¢cm™'.2°**2* The 1580-1583 cm~
peak, called the G band, arises from sp* carbon in the crystalline
part of graphite, and the 1350-1370 cm " peak, named the D
band, arises from defects in the crystalline part, like the edge-
line. Experimental Raman spectra also contain two overtone
features: D’ at 1620 cm™ " and G’ at around 2700 cm™".?* The G’
band broadens with increasing number of layers.>®

Fig. 8 shows calculated Raman spectra for 2H-benzo(cd)pyr-
ene and the double-layer system calculated at the M06-2X/6-
311+G(d,p) level. Very notable is the “missing” G’ band at
2700 cm ™' characteristic for graphitic materials. For both
subunits, the spectra contain features at around 1240-
1280 cm™ ' and 1650-1670 cm ™" that could be associated with
the D band from sp> carbon and the G band from disorder. At
around 3200 cm ' the calculated spectra each have a medium/
strong peak that arises from the C-H modes, similar to what is
observed for various PAHs.""”” The Raman spectra of these
PAHSs contain several features in the 1000-1500 cm ™"

1

range.
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Fig. 10 Molecular Rayleigh scattering for 2H-benzo(cd)pyrene (squares) and the double-layer subunit (circles) obtained from different levels of

theory.
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Thus, the Raman features identified here resemble PAHs better
than they resemble graphite.

From Fig. 8 it is evident that the calculated Raman spectra
for 2H-benzo(cd)pyrene and the double-layer subunit look
somewhat similar. The features in the double-layer spectrum
are shifted a bit to the left relative to the spectrum of 2H-ben-
zo(cd)pyrene. Both spectra contain several peaks in the 1100-
1600 cm ™' range. A zoom of this range, see ESI,T shows that the
double-layer subunit spectrum contains more features than the
2H-benzo(cd)pyrene spectrum, which is not surprising, as larger
systems contain more vibrational modes.

Fig. 9 and Table 2 show the Raman shifts at ~1600-
1700 cm™ ' arising from the C-C in-plane vibrational mode, for
2H-benzo(cd)pyrene and the double-layer subunit calculated at
different levels of theory. Comparison of the shifts within the
same functional but varying basis set yields a maximum varia-
tion of 1% for each of the two subunits. Comparison of the
shifts between the two subunits calculated utilizing all func-
tionals with basis sets 6-31+G(d,p) and 6-311+G(d,p) yields
a maximum variation of 2% for the wB97XD/6-31+G(d,p)
determinations, and a minimum variation of 1% for the B3LYP/
6-311+G(d,p) determinations. Functionals wB97XD and M06-2X
yield similar results for each of the subunits, while values
calculated at the B3LYP level are generally lower.

3.2.3 Rayleigh scattering. Table 3 shows the isotropic and
anisotropic polarizabilities of the two subunits calculated at the
different levels of theory. These polarizabilities are used to
calculate the molecular Rayleigh scattering presented in Fig. 10.
The average value for 2H-benzo(cd)pyrene was 3.23 x 10° a,?,
while the average value for the double-layer subunit was 1.15 x
107 a,’, i.e. a factor of 3.5 larger. This agrees well with the fact
that larger species scatter more light. B3LYP estimates higher
scattering than wB97XD and MO06-2X by about 10% for 2H-
benzo(cd)pyrene and about 20% for the double-layer subunit.

4 Conclusion

DFT functionals combined with different basis sets have been
used to investigate geometries, IR vibrational frequencies,
Raman shifts and molecular Rayleigh scattering for two
molecular systems used as model units for graphite. Geometry
parameters of 2H-benzo(cd)pyrene were calculated using DFT
functionals B3LYP, wB97XD, M06-2X in combination with basis
sets 6-31+G(d,p), 6-311+G(d,p) and aug-cc-pVDZ. Functionals
B3LYP and M06-2X with basis set aug-cc-pVTZ were also utilized
for the geometry optimization of 2H-benzo(cd)pyrene. The
geometry of double-layered 2H-benzo(cd)pyrene was calculated
utilizing functionals B3LYP, wB97XD, M06-2X with basis sets 6-
31+G(d,p) and 6-311+G(d,p). Bond lengths and bond angles of
central atoms in the two systems proved to vary by less than 2%
and 0.1%, respectively, between the systems. Thus, the config-
urations of atoms in these systems are not greatly affected by
increasing the system size by addition of an extra layer.
Theoretical IR spectra were calculated for both subunits. The
functionals B3LYP, wB97XD, M06-2X with the basis sets 6-
31+G(d,p), 6-311+G(d,p) and aug-cc-pVDZ was used for 2H-
benzo(cd)pyrene, while the basis sets 6-31+G(d,p) and 6-
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311+G(d,p) were utilized for the double-layer structure. IR
spectra contained a prominent peak at ~850-900 cm™ ", arising
from out-of-plane C-C vibrations. Comparison of this vibra-
tional frequency with an experimental value of 868 cm ' for
graphitic material showed no improvement of accuracy by the
addition of an extra layer of 2H-benzo(cd)pyrene to the system. It
was also found that the wB97XD/6-311+G(d,p) level of theory
yields the best result for both the single- and double-layer
subunits.

Calculated Raman spectra of the two subunits compared
better with experimental Raman spectra of PAHs than to those
of graphitic materials. Raman shifts of the C-C in-plane vibra-
tional mode calculated using B3LYP, wB97XD and M06-2X with
basis sets 6-31+G(d,p) and 6-311+G(d,p), varied up to 1%
between basis sets within a given functional for each of the two
subunits, and up to 2% for comparison of the two systems
within same functional/basis set combination. The most
consistent results were obtained by wB97XD and M06-2X.

Isotropic and anisotropic polarizabilities were calculated
and used to determine molecular Rayleigh scattering. Evalua-
tion of the scattering obtained from the B3LYP, wB97XD and
M06-2X functionals with basis sets 6-31+G(d,p) and 6-
311+G(d,p) for the two systems, showed that wB97XD and M06-
2X yielded similar results for each of the systems, while B3LYP
estimated values about 10% and 20% higher for the single- and
double-layer subunits, respectively.

In summary, it has been found that the computational
methods wB97XD, M06-2X/6-31+G(d,p), 6-311+G(d,p) are useful
tools for theoretical investigations of large polycyclic aromatic
hydrocarbons and consequently useful in expanding our
understanding of graphitic materials on the molecular scale.
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