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Abstract
We studied the structure of atmospheric soot using electron-diffraction-based pair distribution function (PDF) analysis,
and compared it with other carbon structures. Two reference materials were used: hydrogen-free amorphous carbon and a
kerogen sample with a H/C ratio of 0.61. First-neighbour atomic distances in atmospheric soot are as small as 0.134 nm,
much shorter than in graphite (0.142 nm) or in amorphous carbon (0.141–143 nm), but larger than the typical value
(0.131–0.132 nm) for kerogen. These results suggest that a high molar ratio of hydrogen is present in soot in small-sized
aromatic clusters. Such aromatic components can strongly inﬂuence the optical properties of soot particles. We found that
the quantitative electron diffraction method is an independent and efﬁcient alternative to the commonly used spectroscopic
methods for the analysis of the atomic structure of individual soot particles.
r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction
The term ‘soot’ is used for carbonaceous particles
that are produced by the combustion of fossil fuels
or vegetation, and have characteristic morphology,
size and microstructure (Gelencsér, 2004). As the
strongest absorbent of shortwave radiation in the
atmosphere, soot (or ‘black carbon’) has a strong
inﬂuence on the radiation balance of the Earth
(Jacobson, 2001; Penner et al., 2003).
The term ‘black carbon’ is frequently used to
emphasise the absorption properties of carbonaceous material. Black carbon is considered to be a
mixture of ‘‘graphite-like’’, elementary carbon and
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light-absorbing organic matter (Andreae, 2001).
Thermal and optical methods are routinely used
for the determination of light-absorbing properties
of carbonaceous aerosol particles. The results
obtained by these methods depend strongly on
operational conditions, leading in many cases to a
signiﬁcant under- or overestimation of the amount
of elemental (‘‘graphite-like’’) and organic carbon,
the two main components that are quantiﬁed
(Schmid et al., 2001).
In order to be able to assess the optical properties
of atmospheric soot, detailed information on its
structure is required. The widely accepted structural
model for soot assumes the presence of graphene
sheets that consist of a net of hexagons formed by
carbon atoms, as in graphite (Bockhorn, 1994). The
stacking of concentrically wrapped, curved graphene sheets results in a typical onion-like structure
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(Pósfai et al., 1999; Wentzel et al., 2003). However,
it has long been known from bulk spectroscopic
studies that soot formation involves the growth of
layers from aromatic rings (Abrahamson, 1977;
Lahaye, 1992; Apicella et al., 2004), and that
soot contains other elements besides carbon. The
chemical composition of soot depends strongly
on its source and the combustion conditions. Up
to 50% of the mass of soot can be organic
matter (Gelencsér, 2004). Thermal measurements show a H/C molar ratio of 0.15 in atmospheric soot samples (Huffman, 1996). These
compositional data are inconsistent with a structure
that consists of mainly graphite-like, elementary
carbon layers.
The optical properties of soot depend strongly on
its structure. Speciﬁc radiation absorption is determined by bond lengths, bond energies and vibrational properties, providing the basis for
spectroscopic methods that are used for deducing
the bonding structure. For example, graphite, the
sp2 form of elemental carbon, has characteristic
Raman modes which allow the quantitative measurement of the concentration of graphitic carbon in
aerosol samples (Bond et al., 1999; Mertes et al.,
2004). However, spectroscopy, as well as thermal
methods, provide averaged information over a large
volume of carbonaceous material. Direct measurements of the atomic level organisation of nanostructures in soot particles, and the identiﬁcation of
distinct local structures is an intriguing ﬁeld both in
atmospheric and in material sciences.
Transmission electron microscopy is well suited
for the morphological and chemical characterisation
of individual particles. The dependence of soot
nanostructure on temperature and production rate
was studied by Vander Wal and Tomasek (2004)
using high-resolution transmission electron microscopy (HRTEM). They characterised the nanostructure by the sizes and physical relationships of
fragments of the graphitic layer. Onion-like nanostructure was identiﬁed in HRTEM images of a
‘‘fullerenic’’ carbonaceous material that was produced in diffusion ﬂames, and characterised by a
curvature parameter (Goel et al., 2002). Since soot
nanoparticles are spherical, only a cross-section of
the spherules and the wrapped structure is revealed
by HRTEM images. The atomic arrangements
within the curved layers remain hidden. Therefore,
although HRTEM and conventional selected-area
electron diffraction (SAED) methods are very useful
for a general characterisation of soot structure, they

do not provide an insight into the local structures
within the graphene-like sheets.
The bonding conﬁguration can be deduced from
electron-energy loss (EEL) spectroscopy. Katrinak
et al. (1992) measured the energy difference of s*
and p* peaks in the EEL spectra of urban atmospheric soot and deduced that both the aggregates
and the individual spherules are mixtures of
graphite and hydrocarbons.
In the present study, we apply SAED in a
quantitative way to the investigation of the atomic
arrangement in individual soot particles from
atmospheric aerosol. Even though soot is amorphous, SAED patterns provide useful information
about its structure. By quantitatively measuring the
radial distribution of the diffracted intensity, it is
possible to obtain information on the local structure, in the form of frequency distributions of
interatomic distances.
Our results are interpreted by comparing the
observed distances to those in graphite and other
carbon structures. We highlight the main structural
differences between atmospheric soot and graphite,
and discuss the relevance of our ﬁndings to issues in
atmospheric science.
2. Experimental
The measured soot particles are aggregates of
many primary spherules and have diameters of
250 nm. Measurements were carried out using a
Philips CM20 transmission electron microscope
(TEM), operating at 200 kV accelerating voltage.
A standardised procedure was followed in order to
obtain reproducible experimental results, including
the following steps: (1) demagnetisation of all
lenses, (2) setting a ﬁx current for the objective
lens, (3) positioning the thin sample to the focal
plane of the objective lens (using Z-control), (4)
setting ﬁxed values for the condenser lenses (resulting both in a ﬁxed convergence angle and a
minimisation of the error of camera length due to
interaction of the condenser and the objective
lenses), and (5) focusing the diffraction pattern.
Using this standardised procedure, deviations of the
camera length proved to be o0.3%, as determined
in many tests (including the exchange of samples
several times). The diffraction patterns were recorded on image plates, which give a linear response
to the electron dose over six orders of magnitude.
This large dynamic range is essential for quantifying
the intensity distribution.
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For obtaining atomic distances from SAED
patterns, we used the following procedure (Takagi
et al., 2001; Hirotsu et al., 2003; Lábár et al., 2003).
Diffracted intensity was measured on the image
plates within an adequate Q ¼ 4p sin y=l range
(where y and l are the Bragg angle and the
wavelength of the electron beam, respectively), up
to a Qmax value where the experimentally observed
undulations attenuated completely. Integrated diffracted intensities (Iexp) were retrieved using the
Process Diffraction software (Lábár and Adamik,
2001). Iexp was then used for obtaining the reduced
interference function (Q  i(Q)), according to the
following equation:
Q  iðQÞ ¼ Q  ðI exp  f 2 Þ=f 2 ,
where f is the atomic scattering factor of carbon for
electron radiation.
In the next step, the Fourier transform of Q  i(Q)
was calculated, resulting in the reduced correlation
function G(r):
GðrÞ ¼ 4prr0 ½gðrÞ  1,
where r0 is the average density of the material, and
g(r) is the pair distribution function (PDF). Since
g(r) ¼ r(r)/r0, where r(r) is the density at r distance
from the origin, the PDF is essentially a frequency
distribution of individual atomic distances. The
precision of the measurement depends on the
applied Q range and decreases towards larger bond
distances. The accuracy of the method was tested by
measuring a 10-nm-thick, self-supporting nanocrystalline Al ﬁlm. In the range of short (up to the thirdnearest neighbour) and medium (up from the thirdnearest neighbour) distances, accuracies of 70.001
and 70.0020.003 nm were measured, respectively.
For the present study, we selected two aerosol
samples in which the individual particle types were
previously characterised. One sample contains
particles from the smoke of a savanna ﬁre, and
the other sample can be regarded as representative
of a moderately polluted, rural aerosol in Central
Europe. The samples were collected onto lacey
Formvar+carbon-coated Cu TEM grids that were
placed on the second and third stages of three-stage
impactors with nominal cut-off diameters of 2 and
1 mm (in Africa and Europe, respectively). No
further specimen treatment was applied after
collection. Both samples contain carbonaceous
particles abundantly, including soot, tar ball, and
various organic particles. The savanna smoke
sample was collected in Kruger National Park,
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South Africa (17 August 2000) during the Southern
African Regional Science Initiative (SAFARI) 2000
experiment, from the young (several minutes old)
smoke of a ﬂaming ﬁre. Aerosol particles in this
sample were described in detail by Pósfai et al.
(2003). The other sample was collected at a
meteorological station (K-puszta) in Hungary, on
11 August 2004. Some of the typical particles from
this site have been reported by Pósfai et al. (2004).
The origin of soot particles in this continental
sample is unknown. Distant trafﬁc, industrial and
household emissions could have contributed to the
sample. However, at the time of the sampling a large
number of agricultural ﬁres were burning in the
region (http://ﬁremaps.geog.umd.edu), making biomass burning a likely source of soot in this sample
as well.
Besides crystallographic data of graphite, samples
of amorphous carbon and kerogen were used for
comparison with the aerosol soot samples. Magnetron-sputtered amorphous carbon was produced on
NaCl substrate in Ar atmosphere at room temperature, under a pressure o107 mbar. The thickness
of the amorphous carbon samples ranged between
0.5 and 40 nm. TEM samples were prepared by
ﬂoating the carbon ﬁlms off the substrate in distilled
water and by placing them on Cu grids.
In order to test the effect of hydrogen content on
the electron scattering, we measured a kerogen
sample with a H/C ratio of 0.61. The kerogen
sample was prepared and its composition analysed
as described by Brukner-Wein et al. (2000). TEM
samples of kerogen were prepared by grinding the
kerogen powder under liquid nitrogen to avoid
artefacts resulting from its plasticity (Oberlin et al.,
1980), and a drop of the suspension with distilled
water was placed onto the lacey carbon Cu grid.
Measurements were made near liquid nitrogen
temperature (175 1C), in order to avoid structural
changes resulting from electron beam heating. For
the diffraction measurements, those parts of the
sample were selected which covered the holes of the
carbon-coated Formvar ﬁlm. In this way, scattering
contribution from the carbon coating was excluded
from the measurements.
The compositions of soot particles and the
kerogen sample were measured by energy-dispersive
X-ray spectrometry (EDS), using a NORAN EDS
detector attached to the electron microscope that
can detect signals from elements heavier than
boron. The soot particles contained 495 at% C,
1–3 at% O and o1 at% Si and K. The kerogen
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sample contained 95 at% C, 3–4 at% O and o1 at%
S, Fe and Cl, the Cl probably present as a result of
the acidic separation that was applied in sample
preparation.

Fig. 1. TEM bright-ﬁeld images of typical carbonaceous particles
from atmospheric aerosol samples. (a) Soot particle from the
smoke of a savanna ﬁre in Kruger National Park, South Africa.
(b) Soot particle from the Central European troposphere
(K-puszta, Hungary). (c) Other types of carbonaceous particles
from the Central European troposphere (K-puszta, Hungary).

3. Results
TEM bright-ﬁeld images and SAED patterns of
some of the distinct types of carbonaceous particles
are presented in Figs. 1 and 2, respectively. The
diameters of individual nanospheres within soot
particles are typically 50 nm in the savanna smoke
sample (Fig. 1a), whereas in the continental sample
nanospheres having diameters of 20–30 nm also
occur (Fig. 1b). The SAED pattern obtained from
the soot particle shown in Fig. 1a exhibits three
distinct rings, corresponding to the real-space d
values that are indicated in Fig. 2a. These distances
are close to the d(00.2), d(10.1) and d(11.2) values of
P63/mmc graphite, respectively (Wyckoff, 1963).
Consistent with representative HRTEM images of
soot (Pósfai et al., 1999; Li et al., 2003; Wentzel
et al., 2003), the ﬁrst diffraction ring corresponds to
the distance between adjacent curved graphene
layers. This ‘‘basal distance’’ is larger by 8–10%
than the d(00.2) value of graphite. The larger
interlayer distance is not unique for soot, but a
common feature of curved carbon nanostructures
(Jäger et al., 1999). In addition to soot, we
performed preliminary measurements on two other
types of carbonaceous particles. We wished to test
whether the different amorphous particle types
produce distinct features in SAED patterns. Tar
balls (Fig. 1c) are typically 100–200-nm large,
amorphous spherules (Pósfai et al., 2004; Hand
et al., 2005). Their diffraction patterns differ from
that of soot: intensity maxima appear around 2.0
and 1.1 Å, whereas the 3.5 Å ring is absent (Fig. 2b).
Organic compounds occur in the K-puszta sample
in various particle types, including internally mixed
ammonium sulphate/organic particles. After the
sulphate component of such particles is sublimated
with the electron beam, an organic residue remains.

Fig. 2. Selected-area electron diffraction patterns of (a) the soot particle in Fig. 1a, (b) the tar ball in Fig. 1c and (c) the residue of the
ammonium sulphate/organic particle in Fig. 1c.
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Such a residue is shown in Fig. 1c, and its SAED
pattern is presented in Fig. 2c. Faint, diffuse rings in
the SAED pattern suggest a microstructure distinct
from those of both soot and tar ball particles.
The focus of the present study is soot nanostructure. Altogether 11 soot particles were measured
in the two samples. PDFs derived from three
selected SAED patterns are presented in Fig. 3a.
Maxima of the PDF represent frequently occurring
atomic distances. However, atomic distances very
close to one another cannot be resolved due to peak
broadening. Generally, peak width is affected by
both the Q-range of the measurement and the
ordering state of the material. Since we applied a
large enough Q-range that included all measurable
diffracted intensity, information loss in the reciprocal space is unlikely to contribute to the peak
broadening. Thus, the broad peaks in the PDFs are
the consequence of the disordered structure of soot.
Despite the apparent disorder in soot particles,
the ﬁrst two prominent peaks in the PDFs appear at
values that can be interpreted as the ﬁrst- and
second-neighbour intralayer atomic distances
(L1 and L2) of layered (sp2) carbon structures,
respectively. The third peak in the PDFs likely
corresponds to the ﬁrst interlayer atomic distance,
B1 (L and B denote distances between intra- and
interlayer carbon atoms, respectively, and the
numbers refer to the rank of neighbours).
Interatomic distances obtained from the ﬁrst
three peaks are plotted in Fig. 4 together with
similar distances measured in amorphous carbon
and kerogen. The interatomic distances for graphite
(Wyckoff, 1963) are also shown. Even though the
measured interatomic distances in the different
samples are close to each other, ranges of values
can be identiﬁed that are characteristic of the
different forms of carbon. The values for amorphous carbon show the narrowest range; a larger
scatter in the data points measured for soot and
kerogen may reﬂect real structural deviations.
The ﬁrst-neighbour intralayer C–C distance (L1)
in soot varies between 0.133 and 0.137 nm (Fig. 4a),
and is signiﬁcantly shorter than the corresponding
values in crystalline carbon polymorphs and amorphous carbon (Fig. 3b). As discussed above, the
PDF curves can be regarded as histograms of
atomic distances. Since the peaks are relatively
broad, the ﬁrst peak in Fig. 3 may include the
atomic distances between 0.11 and 0.142 nm, typical
of the C–H distance, and the ﬁrst-neighbour
intralayer C–C distance in a graphene sheet,
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Fig. 3. (a) Pair distribution functions derived from measurements
on a soot particle and on two reference materials (amorphous
carbon (marked ‘‘a-C’’) and kerogen); .: measured atomic
distance in soot; ’: atomic distance in graphite (Wyckoff, 1963).
L1 and L2 denote peaks that correspond to the ﬁrst- and secondneighbour intralayer C–C distances, respectively, and B1 denotes
the peak that corresponds to the shortest interlayer C–C distance.
(b) A close-up of the ﬁrst (L1) peaks of two soot particles and of
amorphous carbon.

respectively. The observed maxima between 0.133
and 0.137 nm in soot suggest a distinct shift of the
most frequent atomic distance towards lower values
with respect to graphite and amorphous carbon.
The second-neighbour intralayer atomic distance
(L2) varies between 0.236 and 0.246 nm in soot
(Fig. 4b). These values are slightly shorter than the
corresponding distance in graphite (0.246 nm) and
in amorphous carbon. The third-neighbour intralayer atomic distance of graphite (0.284 nm), which
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corresponds to the longest diagonal of the carbon
hexagons, cannot be resolved or is absent in the PDFs
of soot. In some cases a small peak appears at around
0.284 nm. However, small peaks in the PDF may be
present due to the artiﬁcial cut-off in the reciprocal
space during data processing. Alternatively, a small
broad peak in the PDF that represents a real
interatomic distance, may cause an elevated minimum
value instead of a distinct peak, making this
interatomic distance undetectable.
The next prominent peak in the PDFs of soot
(Fig. 3a) appears between 0.361 and 0.377 nm.
Although some overlap with the fourth C–C
distance within the graphene-like sheet (0.375 nm
in graphite) cannot be excluded, we interpret this
atomic distance as mainly representative of the ﬁrst
interlayer atomic distance (B1). In graphite, the two
shortest distances between carbon atoms in adjacent
layers are 0.335 and 0.363 nm. In soot, this distance
is shifted towards larger values, which is in
agreement with the HRTEM observations. A shift
of similar magnitude can be observed in amorphous
carbon as well. The B1 values for kerogen must be
considered with care because of enhanced peak
broadening (Fig. 3a); nevertheless, they appear to be
larger than those of graphite. Satisfactory explanation for the larger B1 distance in soot is still lacking;
presumably, it is related to the random orientations
of the graphene-like fragments.
4. Discussion
Interatomic distances derived from SAED patterns provide information on the possible bond
types. The goal of the present study is to identify
possible bond types and structural elements within

Fig. 4. Atomic distances in atmospheric soot as measured using
selected-area electron diffraction. For comparison, the corresponding atomic distances in magnetron-sputtered amorphous
carbon (7 measurements of 7 samples, with the thickness ranging
from 0.5 to 40 nm) and in kerogen with a H/C ratio of 0.61 (5
measurements) are also shown. Atomic distances of graphite were
calculated based on structural data of Wyckoff (1963). CE:
Central European sample; SF: savanna smoke sample from the
SAFARI 2000 experiment; a-C: amorphous carbon. (a) L1
distance, (b) L2 distance (c) B1 distance. Note that one of the ﬁve
measurements performed on kerogen resulted in interatomic
distances of 0.138 (a), 0.243 (b) and 0.364 nm (c) (outlying points
in the diagrams) and a larger correlation length than in the case
of the other particles (not shown), suggesting a structure that is
distinctly different from the structure indicated by the other four
measurements.
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the graphene-like layers of soot. The atomic
distances were found to be essentially the same in
all of the 11 soot particles that were measured in the
two samples. The ﬁrst-neighbour (L1) distances in
soot are shorter (0.133–0.137 nm) than the corresponding distances in graphite. This indicates the
presence of a signiﬁcant amount of small-sized
aromatic moieties in the graphene-like sheets as is
detailed below.
Interatomic distances of various carbon structures
are listed in Table 1. The ﬁrst-neighbour distance,
i.e., the C–C bond length varies between that of the
single bond in diamond, an sp3 hybridisation state of
carbon (0.154 nm), and of the C–C double bond,
such as in ethylene (0.133 nm). For instance, in
graphite, the sp2 crystalline polymorph, the C–C
bond length is 0.142 nm.
The simplest aromatic compound, benzene, has
six C–C bonds of equal length (0.139 nm), which are
slightly shorter than the intralayer atomic distance
(L1) in graphite. The asymmetric electronic structure of polycyclic aromatic molecules leads to C–C
bonds, which are either shorter or longer than in
benzene. Bond lengths between two carbon atoms
that are both surrounded by three other carbon
atoms varies between 0.140 and 0.143 nm in
naphtalene (2 rings), pyrene (4 rings) and coronene
(7 rings) (Table 1). These carbon atoms are in the
interior of the molecule, and their atomic environment is identical to that of carbon atoms in a
graphene sheet, and their bond lengths deviate only
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by 0.001–0.002 nm from the bond length in graphite. Some of the C–C bond lengths between
carbon atoms on the perimeter of the aromatic
molecule, i.e., between carbon atoms that both have
one hydrogen and two carbon neighbours, are
signiﬁcantly shorter (by 0.006–0.008 nm) than in
the interior of the molecule and in graphite. The
length of this bond type varies from 0.134–0.136 nm
in pyrene and coronene (Table 1). Whereas the
average value of the C–C bond lengths in polycyclic
aromatic molecules containing up to 7 rings is very
close to the C–C bond length of benzene, in larger
aromatic molecules it approaches the L1 value of
graphite.
Electron scattering is also sensitive to the
presence of C–H bonds, which are abundant in
small-sized polycyclic aromatic compounds. These
C–H bonds have a typical bond length of
0.108–0.112 nm (Weast, 1972). The scattering power
of hydrogen is relatively weak; it varies between
20% and 25% of that of carbon, in function of Q
(Ibers, 1958). Therefore, the contribution of C–H
atomic distances to the total PDF must be smaller
than that of the C–C bonds. However, the measured
very short L1 values suggest that the effect of C–H
atomic distances cannot be neglected, and the L1
peak in the PDF curve results from the combined
contributions of ﬁrst-neighbour C–C and C–H
distances.
In order to test the contribution from C–H
atomic pairs to the total electron scattering, we

Table 1
Bond lengths and atomic distances in crystalline carbon polymorphs, carbon molecules and aromatic hydrocarbons
C–C

C–C2

C–C3

C–C atomic distances in crystalline polymorphs [nm]
Diamond
Graphite

0.154
0.142

0.252
0.246

0.295
0.284

C–C atomic distances in carbon molecules [nm]
C60 pentagon
C60 hexagon
C70 pentagon
C70 hexagon

0.146
0.139; 0.146
0.140
0.140–0.142

0.237
0.247
0.226
0.242–0.244

0.277–0.282

Atomic distances in hydrocarbon molecules [nm]
Benzene (C6H6)
Naphtalene (C10H8)
Pyrene (C16H10)
Coronene (C24H12)
Fluorene pentagon
Fluorene hexagon

0.140
0.136–0.142
0.134–0.143
0.136–0.143
0.143–0.150
0.138–0.143

0.241
0.241–0.245

0.278
0.280–0.282

CQC double bond length: 0.133 nm

0.285
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measured a kerogen sample with a H/C ratio of
0.61. Although this H/C ratio is signiﬁcantly larger
than the value determined by thermal methods for
soot (0.15) (Huffman, 1996), measurements on this
kerogen sample allow us to analyse the effects of
H–C bonds on the PDF curves.
Four measurements resulted in very similar
PDFs, with L1 distances as short as 0.131 nm (Fig.
4a), suggesting that the ﬁrst peak in the PDF can
result from a superposition of the ﬁrst-neighbour C–
C and C–H distances. A high degree of disorder
results in a single peak, without any clearly visible
splitting or a discernible shoulder. The results imply
a higher H/C ratio in the measured kerogen than in
soot, which has L1 distances from 0.133 to
0.137 nm.
In magnetron-sputtered amorphous carbon, we
measured ﬁrst-neighbour C–C distances that coincide with the ﬁrst intralayer atomic distance (L1) of
graphite (0.14270.001 nm) (Fig. 4a). The amorphous carbon sample was produced in an Ar
atmosphere and may also contain buckled graphene
fragments and thus ﬁve-membered rings; however,
it is free of hydrogen. Thus, pyrene- or coronenelike aromatic structures, containing both short C–C
(0.134–0.136 nm) and C–H bonds cannot form in it,
resulting in longer ﬁrst-neighbour C–C distances
than in soot.
Some sp2 carbon structures also contain ﬁvemembered rings besides the six-membered rings. In
the surroundings of the ﬁve-membered rings,
similarly to the case of the carbon molecules,
shorter ﬁrst-neighbour C–C distances are present
than in graphite (Table 1). However, the ﬁvemembered rings cause a reduction of the C–C
distance by only 0.002–0.003 nm with respect to the
L1 value of graphite, and so are unlikely to be
responsible for the shorter distances measured in
soot.
The observations on amorphous carbon and
kerogen support our interpretation that the measured low values (0.133–0.137 nm) of the ﬁrst
intralayer atomic distance (L1) in soot can be
explained by overlapping peaks in the PDF, which
represent the C–C and C–H atomic distances. These
peaks cannot be resolved because of the peak
broadening that is caused by the disordered structure. The superposition of ﬁrst-neighbour intralayer
C–C distances of 0.134–0.143 nm (Table 1) and C–H
distances of 0.108–0.112 nm of small-sized aromatic
clusters results in a single broad peak in the PDF of
soot. If some C–C double bonds are also present

within the soot nanospherules, they are not expected
to cause a splitting of the peak.
The hydrogen content of amorphous carbon
affects the low-loss part of the EEL spectrum as
well. The incorporation of up to 30% hydrogen
reduces the plasmon energy of amorphous carbon
by 2 eV from its typical value of 24 eV (Chen et al.,
2005, Calliari et al., 2006). In order to determine the
hydrogen content of atmospheric soot, we performed EEL measurements on the SF soot sample.
The plasmon peak was found to be present at
22.2 eV, which is consistent with literature data for
hydrogen-bearing amorphous carbon and suggests
the presence of hydrogen in the measured atmospheric soot.
Aromatic structures of tarry species and soot
formed in an ethylene/oxygen ﬂame were studied
using UV–visible spectroscopy (Apicella et al.,
2004). The optical properties of young soot were
found to be similar to those of asphaltanes.
Asphaltanes are considered to consist of aromatic
systems composed of 4–10 rings, joined by aliphatic
bridges (Groenzim and Mullis, 2000). The similarity
between the optical properties of young soot and
asphaltenes suggest similar medium-range structures that are dominated by small-sized aromatic
systems. An analysis of the ﬁne structure of the
carbon peak in EEL spectra of atmospheric soot
also suggests a mixture of bond types that are
characteristic of graphite and of hydrocarbons
(Katrinak et al., 1992).
Polycyclic aromatic molecules are ﬂat molecules;
disregarding peripheral hydrogen atoms, they resemble fragments of a graphene layer. In contrast, if
a ﬁve-membered ring is inserted among the hexagons, a slight curvature forms (as in the structure of
corannulene, C20H10) (Hanson and Nordman,
1976). As the number of ﬁve-membered rings
increases, the curved geometry is enhanced. The
second-neighbour C–C distances (L2 values) measured in atmospheric soot may imply the presence of
ﬁve-membered rings that lead to the buckling of the
aromatic clusters. This interpretation is in agreement with HRTEM observations that show a
concentrical, onion-like structure of individual soot
nanospherules in a wide variety of soot samples,
including diesel engine soot (Su et al., 2004),
atmospheric soot (Pósfai et al., 1999; Li et al.,
2003; Wentzel et al., 2003) and soot produced by the
thermal pyrolysis of hydrocarbons (Vander Wal and
Tomasek, 2004). Nevertheless, we cannot exclude
that the presence of C–H bonds and the related
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deviation of the hexagonal rings from the ideal
geometry also contribute to the reduction of the L2
distance.
The sizes of aromatic moieties affect the optical
properties of soot. The growth of the size of the
aromatic system from benzene to molecules containing a larger number of rings leads to an increase of
the absorption wavelength. That is, the larger the
molecule, the lower the energy that is needed for the
electronic transition (Clar, 1974). At a particular
wavelength, the absorption coefﬁcients of smallsized aromatic compounds are generally smaller
than that of mature soot, indicating an increase in
the degree of polymerisation as soot matures
(Apicella et al., 2004). It follows that the young or
mature character of aerosol soot, which can be
inferred from the dominant size of the aromatic
structures, has noticeable inﬂuence on the absorption properties. We note that in combustion science
studies, the terms ‘young’ and ‘mature’ refer to soot
particles formed in different parts of the ﬂame; thus,
according to this terminology, all soot particles are
‘mature’ in atmospheric samples. Nevertheless, soot
maturation likely continues in the atmosphere.
Since we studied soot particles in two samples
only, at present we do not know whether the
measured short ﬁrst-neighbour distances are characteristic for most atmospheric soot particles, or
they are typical for relatively young soot only. At
the same time, it has to be considered that the
probable source of both samples is biomass burning. This may explain that similar values were found
as the most frequent atomic distances in all of the 11
measured particles, independent of the sample.
5. Conclusions
SAED measurements were used to determine
interatomic distances in soot particles from two
atmospheric samples. Based on comparisons with
interatomic distances in amorphous carbon and in a
kerogen sample with a high H/C ratio, we propose
that hydrocarbons are present in atmospheric soot
particles in the form of small-sized aromatic
moieties. The ﬁrst peak in the PDF presumably
arises from a superposition of the C–C and C–H
distances in the aromatic clusters. This predominant
atomic distance is smaller than the corresponding
value in graphite and suggests the presence of
hydrocarbons containing a small number of rings,
and having a high molar ratio of hydrogen. This
ﬁnding has implications for the optical properties of
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soot, since the absorption coefﬁcient depends on the
size of aromatic moieties within the graphene-like
sheets.
Quantitative electron diffraction proved to be an
independent and efﬁcient alternative to the commonly used spectroscopic methods for studying the
structure of atmospheric soot particles. The absorption properties of individual, morphologically welldeﬁned carbonaceous particles can be assessed
through an analysis of their aromatic characters.
Although the present study focuses on soot, our
preliminary experiments suggest that atomic distances in other, morphologically distinct carbonaceous particles (such as tar balls and other organic
particles) can also be derived from SAED patterns.
In the future, we plan to apply the quantitative
SAED technique to systematic studies of different
types of soot and other carbonaceous atmospheric
aerosol particles.
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