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a Istituto di Scienze e Tecnologie per l’Energia e la Mobilità Sostenibili, Consiglio Nazionale delle Ricerche, P.le Tecchio 80, 80125 Napoli, Italy 
b Dipartimento di Chimica, Materiali e Ing. Chimica “G. Natta”, Politecnico di Milano, Piazza Leonardo da Vinci 32, 20133 Milano, Italy 
c Dipartimento di Ingegneria Chimica, dei Materiali e della Produzione Industriale, Università degli Studi di Napoli “Federico II”, P.le Tecchio 80, 80125 Napoli, Italy   
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A B S T R A C T   

Flame-formed soot nanoparticles are known to possess different nanostructures as a function of a large variety of 
combustion operative parameters, including particle residence time in flames, flame stoichiometry, fuel chemical 
composition, temperature and pressure. This implies that important properties (e.g., soot oxidation reactivity, 
optical and electronic gap) may be different depending on the way soot particles are generated. Hence, it is 
beneficial to develop diagnostic methods that are sensitive to such differences among the various kinds of soot 
particles. In this work we investigate by off-line variable-temperature Raman spectroscopy two types of soot 
particles, namely just-nucleated and aged/mature particles, with a different size and maturity degree. The results 
obtained for soot particles have been compared and discussed with those found for other related carbon mate
rials. As the Raman spectra are recorded at increasing sample temperature, from 300 to 525 K, both soots display 
a linear downshift of the position of the two main Raman modes (D and G bands). Just-nucleated soot particles 
exhibit the strongest temperature dependence of the position of the G band. Based on results from density 
functional theory calculations, interpreted by a simple empirical model, the observed temperature coefficient 
differences can be ascribed to differences in the nanostructural order of the two soot samples, which causes a 
different thermal expansion behavior.   

1. Introduction 

In fuel-rich combustion systems, oxidative and pyrolytic reactions 
lead to the formation of a large variety of carbonaceous materials 
including gas-phase polycyclic aromatic hydrocarbons (PAHs), con
densable phase tar-like materials, and solid soot nanoparticles. Soot 
particle generation is the result of a considerable complex matrix of 
chemical and physical processes that occurs in a very short timescale of 
the order of a few milliseconds. 

Since long, the formation of carbon particulates in flames has 
attracted considerable interest from the scientific community because of 
the detrimental effects, for both human health and for the climate 
change [1–3], of carbon particulates emitted into the atmosphere. 
Nevertheless, combustion-generated carbon particles and nanoparticles 
also found past and recent technological interest for a large variety of 
applications [4]. Thus, the physicochemical evolution of carbon soot 
nanoparticles in flames has been extensively investigated over the years, 

and it is part of an ongoing and considerable research activity. 
Soot particles are the result of benzene and gas-phase PAHs forma

tion, particle nucleation, particle growth by coagulation/coalescence 
and mass addition, carbonization and oxidation [5–9]. During these 
processes, i.e., from nucleation to the later growing process, soot 
nanoparticles undergo the most significant modifications: the particle 
size increases from a few to tens of nanometers [10–13], the particle 
density increases [16] and the chemical structure is modified, as evi
denced by the hydrogen/carbon ratio that starts from 0.5 to 0.4 for just- 
nucleated, incipient soot particles, and reduces to 0.2–0.1 for the mature 
or “aged” soot particles [14,15]. Such modifications are also associated 
to changes in terms of structural order of the aromatic molecular con
stituents [12,17] and degree of chemical cross linking among aromatics 
[18]. The evolution from mostly amorphous particles to more ordered or 
“core–shell” nanostructures becomes evident [15,17]. Because of these 
modifications, the optical and electronic band gap reduce from 
approximatively 2–1.5 eV in just-nucleated soot to 0.5–0.3 eV in mature 
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soot particles [19–22]. In addition, the soot reactivity towards oxidation 
reduces [23]. 

Given such complexity, the soot formation process and the charac
teristics of soot particles have been investigated using a large array of 
techniques. To this end, Raman spectroscopy has become, in the recent 
years, a common tool for the characterization of combustion-generated 
carbonaceous soot particles [24–34]. Owning to its high sensitivity to 
the structural disorder of the carbon material, Raman spectroscopy is 
particularly useful in discerning and characterizing amorphous and 
highly disordered carbons, including soot nanoparticles, as well as their 
evolving properties, as a function of most of the combustion operative 
parameters. Indeed, Raman spectroscopy has been used, for instance, to 
correlate soot nanostructure with residence time [12,26], fuel chemistry 
[25,33], pressure of the combustion system [29,30], flame equivalence 
ratio [31], flame temperature [34], oxidative reactivity [27] and radical 
character [32], just to mention a few cases. In addition, through the 
analysis of the temperature-dependence of the line width and peak shift, 
Raman spectroscopy is a powerful method to study anharmonic terms in 
the lattice potential energy and the electron–phonon coupling (EPC) of 
the corresponding phonons in condensed matter [35]. Studies on 
phonon anharmonicity are of interest from both a theoretical and a 
practical point of view. For instance, phonon anharmonicity has been 
found a dominant part of the effect of interlayer interactions on the in- 
plane thermal conductivity of bilayer graphene and graphite [36]. As 
temperature increases, a linear downshift of the frequencies of the 
Raman peaks is usually observed, in relation with the phonon anhar
monic contribution to the lattice potential, and the lengthening of the 
C–C bonds. Under this regard, temperature-dependent Raman spectra 
have been already investigated for a large variety of carbon-based ma
terials including, for instance: pyrolytic and glass-like carbon [37], 
diamond [38], graphite and highly ordered pyrolytic graphite (HOPG) 
[39–41], multiwall carbon nanotubes (MWCNTs) and activated carbon 
[42], single-wall carbon nanotubes (SWCNTs) [43,44], double-wall 
carbon nanotubes (DWCNTs) with different diameters [45], Au-ion 
implanted (defective) highly oriented pyrolytic graphite (HOPG) [43], 
graphene, graphene multilayers and graphene quantum dots (GQDs) 
[46–49], and nano-crystalline carbon/ceramic composites [50]. For 
most of these materials, the obtained temperature coefficient, χ, corre
sponding to the slope of the linear fit of the Raman frequencies, in the 
investigated range of temperature was found between − 0.01 and − 0.04 
cm− 1/K. 

In this work, to the best of our knowledge, we present the first 
investigation of the temperature-dependent Raman spectra of soot 
nanoparticles, with different size and structural characteristics, 
collected from a laboratory premixed flame. We introduce a simple 
empirical model, supported by density functional theory (DFT) calcu
lations, to provide the interpretation of the temperature dependence of 
the Raman G band of soot. The results obtained for the soot particles are 
also discussed with respect to those obtained from different carbon- 
based structures and from coronene and fullerene C60 powders. The 
aim is to investigate structural differences in the different kinds of soot 
particles through their thermal response and provide a proof of concept 
for the use of this method as a diagnostic tool for the determination of 
the maturity/graphitization level of soot particles and related or similar 
carbon materials. 

2. Materials and methods 

2.1. Flame and sampling conditions 

Flame-formed soot nanoparticles were sampled from an ethylene/air 
laminar premixed flame stabilized on a water-cooled McKenna burner. 
The cold gas velocity was set to 9.8 cm/s (STP) and the flame equiva
lence ratio, Φ, was 2.01. Soot samples were collected at two different 
heights above the burner surface, Z, corresponding to different particle 
residence times and different soot regions of the flame. A picture of the 

flame is shown in Fig. 1. Specifically, we collected soot at the height 
above the burner of Z = 8 mm, corresponding to a zone of the flame 
where just-nucleated soot nanoparticles are present (i.e., they have a 
very small size with a volume mean diameter <D> of 3.5 nm), and Z =
14 mm, where larger, and more aged/mature soot particles are present, 
with average size of <D>= 18.5 nm. The complete evolution of the soot 
particle size distribution, measured in the aerosol phase, has been re
ported and discussed elsewhere [12,22]. Fig. S1, in the Supplementary 
material, reports the normalized volumetric particle distributions for the 
two conditions selected in this study. 

Soot nanoparticles were sampled using a horizontal tubular probe 
(stainless steel tube, 1 cm outer diameter) with a downward orifice 
(inner diameter = 0.2 mm, thickness = 0.5 mm) positioned at the 
sampling point in the flame through which the aerosol particles entered 
into the sampling line, as described in earlier contributions [12,31,32]. 
The sampled aerosol was deposited on a quartz filter (Whatman QM-A 
Quartz Microfiber Filters, with a diameter of 25 mm) positioned on- 
line in a filter holder. 

Particles collected on the quartz microfiber filter were characterized 
off-line by in-situ Raman spectroscopy, in a range of temperatures 
spanning from room temperature up to 525 K. To this end, a small piece, 
about 1 cm2, of the quartz filter covered by soot particles was cut and 
positioned inside a programmable heating microscope stage (Mod. 
Linkam HFS600E-PB4, Linkam Scientific Instruments, UK) without 
further manipulations. All the experiments were carried out by heating 
soot in an inert atmosphere of N2. The heating was programmed with a 
15 K/min linear ramp, and a holding time of 10 min at each temperature 
step of 25 K, necessary for the collection of the Raman spectra. For each 
temperature step, a few minutes were waited to allow the sample to 
thermally stabilize before starting the spectroscopic analysis. The same 
kind of temperature dependent Raman experiments were also carried 
out on coronene and fullerene-C60 powders purchased from Sigma- 
Aldrich and used without further manipulation. 

Raman spectroscopy measurements were performed by positioning 
the heating stage under the microscope (Mod. XploRA, Horiba, Japan) 
equipped with a long working distance 50X objective (NA0.5 Olympus, 
Germany), a Nd:YAG (λexc = 532 nm, 12 mW maximum laser power) and 
a 200 µm pinhole for confocal photons collection. The wavenumber 
calibration was performed against the Stokes Raman signal of pure sil
icon (520 cm− 1). The power of the excitation laser beam was attenuated 
to 1% to avoid structural changes of the sample due to thermal 
decomposition when using an accumulation-exposure time of 5 cycles of 
30 s each. Five spots were randomly selected over the soot-loaded quartz 
filter to verify the homogeneity of the sample, and finally averaged to 
obtain a statistically relevant Raman spectrum. The standard deviation 
of the Raman spectra intensity in the first-order region was of the order 
of a few percent. 

Fig. 1. Laminar premixed flame. The dashed red lines indicate the two sam
pling locations, corresponding to Z = 8 mm for just-nucleated soot particles and 
Z = 14 mm for aged/mature soot particles. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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2.2. Quantum chemical methods 

For each model molecule reported in this work we have carried out 
density functional theory (DFT) calculations including dispersion effects 
at the B3LYP/6-31G(d,p)-D3(BJ) level by using the Gaussian package 
[51]. The molecular structures of the monomers and dimers in gas phase 
were fully optimized with tight threshold to provide the reference 
structures that were subjected to the uniform expansion/contraction of 
the CC bond lengths (monomers) and π stacking distance (dimers) as a 
computationally convenient way to simulate the effects of thermal 
expansion. The details about the setup of the molecular structures used 
for the DFT calculations of the change of the G band associated to the 
change of the average CC bond length are provided in the Supplemen
tary material. 

The DFT calculations on graphene were carried out within periodic 
boundary conditions with the CRYSTAL17 code [52]. The B3LYP func
tional was adopted also in this case, and we have selected the 6-21G* 
basis set for carbon, as adapted for crystal calculations [53]. To ease 
the convergence of the self consistent field we have adopted a finite 
temperature smearing of the Fermi surface (kT = 0.001 hartree) and 
Fock matrix mixing (90%) with the Anderson scheme [54]. Due to the 
presence of long range interactions in graphene, we selected tight pa
rameters for the truncation criteria for bielectronic integrals (TOLINTEG 
13 13 13 1326) [54]. Furthermore, we also imposed accurate reciprocal 
space integration by adopting large shrinking factors (SHRINK 150 150) 
[54] and a supercell containing 6 carbon atoms, that was also described 
in [55]. The data reported in Table 1 were obtained from the calculation 
of the Γ point phonons in graphene structures with selected RCC values 
(see Supplementary material). 

3. Results 

3.1. Temperature-dependent Raman spectra of soot (just-nucleated vs. 
grown aged/mature-particles) 

The Raman spectrum of soot collected at 14 mm is reported in 
Fig. 2a. As expected in this kind of materials, the most evident Raman 
features in the spectral region ranging from 800 to 2200 cm− 1 are the D 
and G bands, as indicated in Fig. 2a. The presence of defects in the sp2 

aromatic network activates the Raman D mode at ~1350 cm− 1. This is 
due to the A1

′ in-plane stretching mode of C–C bonds that produce a 

collective breathing of alternate aromatic rings; the associated phonon is 
not found at q = 0 (Γ point) in the perfect hexagonal lattice, which is 
why it can be activated only in presence of symmetry breaking phe
nomena, such as disorder [56]. The G band at ~1600 cm− 1 is associated 
with the Raman active E2g in-plane C–C stretching vibration of the 
hexagonal graphene/graphite lattice [57]. On the high frequency side of 
the G band, there is a further contribution, not indicated in Fig. 2a. This 
band, located at about 1620 cm− 1, is named D’ band in the graphene/ 
graphite community, or D2 in a terminology introduced for soot by 
Sadesky et al. [24]. This terminology originates from the fact that this 
band is activated by disorder through a double resonance scattering of 
phonons in the graphitic lattice. Soot particles are mostly composed by 
sp2 carbon arranged in polyaromatic units with a size of the order of 1 
nm, showing heterogeneous molecular structures (i.e., disordered). 
Because of this, the Raman selection rule of ordered crystalline mate
rials, q ≈ 0, in soot relaxes, and Raman optical phonons with wave
number higher than that of the G band are also allowed. In the following, 
the G Raman band has been considered as a whole, without differenti
ating among the various contributions, and we have analysed the 
changes in the position of the maximum of the G band for increasing 
temperatures as shown in Fig. 2b and c. 

Fig. 3 shows in the form of contour plots the variable temperature 
Raman spectra of the two soot samples, placed in a nitrogen inert at
mosphere, with the temperature rising from 300 K to 525 K. Each Raman 
spectrum has been normalized to the maximum of the G band to ease the 
observation of changes in the spectral shape of this band, which is 
directly associated with the sp2 content. The results obtained for the just- 
nucleated soot sample are shown in Fig. 3a, whereas the results for the 
aged/mature soot sample are shown in Fig. 3b. By increasing the tem
perature, some differences in the Raman spectra of the soot particles can 
be observed, yet such differences are much more clearly observable for 
the just-nucleated soot particles than for the mature soot particles. 

For increasing temperatures in the investigated range the main 
spectral changes observed are: (i) the shift of both the D and G Raman 
bands towards lower wavenumbers, and (ii) a slight decrease in their 
bandwidth. This is evidenced in the plots of Fig. 4, where a magnified 
view of the G and D bands of just-nucleated soot sample is reported (see 
Fig. S2 in Supplementary material for the corresponding plot for the 
grown aged/mature soot sample). 

It is worth to note that the relative intensity of the two Raman bands, 
I(D)/I(G), remains constant over the investigated temperature range. 
This result is consistent with reference [37]. Furthermore, it allows to 
conclude that the soot nanostructure is not likely to undergo chemical 
modifications due to pyrolytic reactions within the experimentally 
accessed temperature range. Indeed, it is well known that the I(D)/I(G) 
ratio correlates with the size of the aromatic domains, La, composing the 
carbon network [58,59]. This parameter is very sensitive to structural 
modification in soot, such as those caused by the use of too high laser 
power during the Raman measurements. The absence of variation of I 
(D)/I(G) with temperature in the examined range ensures that the 
structure is not graphitized by thermal annealing. For our soot samples I 
(D)/I(G) is equal to 0.8 ± 0.05 for the just-nucleated soot and 0.95 ±
0.05 for aged/mature soot. According to the known proportionality 
between I(D)/I(G) and La

2 valid for highly disordered carbon 
(L2

a = 5.4 • 10− 2 • E4
L • I(D)/I(G) [59], where EL is the energy of the 

incident photon) La is 1.15 nm for just-nucleated particles and 1.22 nm 
for the aged/mature soot, a result which is consistent with earlier in
vestigations [60,61]. 

The evolution of the full width at half maximum (FWHM) of the main 
Raman bands at increasing temperature was studied in several earlier 
works and contrasting results were reported [37,40,41,47,48]. For the 
soot samples investigated here, the G and D bands show a slight nar
rowing for increasing temperature. However, due to the complexity of 
the Raman spectra of soots, this trend is affected by some uncertainty, 
whereas the most evident observation is the shift to lower frequencies of 

Table 1 
The position of the G-modes, ωG, of the model species considered in this work, 
and the linear dependence of the G-modes on the CC bond length (expressed by 
the ∂ωG/∂RCC parameter). The H/C ratios of the models are also given for 
reference. The reported ωeq

G values are the wavenumbers (at equilibrium ge
ometry) of the selected most intense G modes of the models considered here 
(Fig. 6). All the results reported in this table have been computed for isolated 
models (i.e., not π-stacked dimers). The average value of ∂ωG/∂RCC is − 4.0 × 103 

cm− 1/Å and its standard deviation is 0.2 × 103 cm− 1/Å.  

Model H/C ωeq
G (cm− 1) ∂ωG/∂RCC(103 cm− 1/Å) 

C32H14 molecule  0.44 1653  − 4.0 
(ovalene)  1668  − 3.9 
C13H9

• radical  0.69 1593  − 3.5 
(phenalenyl)  1607  − 3.7 
C25H13

• radical  0.52 1613  − 3.9   
1673  − 4.1 

C30H17
• radical  0.57 1632  − 4.0   

1689  − 4.2 
C60 

(fullerene)  
0.00 1623  − 4.3 

C78H26  0.33 1639  − 4.0 
(graphene-like molecule)  1650  − 3.7 
C114H30  0.26 1633  − 3.9 
(graphene-like molecule)  1667  − 4.1 
graphene  0.00 1616  − 4.4  
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the G band of the two soot samples as temperature increases (Fig. 5). 
Several earlier works [37,39–50] report a good linear dependence of the 
position of the G band, ωG, as a function of temperature, T, for many 
carbon-based material and many temperature ranges. We have therefore 
used a linear fitting of the G band position versus temperature to 
determine the temperature coefficient (χG) and the band position at T =
0 K (ω0) from the slope and intercept of the fit function respectively. For 
both soot samples, the frequency of the G peak downshifts linearly with 
good coefficients of determination (R2 = 0.88; 0.95), as shown in Fig. 5 
where the data for increasing temperature together with the respective 
linear fit are reported. 

As a result of the linear regression reported in Fig. 5, the just- 

nucleated soot particles show a temperature coefficient χG = − 0.045 
± 0.003 cm− 1/K, and an intercept value ω0 = 1622 ± 1 cm− 1, that are 
sensibly higher than the respective value obtained for the soot collected 
at higher residence time in flame (Z = 14 mm), corresponding to the 
mature/grown particles: χG = − 0.021 ± 0.003 cm− 1/K and ω0 = 1613 
± 1 cm− 1. We can notice that both samples present ω0 larger than the 
typical position of graphite, 1580 cm− 1. This is a consequence of the 
disordered structure and small size of La that allows activation of higher- 
frequency phonons since the q = 0 selection rule relaxes [59]. In just 
nucleated soot the higher value of ω0 is measured consistently with the 
smaller La. 

To rationalize how soot maturity affects the temperature dependence 

Fig. 2. (a) Raman spectrum of Z = 14 mm grown aged/mature soot recorded at room temperature with an excitation wavelength λexc = 532 nm. (b) and (c) are the G 
band position before and after thermal heating for the two soot samples. The dashed lines mark the position of the peak maximum. 

Fig. 3. Contour plots of the temperature-dependent Raman spectra in the spectral range 900–2000 cm− 1 of soot samples heated in N2 atmosphere from room 
temperature to 525 K. The Raman spectra have been recorded with stepwise temperature increases of 25 K. The contour plots have been obtained setting 20 iso
intensity levels from 0 to 1 without data smoothing. (a) just-nucleated soot nanoparticles; (b) grown aged/mature soot nanoparticles. 

M. Commodo et al.                                                                                                                                                                                                                             



Fuel 321 (2022) 124006

5

of the G band, we have developed a model based on results from density 
functional theory calculations. The model discussed below addresses the 
fundamental features of the G band by considering selected molecular 
structures that may be present in soot, and the perturbations that can be 
induced by the increase of temperature. 

3.2. Interpreting the temperature dependence of the G band of soot with a 
simple empirical model 

The temperature dependence of a Raman peak is the evidence of 
anharmonic effects that are at the basis of thermal expansion phenom
ena. Thermal effects in graphite and graphene have been modelled by 
density functional theory calculations through the quasi harmonic 
approximation [62], by which one considers a series of harmonic cal
culations of the normal modes of interest as a function of an imposed 
geometric distortion that describes the effects of the thermal expansion. 
Since we are interested in highly disordered materials for which the 
representation of phonons is problematic, it is not straightforward to 
follow the approach reported for graphene in [41], where the phonon 

anharmonicity, through phonon–phonon scattering contributions, leads 
to the detailed theoretical interpretation and quantitative modeling of 
the temperature dependence of the position of the G band. Therefore, we 
follow here a simple phenomenological approach, still based on the 
quasi harmonic picture, where the position of the G peak, ωG, is 
anharmonically dependent upon the average CC bond lengths of the 
graphene molecule (RCC) and the average π-stacking distance (dπ). Such 
geometric parameters are those that can capture most of the effects of 
thermal expansion, and have been also investigated in graphite through 
extensive and detailed experimental studies (see for instance reference 
[63] and the literature cited therein). Therefore, based on the expected 
dependence of ωG upon the temperature-dependent average CC bond 
lengths and π-stacking distance, we can write: 

∂ωG

∂T
=

∂ωG(RCC, dπ)

∂T
=

∂ωG

∂RCC

∂RCC

∂T
+

∂ωG

∂dπ

∂dπ

∂T
(1) 

Now, ∂ωG/∂T = χG is the experimentally accessible quantity that is of 
central interest in this work. Eq. (1) clearly shows that from the mea
surements of ∂ωG/∂T one may hope to get information about the thermal 

Fig. 4. Contour plots of the Raman spectra in the range 1250–1450 cm− 1 of the D peak (left side) and 1500–1700 cm− 1 of the G peak (right side) at various 
temperatures in the range 300–525 K for the just-nucleated soot particles. 

Fig. 5. Position of the G peak, ωG, as function of the temperature in the range 300–525 K for the two samples in N2 atmosphere. The red lines represent the obtained 
linear fit. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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expansion of the sample (∂RCC/∂T, ∂dπ/∂T). Since thermal expansion 
involves the variation of both RCC and dπ , it is required to assess the 
relative importance of the two terms in determining the measured value 
of ∂ωG/∂T. To this aim, we consider the dimensionless r ratio between 
the two contributions to ∂ωG/∂T identified in Eq. (1): 

r =

[
∂ωG

∂dπ

∂dπ

∂T

][
∂ωG

∂RCC

∂RCC

∂T

]− 1

(2) 

As shown in the Supplementary material, the order of magnitude of 
the term 

[∂dπ
∂T

][∂RCC
∂T

]− 1can be estimated based on the experimentally 
known ratio of the in-plane vs. out-of-plane thermal expansion of 
graphite. The expected values of ∂ωG/∂RCC and ∂ωG/∂dπ can be assessed 
by density functional theory calculations on suitable molecular models. 
As described in the Supplementary material, such calculations have been 
performed for a series of model graphene molecules and selected dimers, 
as reported in Fig. 6a. From such calculations it resulted that r (Eq. (2)) is 
less than 10− 2 in the ovalene dimer, whereas r is less than 10− 1 in the 
dimers of the open shell/radical poly-cyclic aromatic species phenalenyl 
and C30H17

• that are representative of the radicals expected in soot 
inception [60,64,65]. Notably, C30H17

• was found in the ensemble of 
soot molecular constituents visualized by HR-AFM, and was named IS13 
in Ref. [60]. 

Based on the computed low values of the r ratio, when interpreting 
the experimental ∂ωG/∂T data, we may therefore disregard the contri
butions that arise from the expansion of the π-stacking distance, and 
consider in Eq. (1) just the anharmonic effects caused by the CC bond 

length expansion: 

∂ωG

∂T
≈

∂ωG

∂RCC

∂RCC

∂T
(3) 

After the assessment of the negligible role of ∂ωG/∂dπ through the 
dimer models shown in Fig. 6a, we have carried out further density 
functional theory calculations of ∂ωG/∂RCC for graphene and other 
representative radicals and molecules shown in Fig. 6b, namely C25H13

•, 
C78H26, C114H30, and the C60 fullerene. 

Table 1 collects the ∂ωG/∂RCC values that have been obtained by all 
the DFT calculations described in this work. The data reported in Table 1 
clearly show that the values of the ∂ωG/∂RCC parameter are all rather 
independent on the model system, being it a closed shell, a radical, a 
pentagon-rich fullerene, or graphene itself. This leads to the remarkable 
consequence that for the sake of characterizing the temperature 
dependence of the Raman G band of soot, we may assume a represen
tative average value of ∂ωG/∂RCC. 

Now, since the in-plane thermal expansion coefficient can be written 
as αa = R− 1

CC ∂RCC/∂T, by plugging such definition of αa into Eq. (3) we 
straightforwardly derive a way to characterize the in-plane thermal 
expansion of graphene molecules and related materials, based on the 
measured temperature dependence of the position of the G peak: 

αa ≈
1

RCC

∂ωG/∂T
∂ωG/∂RCC

=
1

RCC

χG

∂ωG/∂RCC
(4) 

This simple and remarkable result allows to directly correlate the 

ovalene (C32H14) ovalene dimer phenalenyl (C13H9˙) phenalenyl dimer

C30H17˙ C30H17˙ dimer

(a)

C25H13˙ C60 (fullerene) C78H26 C114H30

(b)

Fig. 6. (a, b) Representation of the set of model systems considered in this work, namely: ovalene (C32H14), phenalenyl (C13H9
•), C30H17

•, C25H13
•, C60 (fullerene), 

C78H26, and C114H30. The panels (a) show the cases for which the density functional theory calculations on dimers have been considered, the panels (b) show others 
graphene-like molecules taken into account for density functional theory calculations (see Supplementary material). 
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observed temperature derivative of the position of the G peak (χG) to the 
thermal expansion of the sample along the in-plane direction (αa). 
Indeed, this is possible thanks to the observed limited spread of ∂ωG/

∂RCC values across the representative diverse structures of the graphene 
moieties here considered that may form the disordered soot sample 
(Table 1). 

4. Discussion 

With the help of density functional theory calculations on selected 
model graphene-like molecules we have shown that the temperature 
dependence of the G band of soot (χG = ∂ωG/∂T) can be taken as a proxy 
of the thermal expansion coefficient of the soot sample along the in- 
plane direction (αa). The experiments reported in Fig. 5 show for just- 
nucleated soot a ∂ωG/∂T value that is almost double ( − 0.045 cm− 1/K) 
than the value measured on mature soot ( − 0.021 cm− 1/K). This greater 
values of the thermal expansion αa of incipient soot is consistent with a 
structure containing a larger amount of voids and defects that provide 
the space for easier thermal expansion of the disordered graphenic units. 
Therefore, the quantity |χG|∝αa is expected to inversely correlate with 
the soot density. Consistently with this observation, recent experiments 
on pristine and ion-irradiated graphene [66] have shown that ∂ωG/∂T of 
graphene ( − 0.0156 cm− 1/K) is significantly smaller than that of ion- 
irradiated graphene ( − 0.0252 cm− 1/K). This has been interpreted as 
a greater thermal expansion of the lattice of ion-irradiated graphene, 
due to defects and vacancies. Remarkably, in the same work it was 
shown that ∂ωG/∂T is not affected by π-stacking since the same ωG vs. T 
slopes were measured for graphene and few-layer graphene. This 
observation fully agrees with our determination of the negligible role in 
∂ωG/∂T of the term depending on the π-stacking distance (∂ωG/∂dπ, see 
Supplementary material). 

To confirm the interpretation of our results as correlated with the 
soot density, we have estimated the density for the two kind of particles 
herein investigated by following the procedure recently proposed by 
Michelsen [16], which relates the particle density to the H/C ratio. For 
the soot samples, an estimate of H/C was obtained, as already shown in 
our previous work [32,61], from the ratio between the fluorescence 
background and the intensity of the Raman G band and the correlation 
proposed by Casiraghi et al. [67]. The results are H/C = 0.43 for the just 
nucleated soot and H/C = 0.3 for the aged/mature soot. According to the 
relationship proposed by Michelsen [16] it results ρ = 1.47 for the just- 
nucleated soot and 1.60 g/cm3 for the aged/mature soot, in agreement 
with the expectations derived from the quantum chemical models dis
cussed above. 

The dependence of thermal conductivity on the presence of impu
rities or defects, and thus on density, has been reported in many works 
on carbon materials such as graphite and carbon nanotubes [40,68–70]. 
The presence of voids or defects breaks the translational symmetry of the 
crystal lattice and increases phonon scattering events. More specifically, 
phonons are reflected, diffracted or refracted; the shorter is the phonon 
mean free path, the lower is the thermal conductivity [68]. The sensi
tivity of Raman spectroscopy to phonon mean free path makes it ideal 
for the analysis of thermal conductivity as well as disorder. In light of 
this, the higher value of the temperature coefficient χG measured in the 
just-nucleated soot sample vs. that measured in grown/mature soot, can 
be explained based on the different structural order expected in these 
two soot samples, the former being more amorphous/defective than the 
latter. Soot nanoparticles are, indeed, carbon nanomaterials whose 
molecular constituents are mainly PAHs. Recent studies made by high 
resolution atomic force microscopy [60,61], have clearly identified 
some of the main characteristics of the aromatic constituents including 
their average size, which is of the order of coronene to ovalene mole
cules, the presence of some aliphatic moieties, and the existence of 
molecules containing pentagonal-rings. Also, according to Raman 
spectroscopy, it was argued that the size of the aromatic constituents 

does not sensibly change between the just-nucleated particles and the 
grown/mature ones [12,61]. In previous works it was suggested that the 
major modifications occurring between these two kinds of particles are 
likely related to their structural organization. Furthermore, larger par
ticles, also contain a lower H/C ratio and stronger interaction forces hold 
together the aromatic constituents. Possibly, chemical cross-linking oc
curs within the particles [18], as well as the formation of PAH stacks 
eventually bringing to the formation of a core–shell structure of the 
particles with a more graphitic shell surrounding an amorphous core 
[15–17] – particularly, as particle grows and matures with flame resi
dence time. The possible occurrence of cross-linking between the aro
matic constituents would lead to an increase in the thermal conductivity 
of the soot particles, and thus to a reduction in the heat capacity and 
thermal coefficient of the G band (χG). For instance, a strong increase in 
thermal conductivity was observed in amorphous polymer blends when 
weak van der Waals interactions were replaced by H bonds as low-mass 
and short chemical linker [70]. All of these structural changes, under
gone by soot particles with aging, entail a stronger opposition to a small 
displacement from the equilibrium configuration, consistent with the 
lower slope of ωG vs. T. 

The comparison among the χG values measured in soot particles and 
other carbon-based materials is reported in Table 2. In addition to 
literature data, Table 2 also reports the results of the measurements of 
the temperature coefficient of coronene and fullerene-C60 crystalline 
powders, taken as representative planar and curved aromatic constitu
ent structures that are expected to be present in soot particles. In the 
Figs. S3 and S4 of the Supplementary material the Raman spectra of 
coronene and C60 at room temperature are reported together with the 
temperature evolution of the position of the E2g peak of coronene at 
1594 cm− 1 and the Hg(8) peak of fullerene-C60 at 1574 cm− 1. The χG 
data reported in Table 2 cover a range spanning from the minimum 
value of − 0.011 cm− 1/K found in C60 and HOPG to the maximum values 
of − 0.045 cm− 1/K found in just nucleated soot. As discussed above, if 
one considers that χG is a proxy of the in-plane thermal expansion αa, 
which is facilitated by the presence of voids/defects in the material, this 
situation fully makes sense: HOPG and C60 are characterized by excel
lent crystalline structures. For C60, the equivalent of the in-plane ther
mal expansion of HOPG is the radial expansion of the C60 buckyball, 
which entails the deformation of a regular, defect-free, honeycomb 
structure. Therefore, not surprisingly, HOPG and C60 display similar and 
low values of χG that reflect the stronger opposition of such materials to 
changes in the CC bond length for a given thermal energy input. Inter
estingly, the coronene value is also low with respect to both just 
nucleated soot and grown mature soot. Although coronene can be 
considered, on average, as a molecule representative of the molecular 
units of soot, the higher tendency of soot to deform under heating with 
respect to a coronene crystal can be indicative of the larger disorder of 
the molecular arrangement in soot with respect to the coronene crystal. 

5. Conclusions 

We have investigated by temperature-dependent Raman spectros
copy two types of flame-formed soot particles, the first consisting of just- 
nucleated particles with average size of 3.5 nm, and the second made of 
grown/mature particles larger than 10 nm. The immediate aim was to 
evidence structural differences through the possible changes occurring 
in the Raman spectra, induced by the different thermal response of the 
particles. Our goal was also to provide the proof of concept for the use of 
this spectro-thermal method as a diagnostic tool for the determination of 
the maturity/graphitization level of soot particles. The introduction of a 
simple empirical model, supported by density functional theory calcu
lations, has provided the interpretation of the experimental temperature 
dependence of the Raman G band of soot, and the rational for the 
possible applications of the spectro-thermal technique introduced here. 
The main results of our investigation can be summarized as follows. 
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• Quantum chemical calculations justify the downshift of the G band of 
soot particles with increasing temperature as due to the elongation of 
the CC bonds: the model provides the interpretation of the temper
ature coefficient (χG) as a proxy of the in-plane thermal expansion 
coefficient within the layers of polycondensed rings that form the 
soot particles.  

• The χG parameter is sensitive to the in-plane thermal deformation of 
the aromatic units within the particles, but it is not sensitive to 

deformations perpendicular to the aromatic planes and does not 
provide information on the staking order.  

• The χG parameter is also sensitive to particle disorder and can be 
effectively employed for the analysis of the soot maturity: the dif
ference in the measured temperature coefficient χG confirms a lower 
density for inception particles with respect to grown/mature soot. 
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