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A B S T R A C T

Carbon particles synthesized by acetylene pyrolysis in a porous graphite reactor have been

investigated. The intimate chemical and physical structures of the particles were probed by

proton nuclear magnetic resonance spectroscopy, infrared Fourier transform spectroscopy

and X-ray diffraction. The analysis points towards a chemical structure composed of solu-

ble low-mass aromatics surrounding small insoluble larger aromatic islands bridged by ali-

phatic groups. The diffraction profile indicates that the particles are mostly amorphous

with small crystalline domains of �6.5 Å composed of a few stacked graphene layers.

The properties of these particles are compared with these obtained with other types of pro-

duction methods such as laser pyrolysis and combustion flames. The results are briefly dis-

cussed in the context of the evolution of infrared interstellar emitters. Possible uses of the

reactor are proposed.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Across the Universe, astronomers observe a characteristic

infrared signature with features peaking at 3.3, 6.2, 7.7, 8.6,

11.3 and 12.7 lm first discovered in the 70s [1]. These infrared

emission bands, often accompanied by broad plateaus under-

neath them, are detected in a large number of stellar sources

such as proto-planetary nebulae (PPNe), planetary nebulae

(PNe), reflection nebulae, H II regions, young stellar objects

and galaxies subjected to UV or visible excitation. The infra-

red features have been assigned to molecular emitters such

as polycyclic aromatic hydrocarbons (PAHs) [2–4] and solid-

state particles such as hydrogenated amorphous carbon
er Ltd. All rights reserved
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grains [5], coal [6], quenched carbonaceous composites [7].

These compounds are believed to be dominantly produced

in circumstellar envelopes of carbon-rich stars in the red

giant and asymptotic giant branch (AGB) phases of their evo-

lution [8]. Remarkably, the infrared bands remain absent from

the spectrum of AGB stars. In the widespread view, the build-

ing blocks of carbon particles in those massive dust factories

are assumed to be PAHs. Some insights into the poorly known

formation mechanisms of carbon dust were given by combus-

tion modelers who introduced chemistry into the envelopes

[8], until then described by thermochemistry. The tempera-

ture and the chemical composition of combustion flames

and pyrolysis environments are very close to those
.
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encountered in the photospheres of carbon-rich stars. Acety-

lene is the dominant carbon bearing molecule after carbon

monoxide in circumstellar shells characterized by tempera-

tures of about 2000 K. This similarity led Frenklach and Feigel-

son to apply a chemical model of PAH formation to the

circumstellar envelopes of carbon-rich stars in late phases

of their evolution [8]. This work was pursued by Cherchneff

et al. [9–11] who studied the formation of PAHs in the inner

envelope of such circumstellar shells, taking into account

the effect of periodic shocks which are known to be present

in the inner wind of AGB stars. A wider step was made later

on, in which PAHs were proposed to stick to form dust nuclei

across the shell [12].

In combustion flames, the process starts with the break-

down of a fraction of the fuel into smaller reactive mole-

cules and radicals. The subsequent steps involve radical

chains such as CH3, n-C4H3, n-C4H5, and propargyl C3H3.

From there different scenarios have been built. The domi-

nant one supported by Frenklach leads to the formation of

the first aromatic ring perceived as the rate limiting step.

Two chemical routes have been singled out. The first one

is an even carbon pathway that involves the addition of

acetylene to n-C4H3 or n-C4H5 [13]. Because it was argued

that these two radicals may not be present in sufficient

amount as they transform rapidly into their isomers, an

alternative odd carbon pathway which involves two propar-

gyl radicals was proposed. According to Frenklach, once the

first ring (C6H6) is formed, the aromatics grow by sequences

of H abstraction followed by acetylene addition (HACA). In

this picture, the phenyl radical (C6H5) which reacts with

acetylene to form phenylacetylene represents a key inter-

mediate towards the formation of multiple cyclic structures.

The transition of gas phase species to solid particles is

achieved by the formation of a critical nucleus composed

of two PAHs above the size of pyrene. PAH dimers, held by

van der Waals forces, collide with PAH molecules forming

PAH trimers or with other dimers forming PAH tetramers,

and so on, all while individual PAH species keep increasing

in size via molecular chemical growth reactions. The core of

this model is the accumulation of particle mass via chemi-

cal reactions with gaseous precursors simultaneously with

the growth of particle size by collisions among PAH molecu-

lar species and clusters. Surface reactions involving acety-

lene and coagulation play a key role in the growth of the

particles. Recent experiments by Sabbah et al. [14] have

however seriously undermined the particle nucleation stage

of the model by showing that pyrene molecules do not con-

dense efficiently at temperatures characteristic of combus-

tion environments (>1000 K). These results clearly show

that major revision of the nucleation stage of the model is

necessary.

The formation of carbonaceous particles may also proceed

along other routes that may co-exist depending on the phys-

ical conditions. Early hints were given by non-equilibrium

chemical kinetic calculations developed to explain the forma-

tion of meteoritic kerogen material, a cross linked structure of

aliphatic and aromatic hydrocarbons [15]. The initial experi-

mental evidence for such structures were reported by D’Anna

et al. [16] and Dobbins and Subramaniasivam [17]. The results

suggested a fast polymerization process the building bricks of
which were aromatic compounds with few condensed rings

connected by aliphatic bonds. In this picture confirmed by

other studies [18], small hydrocarbon molecules, in particular

acetylene, adds to radical chains to produce unsaturated

hydrocarbon radicals that condense and give rise to the first

particles. These primary particles generated through the pro-

cess dubbed chemical condensation, consist of chain-like

aggregates held by covalent bonds, not by van der Waals

forces. These transparent particles in the visible may be more

or less liquid and they may contain small aromatic moieties,

interconnected by flexible hydrocarbon chains. The observa-

tion of liquid aromatic droplets has also been reported in a

study of an acetylene diffusion flame via real-time aerosol

mass spectrometry [19]. The heating of the particles in the

flame first converts the aliphatic chains composing the struc-

ture into aromatic rings and then produces large arrays of

aromatic rings that graphitize. The surface of the particle pro-

motes PAH synthesis that may desorb from their surface [18].

Under this description, which awaits further investigation,

PAHs are mainly by-products of the particles. The argument

over formation routes is still going on as experimental studies

of Grotheer et al. [20] indicate stacks of condensed PAHs as

soot precursors under some conditions and nano organic car-

bon according to D’Anna et al. at others [21]. In summary the

emerging picture seems to point out to a two pathway mech-

anism: the high mass PAH stacking route (the small ones

hardly condensing at high temperatures) and aliphatic aro-

matic chemical growth.

Spatially resolved astronomical observations in the mid-

infrared of the further stages of AGB star evolution i.e., PPNe

and PNe also call for a revision of the picture of aromatic

growth combining chemical reactions (extension of the ring

skeleton) and physical processes (stacking of aromatics).

Observations, supported by laboratory experiments [22], sug-

gest that dust particles produced in the envelopes may be

quite different from stacked PAHs and contain a strong ali-

phatic component. Amorphous hydrogenated carbon (a:C–H)

consisting of islands of aromatic (sp2) bonded C atoms joined

together with a variety of peripheral sp2 and sp3 bonded

hydrocarbons could represent a good candidate. The upper

end of the size distribution of these grains may then provide

the source for the smaller aromatic-rich species through frag-

mentation and photo-processing in the interstellar medium

(e.g. [23]). The aliphatic to aromatic conversion of the circum-

stellar dust from PPNe to PNe correlates with a raise in stellar

temperature, a less protective dusty environment, and harsh

UV radiation [24].

Laboratory data on the kinetics of reactions involved in the

growth of dust particles, the spectroscopy of the intermediate

chemical species and the end-products, and the chemical and

physical properties of the particles are critical to progress in

our understanding of this ubiquitous component of space. A

great variety of reactors have been used to produce astrophys-

ical analogues of carbon particles. These include premixed

[25], diffusion [22] and atmospheric [26] flames, laser induced

pyrolysis of hydrocarbon mixtures [27–29], methane plasma

deposition [30,31], laser ablation of graphite targets [32,33],

and arc-discharge between carbon electrodes in rarefied

atmosphere [26] following the pioneering work of Kroto et al.

on fullerenes [34]. Post-condensation processes were also
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simulated such as thermal annealing, ultraviolet irradiation,

ion bombardment and exposure to atomic hydrogen [33,35].

The production and processing of carbon particles encom-

pass a number of chemical and physical processes. These

include gas phase neutral–neutral, ion–molecule and elec-

tron–ion reactions – covering a wide temperature range,

surface chemistry, photodissociation, and photoionization.

This also reflects the diversity of the environments encoun-

tered by a particle during its lifetime in space.

In this paper we will describe in Section 2 a new compact

reactor to produce circumstellar analogues of carbonaceous

particles from the pyrolysis of acetylene at high temperature.

The chemical and physical characterization of the particles

using proton NMR, infrared spectroscopy and X-ray diffrac-

tion, are detailed in Section 3. We conclude by discussing

briefly the results, the techniques applied to characterize

the analogues, the perspectives of this work, and possible

uses of the reactor.

2. Production of carbonaceous particles

The production of carbonaceous particles is achieved by pyro-

lysis of acetylene in a unique versatile highly compact source.

The circumstellar carbon analogues source, depicted in Fig. 1,

is designed to be implemented in a 50 cm diameter vacuum

chamber. It is interfaced to a high resolution Fourier trans-

form spectrometer and used as a high temperature reactor

of gaseous species such as hot methane [36].

The reduced dimension of the prototype is made possible

by the use of a heated graphite rod whose open porosity pro-

vides a huge exchange surface and thus a very efficient heat

transfer from the high temperature rod to the gas circulating

through it. During the testing period of the prototype, temper-

atures of 1800 K were maintained for hours with mass flow

rates of Qm � 0.6 g s�1 of argon. The ‘‘furnace’’ is a cylindrical
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Fig. 1 – Circumstellar carbon analogues reactor. The source is co
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cavity drilled over almost the complete length of the graphite

rod (outer diameter: uO = 14 mm, inner diameter, uI = 8 mm,

length: 200 mm). The rod can be electrically heated up to

2000 K. It is maintained between two non-porous carbon elec-

trodes inside a refractory jacket of tantalum. One end of the

cylindrical piece of tantalum is connected to a reservoir sup-

plied with acetylene. The other end of the jacket is connected

to a chamber kept at low pressure (5–30 · 10�3 hPa) by means

of a set of roots pumps. The gas is first passed through a cold

zeolite trap maintained at 233 K before entering the reservoir

to eliminate acetone contained in the bottle (Air Liquide,

99.7% purity). The jacket is supplied continuously by a small

flow (Qv = 2.9 liter min�1 atm [slm]) of cold acetylene regu-

lated by a mass flow controller. The gas is heated up by pass-

ing through the high temperature porous walls of the graphite

rod before ending its course in the rod cavity. It is then evac-

uated into the vacuum chamber where it expands superson-

ically. The radial migration of the molecules through the

heating graphite walls leads to a good temperature uniformity

along the whole length of the cavity. In the case of a conven-

tional heated tube into which a cold gas is injected by one of

its ends, a temperature gradient zone develops before the gas

reaches a final temperature. In this study, such perturbing ef-

fect is avoided as the gas fills continuously the cavity from its

periphery to its axis. The absence of temperature gradients

is evidenced by the good linearity of the conventional

Boltzmann plots used to extract the temperature from the

rovibrational intensities of the 1! 0 emission band of CO pre-

mixed with the C2H2 gaseous sample (0.1 slm). The jacket of

tantalum is surrounded by a water cooled thermal shield

whose internal face is coated with gold for reflecting the

emitted radiations towards the high temperature source and

then increasing its efficiency.

A CaF2 wedged window is located in front of the exhaust of

the emitting cavity to isolate the FT-IR spectroscopy interface
ber Optical 
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Fig. 2 – Bottom panel: high resolution (0.015 cm�1) Fourier

transform infrared emission spectrum of gaseous acetylene

in the 3 lm region recorded for various applied electric

currents increasing from the bottom to the top of the figure.

The spectral intensities have been corrected from the

apparatus transmission function. The temperature is

determined by conventional Boltzmann plots of the

rovibrational intensities of the 1! 0 emission band of CO

premixed to acetylene. Top panel: flow temperature vs. the

applied current.
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from the experimental chamber. The CaF2 window is pro-

tected from the high temperature gas flow by a foil of tanta-

lum fixed on water cooled support. A two mm hole bored in

the foil reduces the sight solid angle and therefore limits

the infrared light emitted by the graphite walls which could

lead to saturation of the detector.

The efficiency of the heat exchange can be assessed by

comparing the power dissipated by the resistor, R(T) I2, and

the power used to heat the gas, Qm cp (T � T0), with R(T), the

graphite rod resistance, I, the current flowing through the

rod, cp, the specific heat capacity at constant pressure, T,

the final temperature, T0, the initial temperature of the gas.

The temperature of the flow in the central hollow channel

of the graphite rod is derived from the analysis of the infrared

emission band of CO following a procedure fully described in

Ref. [36]. The resistance of the rod is determined by four point

probe resistivity measurements over the 300–1100 K range. It

appears to slightly increase with the temperature above

750 K because of thermal agitation and is extrapolated to

�0.35 X at 1400 K. For an applied current of 40 A, the power

dissipated in the rod is therefore �560 W, one-fifth of which

effectively used to heat the flowing acetylene gas. A signifi-

cant fraction of the power is lost by radiative and convective

transfer to the tantalum jacket.

Fig. 2 shows the evolution of the 3 lm infrared emission

spectrum of acetylene against the applied current. The inten-

sity of the emission band for an optically thin medium fol-

lows Planck’s law according to the relationship, I / L0rnl,

with L0 the black body brightness, r the absorption cross sec-

tion, n the number density of the emitting molecules, and l

the length of the emitting medium in the line of sight of the

detector.

The rise of the black body brightness L0 with temperature

is moderated by the collapse of the absorption cross section,

r. As the net balance remains positive, it is expected that

the emission intensity increases with the temperature. The

high resolution emission spectra displayed in Fig. 2 reveal

that this is not the case. The top panel clearly shows that

the gas temperature – in thermal equilibrium in the cavity

with the graphite rod – steadily rises with the current up to

the value of �40 A above which it attains a plateau. This

behavior cannot be explained by the optical thickening of

the emitting medium. This is interpreted as dissociation of

a fraction of acetylene (drop of the number density of acety-

lene molecules) and explains the level off of the temperature

as the extra energy is consumed to break the molecules and

not to heat the gas further. It is worth noting that in a similar

experiment, Mendiara et al., observed that around 86% of

acetylene is converted into particles at the temperature of

1373 K [37]. Not surprisingly, the dissociation process is

amplified when the dissipated electrical power is increased.

The particles are generated by pyrolysis of acetylene at

�1400 K during its residence time in the pores of the graphite

rod. The residence time is given by ð/O�/IÞ
QV� T

298 K
1 atm
pres
�A

with A the

whole section traversed by the gas. It is evaluated to be

around 6.5 ms for a reservoir pressure pres of 100 mbar and

temperatures T close to 1400 K. Once in the central channel,

the particles are entrained in the vacuum chamber, cooled

down in the supersonic expansion, hence freezing further
chemical reactions, and deposited onto the cooled shield pro-

tecting the optical window of the gas phase infrared spectros-

copy interface.

The particles are then collected for further analysis to re-

veal their intimate chemical and physical structures. In this

work, we use three different ex situ characterization tech-

niques namely proton NMR, infrared spectroscopy and X-ray

diffraction, that have all proven to be very helpful in the

determination of the structure of particles.
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3. Characterization

3.1. 1H NMR

Proton nuclear magnetic resonance (NMR) spectroscopy is a

tool routinely used for structural analysis of molecules by

chemists. The NMR chemical shift allows for distinguishing

magnetically inequivalent protons in a molecule. This tech-

nique has been employed to study soot particles produced

during combustion [38]. The carbon sample, produced by

pyrolysis of acetylene in the porous graphite reactor, is dis-

solved in deuterated chloroform CDCl3, containing trace

amounts of tetramethylsilane (TMS) used as an internal

chemical shift reference. About 80% in mass of the material

is dissolved. The 1H NMR spectrum of the soluble fraction of

the sample is recorded by a spectrometer operating at

200.13 MHz. The spectrum displayed in Fig. 3 bears some

strong similarity with the spectrum of soot particles collected

in an inverse diffusion flame [38].

The 7–9 ppm chemical shift region of the spectrum reveals

the aromaticity of the material. A remarkable feature is the

domination of only one aliphatic hydrogen peak, correspond-

ing to a hydrogen atom in a methyl (–CH3) or methylene group

(–CH2) attached to an aromatic ring. Only two very small

peaks at 0.9 and 1.3 ppm are also attributed to hydrogen

atoms in CH3 groups attached to aliphatic carbons. Of interest

is the absence of olefinic – C
�

¼ C
�

–H protons (4.0–6.0 ppm) that

are discernible in young soot particles. The analysis shows

that the ratio of the integrated aromatic hydrogen broad peak

to the Ha aliphatic hydrogen peak is about 8.1. This value is

comparable to what is found for evolved soot particles. The

explanation which has been elaborated for describing the

evolution of soot particles in combustion is that particles car-

bonize with reaction time (or height above the burner) and

aliphatic structures convert into aromatic subunits upon loss

of hydrogen atoms, leading to more compact particles. We

can assume that a similar mechanism is operating in the flow

produced by the graphite rod source.
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Fig. 3 – Proton NMR spectrum of the soluble fraction of the

carbonaceous material produced by pyrolysis of acetylene in

the porous graphite reactor.
Although it is elusive to identify a single chemical species

from such a spectrum that results from the contribution of

hundreds of compounds, a search in proton NMR database

shows that the small peak centered at 3.01 ppm combined

with the absence of signal in the 3.1–6.5 ppm region is found

in only a few hydrocarbon species including phenylacetylene

which contains an acetylenic hydrogen. Although phenyl-

acetylene is involved in the synthesis of the first PAHs in

hot environments, it has not been detected so far. The pres-

ence of this peak may indicate that the material contains al-

kyl (C„C) groups.

3.2. FT-IR spectroscopy

The infrared absorption spectrum of the carbon condensate

mixed with KBr powder and pressed into a pellet is measured

in transmission over the 400–4000 cm�1 region by a Spectrum-

1000 Perkin Elmer Fourier transform infrared spectrometer

with a resolution of 4 cm�1. The infrared spectrum, displayed

in Fig. 4, shows a series of intense well defined absorption

features.

The identification of the main peaks has been done using

previous studies (see Refs. [4,39] for instance) on laboratory

analogues of carbon dust grains, soot and PAHs, and is re-

called in Table 1. The sample displays characteristic strong

aromatic features at 3.29 lm, (CH stretch), 6.30 lm (sp2 C@C

stretch) and 11.36, 11.98 and 13.31 lm (CH out of aromatic

plane bending). These features are accompanied by a

7.7–10 lm broad component that is assigned to CC and CH

plane deformation of aromatic groups. The presence of ali-

phatic groups i.e., CH3–, –CH2–, and @CH– bonded to or bridg-

ing aromatic rings in the material is evidenced by the 3.42 and

3.50 lm peaks, identified as aliphatic asymmetric and sym-

metric stretches.
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absorption spectrum of the carbonaceous material mixed

with KBr powder and pressed into a pellet.



Table 1 – Identification of the infrared absorption features. The labels S, m, and w refer respectively to strong, medium, and
weak bands while sh denotes a shoulder.

m (cm�1) k (lm) Assignment Rel. abs.

3283 3.04 Alkyne CH stretch S
3035 3.29 Aromatic CH stretch S 1.000
2960 3.38 Aliphatic asymmetric CH3 stretch S 0.275
2920 3.42 Aliphatic asymmetric CH2 stretch S 0.544
2854 3.50 Aliphatic symmetric CH2 stretch S 0.344
1916 5.22 Combination of out of plane and in-plane CH bend w
1706 5.86 Water or carbonyl stretching m
1687 5.93 Water or carbonyl stretching m
1625 6.15 Alkene C@C stretch sh
1586 6.30 Aromatic C@C stretch S
1436 6.96 sp2 aromatic CH bend m
1380 7.25 sp3CH3 symmetric bend m
1308 7.65 C–C and C–H plane deformation of aromatic groups w
1280 7.81 Alkene@C–H stretch w
1235 8.10 Alkene = C–H stretch w
1173 8.53 Aromatic CH bending in-plane and ring torsion w
1160 8.62 Aromatic CH in-plane bend w
1074 9.31 Aromatic CH in-plane bend and ring torsion w
1023 9.78 Aromatic CH in-plane bend and ring torsion w
958 10.44 Aromatic CH in-plane bend and ring torsion w
880 11.36 Aromatic CH out of plane bend for non-adjacent peripheral H atoms S
835 11.98 Aromatic CH out of plane bend for two adjacent peripheral H atoms S
751 13.31 Aromatic CH out of plane bend for 3–4 adjacent peripheral H atoms S
711 14.06 Aromatic CH out of plane bend sh
689 14.51 Aromatic CH out of plane bend sh
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On the red wing of the OH stretch band, which finds its ori-

gin in the presence of atmospheric water adsorbed in the

sample, the spectrum shows a small band centered at

3.04 lm (3283 cm�1) assigned to the acetylenic CH stretch.

The potential identification of C„C bonds containing species

in the NMR spectrum, although weak, supports this finding.

The acetylenic CH stretch is usually detected in the absorp-

tion spectrum of soots. Acetylene absorption is also observed

in the spectrum of the central star of proto-planetary nebulae

[40]. It can be reasonably assumed that interstellar UV irradi-

ation converts acetylenic groups into aromatic structures.

The absorption of energetic photons may lead to the homo-

lytic cleavage of one of the C„C bonds to generate a pair of

radicals, known to react rapidly.

We first focus our analysis of the prominent 3.3–3.5 lm re-

gion. A spline fitting is performed for determining the base-

line. Once the baseline subtracted, the CH stretch

absorption feature is deconvoluted into individual compo-

nents including symmetric and asymmetric aliphatic

stretches and aromatic stretch, following the approach de-

scribed by Dartois et al. for a:C–H [35]. The integrated absor-

bance of each vibrational mode of specific hydrogen

configurations is extracted following this procedure and given

in Table 1. It is assumed that partial absorbances are propor-

tional to hydrogen configurations contributing to a particular

mode. Quantitative studies of the absorption strength of CH

vibrations conducted by Ristein et al., established reliable

cross sections for the different CH groups in amorphous car-

bon material [39]. In order to determine the relative aromatic

to aliphatic and –CH2 to –CH3 ratio in our material, we sum

the respective symmetric and asymmetric contributions
when both partake in the infrared spectrum and obtain the

integrated absorbance per CH2 and CH3 groups. This method-

ology leads to derive an aromatic to aliphatic ratio of 3.2:1 for

the whole sample. This value is very close to what is found for

evolved soots produced in an inverse diffusion flame [38]. We

did not proceed to an extraction to separate soluble and insol-

uble phases. However, information on the chemical structure

of the residue can be obtained by combining NMR and IR re-

sults. Proton NMR which probes the soluble fraction (about

80% of the total mass) revealed that it was mainly composed

of aromatics most probably of low mass. It is well known that

molecular size and polarity are factors that affect solubility.

For instance, it is expected that small aromatic molecules will

dissolve in chloroform better than very large aromatic mole-

cules with substituted alkyl groups. Our IR spectroscopy setup

explores the bulk sample. Assuming 3 to 5 H per aromatic ring

and 2–3 H per aliphatic group, one can derive an aromatic to

aliphatic group ratio of roughly �1:4 for the residue based

on the NMR aromatic to aliphatic hydrogen ratio and the IR

aromatic to aliphatic group ratio. These findings suggest that

the condensates are composed of aromatic -aliphatic linked

hydrocarbon units embedded by low-mass aromatics. Our re-

sults are consistent with the findings of Jäger et al. [41] who

determined that particles formed by cw laser pyrolysis of

C2H4 at 1000 K and 1500 K are composed of wt. 100 and 33%

of low-mass aromatics. According to the same study, the

spectral positions of the infrared features of the extract and

the residue are very close (a few wavenumbers). The major

difference is the collapse of the CH stretch (3.3 lm) and CH

out of plane bending (11–14 lm) absorption bands relative to

the CC stretch absorption band. This behavior is expected
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because the H/C ratio for small aromatics in the soluble com-

ponent is larger than for aromatic aliphatic linked structures

in the residue.

The aliphatic component is characterized by a CH2:CH3

ratio of 2.5:1. As Dartois recalls [42], infrared spectroscopy

studies of hydrogen-rich photo-produced or plasma-

generated a-C:H usually reveal a CH2:CH3 ratio around 2.

The spotlights recently moved to the C@C aromatic

stretch, whose spectral position has been proposed as a tracer

of the carbon skeleton. According to Pino, it reflects an evolu-

tion of the environment of the aromatic units embedded in an

aliphatic network [22]. An aromatic sample will show a band

at 6.2 lm whereas aliphatic groups attached to aromatic rings

will redshift the spectral feature to 6.3 lm. The analysis of our

spectrum shows that the band peaks at 6.30 lm with a shoul-

der at lower wavelength around 6.15 lm. The chemical struc-

ture of our sample is therefore close to intermediate stages of

evolution of soots produced in, for instance, acetylene rich,

low pressure, flat premixed flames [22]. The high initial ali-

phatic content has been progressively converted into an ali-

phatic/aromatic network. The final stage being a complete

aromatization of the material. The aromatic units are likely

stacked and bridged by the numerous aliphatic groups re-

vealed by the infrared spectrum. This conclusion is supported

by X-ray diffraction results presented in Section 3.3.

The 6.6–10 lm spectral region (1000–1500 cm�1), which re-

flects the activity of the CH bending motions and C–C stretch-

ing motions, is highly congested on our spectrum. In

particular, no structured feature in the 7.6–7.9 lm region

comes out of the massif. This is contrasting with infrared

spectra of young soot particles which display a strong absorp-

tion band at 7.87 lm (1270 cm�1) [38]. This is even more strik-

ing when comparing with astronomical observations which

show an intense emission feature arising at 7.8 lm in PNe

and 7.6 lm in the interstellar medium. Some efforts have re-

cently been engaged to use this feature to trace the evolution

of aromatic nanograins [43].

On our spectrum, only two bands can be clearly distin-

guished at 6.96 and 7.25 lm (1436 and 1380 cm�1) which we

assign tentatively to the sp2 aromatic CH and sp3 CH3

symmetric bending modes based on the extensive study of

Ristein et al. [39]. The blue wing asymmetry of the 6.96 lm

(1436 cm�1) feature may be caused by the contribution result-

ing from the overlap of bands corresponding to sp3 CH3 asym-

metric (1470 cm�1) and sp3 CH2 (1450 cm�1) bending motions.

The spectrum departs from a:C–H material fingerprints for

which the 3.4 lm absorption band is accompanied by both

6.85 lm (1460 cm�1) and 7.25 lm (1380 cm�1) features with

variable relative intensity ratio [35]. This is consistent with a

multi-phase condensate composed of a significant fraction of

non-substituted aromatics carrying the 3.29 lm (3035 cm�1)

and 6.96 lm (1436 cm�1) features and of aromatic aliphatic

linked islands contributing to the 3.4–3.5 lm and 7.25 lm

(1380 cm�1) bands.

The 11–15 lm spectral region is sensitive to the aromatic

ring edge structures i.e., the number of adjacent peripheral

C atoms bonded to an H atom [38,44]. It is generally

considered that for regular PAHs, the IR activity in the 11.1–

11.6 lm is due to aromatic CH groups which have no neigh-

boring CH groups (dubbed solo). Similarly, two, three, and four
adjacent CH groups on the edge of the molecular structure

will respectively show some activity in the 11.6–12.5, 12.4–

13.3, and 13–13.6 lm spectral domains. Based on these

considerations which do not take into account the possible

substitution of hydrogen atoms by aliphatic groups, the fea-

ture at 11.36 lm is tentatively assigned to the solo CH out of

plane motion, whereas the band at 11.98 lm is attributed to

duo CH bending motion. Solo-CH groups commonly character-

ize long straight molecular edges, while duets and trios reflect

corners. The lack of additional information leads to assign the

13.31 lm to trio and quartet CH bending modes. Laboratory

experiments on the spectroscopy of large neutral aromatics

show that the absorption cross section per hydrogen of the

solo CH mode is six times higher than for the duo CCH bending

mode and about twice the cross section for the quartet mode

[44]. Our measurements reveal a 11.36 lm feature at least two

times smaller than the 11.98 lm feature and three times less

intense than the 13.31 lm band. This indicates that duo

modes dominate the 11–15 lm region activity suggesting the

presence of aromatics with compact structures such as coron-

ene which has only doubly adjacent H atoms on its edge. The

activity of the 13.31 lm mode may indicate some pendant

rings attached to the structure (four adjacent H atoms) or/

and the presence of bays (three adjacent H).

3.3. X-ray diffraction

X-ray diffraction is commonly used to characterize the struc-

tural details of solid-state substances. It may be a powerful

technique for studying disordered materials which are inher-

ently heterogeneous, yielding an estimation of average prop-

erty. Carbon material powder diffraction data were recorded

with a Philips X’Pert X-ray diffractometer using Cu Ka radia-

tion (k(Ka1) = 1.54056 Å, k(Ka2) = 1.54439 Å, 40 kV, 30 mA). The

sample was scanned in a step-scan mode (0.017�/step) over

the angular range (2h) of 5–80�. X-ray diffraction data were

collected for 1 s at each step. The broad peaks and the dif-

fused nature of the diffraction pattern, displayed in Fig. 5,

indicate the presence of a short-range order due to a very

small crystallite size.

Similar diffraction profiles have been obtained for amor-

phous carbon [45] and coal [46]. The three diffraction lines

were fitted by a pseudo-Voigt function and the baseline was

modeled by a 7-points Bezier function. The most realistic

interpretation of the pattern is made on the profile analysis

of the second diffraction line only, i.e., the most intense peak,

on the assumption that it corresponds to the (0 0 2) reflection

of hexagonal graphite. It is assumed than the peak position

reflects the average distance between graphene layers and

is estimated as 3.98 Å. The high inter-plane value, compared

to the average distance between layers in hexagonal graphite

which is 3.35 Å, finds its origin in the microstructure of the

sample. Let us consider the Debye’s equation of the scattered

intensity from any atoms in random orientations

Ieu ¼
X

i;j

fifj
sin 2psrij

2psrij
ð1Þ

where I is expressed in electron units, f is the atomic scatter-

ing factor, rij is the distance of atom pairs i and j, and s ¼ 2 sin h
k .
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Fig. 5 – X-ray powder pattern of the carbon material after

subtraction of the background modeled by a 7-points Bezier

function. The three diffraction lines are fitted by a pseudo-

Voigt function.
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Warren and Bodenstein [47] extended Eq. (1) to M sheets of

parallel carbon layers, expressed as a two terms equation, i.e.,

the sum over atoms within a layer p (intra-layer interactions)

and the sum over the M layers (interlayer interactions)

Ieu ¼
X

p

X
i;j

fifj
sin 2psrij

2psrij
þ
X

p

X
p0–p

X
i;j

fifj
sin 2psrij

2psrij
ð2Þ

Considering the M identical layers,

I0 ¼ Ieu=M ¼
X

i;j

fifj
sin 2psrij

2psrij
þ 2

X
p

1� p

M

� �X
i;j

fifj
sin 2psrij

2psrij
ð3Þ

In the case of a small crystallite size, i.e., reduced number

of stacking layers, the first intra-layer interactions term can-

not be neglected with regard to the second term. As a result,

the scattering intensity at small angle range is so strong that

the (0 0 2) peak position shifts towards lower angles [47]. This

overestimation is commonly accepted in amorphous materi-

als, liquids or gases with very small coherent domains. In-

deed, it is a widespread method to approximate the most

frequent occurrence of particular inter-atomic or inter-molec-

ular distances by the expression xm ¼ Kk
2 sin hm

, where xm denotes

the pair distance at the maximum intensity. K should admit a

value comprised between 1 and 1.3. It is directly derived from

the first maximum of the function
sin 2psrij

2psrij
, which gives

sm ¼ 1:23
xm
¼ 2 sin hm

k , with hm the position of the maximum peak

height, and K = 1.23 in this theoretical interpretation. Such

approximate value cannot be used in the particular case of

non-spherical shape molecules. A rough crystallite dimen-

sion along the c-axis, Lc, can be estimated by applying the

Scherrer equation:

Lc ¼
k

bð2hÞ cos h
ð4Þ

where b(2h) is the integral breadth of the (0 0 2) diffraction line.

Considering the width of the broad peak compared to the

instrumental resolution function, the integral breadth was

estimated without deconvolution of the profile function. This

relationship leads to an average apparent crystallite dimen-

sion along the c-axis, Lc of the order of 6.5 Å, corresponding
to about 2 stacked graphene layers. As a comparison, seventy

packed layers characterize high purity synthetic graphite.

Recently published studies may help to assess our conclu-

sions. In particular, simulations of X-ray patterns using the

general Debye equation show that the diffraction angle of

the (0 0 2) peak decreases and the FWHM of (0 0 2) line in-

creases with decreasing crystallite size for both hexagonal

graphite and turbostratic carbon [48,49]. Turbostratic carbon

is made of stacked graphene layers randomly folded or crum-

pled together. The diffraction angles and FWHMs are strongly

influenced by the distortion factors, such as the size and

microstructure of a crystallite, including disordered stacking

of graphene layers, increased interlayer spacing at the edges

of flakes or curved graphene layers. They therefore cannot

be simply used to characterize the lattice parameters and

crystallite size of turbostratic carbon. This finding is of conse-

quence here because we cannot exclude that the layers are

not stacked regularly as in hexagonal graphite. The crystallite

dimension has then to be considered cautiously. Neverthe-

less, pattern modeling of nanoparticles obtained from hy-

drated cerium oxides with very small crystallite diameters

(�10 Å) showed results similar to us in terms of simulated

FWHMs [50].

The diffraction feature observed on the left-hand side of

the (0 0 2) peak centered at 2h = 11.4� cannot be decisively as-

signed. A so called c band is observed for instance in coals but

at a somewhat larger angle 2h = 18�. The relative intensity of

the c feature with the (0 0 2) peak has been used as a tracer

for aromaticity [51]. It is interpreted as the presence of ali-

phatic side chains (or condensed saturated rings) grafted on

the edge of the graphene layer. Although one cannot exclude

the presence of grafted structures on the graphene, the high

intensity of this peak on our spectrum is rather mainly attrib-

uted to inter-particle scattering by close-packed particles and

small angle scattering by cracks, micropores and other heter-

ogeneities present in the sample. The wide-angle peak on the

profile with a maximum at 2h = 44.28� emerges close to the

(1 0 0) and (1 0 1) three dimensional diffraction lines of hexag-

onal graphite, onto which is superposed the two dimensional

(1 0) line of the same material. Considering the possible con-

tribution of several bands to the diffraction peak and its low

intensity, this part of the profile was not used to extract infor-

mation on the crystallite size along the a-axis, as explained

above.

Based on the sole analysis of the (0 0 2) diffraction peak,

we were able to reveal the presence of double graphene layers

in the carbon material produced at 1400 K. It may also contain

large amounts of single aromatic layers but only methods

such as HRTEM dark field diffraction mode may help us to re-

fine our description. Experiments of laser pyrolysis of butadi-

ene (C4H6) reveal that a raise in the temperature of formation

generates a structural transition from an amorphous-like car-

bon to a polyaromatic turbostratic carbon [52]. Below 1300 K,

images recorded by high resolution Transmission Electron

Microscopy through an absorption contrast suggest that the

layers are mainly single (non-stacked) [28]. Thanks to the

combination of IR spectroscopy and HRTEM imaging, Herlin

and co-workers were able to establish a relationship between

the mean layer size and the intensity ratio between the 11.36

and 13.31 lm (880 and 751 cm�1) infrared bands.
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4. Conclusion

We have shown that an original porous graphite reactor can

be successfully used to produce carbonaceous particles by

pyrolysis of acetylene. The physical and chemical conditions

under which pyrolytic carbons are synthesized in our reactor

bear some resemblance with circumstellar environments. For

instance, the innermost region (between 1 and 5 stellar radii)

of the circumstellar shell of the brightest carbon star,

IRC+10216, is characterized by a temperature that declines

from 2300 to 900 K and a gas number density that falls from

1016 to 109 molecule/cm3 when going away from the star

[53]. Recent observations have put some constraint on the

acetylene abundance at the 7.5 · 10�6 level [54] which confirm

the importance of this molecular precursor. Oxygen is sup-

posedly not participating in the carbon particle chemistry in

carbon rich shells as it is locked up in CO. This is also the case

in our reactor in which only acetylene is injected. In circum-

stellar environments, the temperature controls the reactivity

and the physical growth of the particle whereas the number

of collisions modulates the growth yield. The dynamics of

the shell sets the time scale. Shock waves produced by pulsa-

tions of the star and propagating outwards will also affect the

chemistry. These effects are far from being well understood

but overall reduce the time available while simultaneously

boost the density enhancing collisions. Considering the simi-

larities while keeping in mind differences (i.e., in terms of

dynamics), the reactor appears as a promising tool to explore

some aspects of the formation of analogues of circumstellar

particles under physical and chemical conditions reasonably

close to those found in carbon rich circumstellar shells.

The particles have been probed by ex situ methods of proton

NMR spectroscopy, FT-IR spectroscopy and X-ray diffraction.

Despite the limited number of techniques used, a wealth of

information has been obtained. The proton NMR analysis re-

veals that the soluble component (about wt. 80%) is composed

mainly of small aromatics (in a 8.1:1 ratio). This is consistent

with earlier studies that show that low temperature pyrolysis

(below 1500 K) produces particles composed of low mass PAHs

[29,41]. The absence of olefinic protons confirms the evolution-

ary stage of this phase of the carbon material.

Infrared spectroscopy which probes the bulk sample

shows that the overall aromatic to aliphatic ratio is �3.2 to

1 through the analysis of the 3.4 lm region. By combining IR

and NMR, we can access some information on the chemical

structure of the residue (wt. 20%). In particular, we derive

an approximate aromatic to aliphatic ratio of 1:4 which is dis-

tinct from the soluble component. It is consistent with a

structure of aromatic aliphatic linked hydrocarbon material.

The absorption spectrum bears some strong similarities

with some selected spectral windows of astronomical emission

spectra of post AGB stars. Several of them exhibit the 3.4 and

6.3 lm features typical of aliphatic containing material. The

comparison of infrared emission spectrum with gas and/or so-

lid phases absorption spectra should be done carefully when

considering relative intensities, band profiles and precise band

peak positions. The analysis of the emission and absorption

spectra of a selection of neutral and ionized PAHs, shows for in-

stance a shift of the band peak position arising from the depar-

ture from the harmonic oscillator model of the highly excited
vibrational modes [55]. Global spectral trends of laboratory

absorption and IR emission spectra seem however to follow

similar trends (see [55] and references therein).

The spectral diversity of the unidentified infrared emission

bands has resulted in their classification into three major

groups: A, B and C [56,57] characterized by the frequency of

the CC stretching mode. A variety of astrophysical objects falls

in the class A category whereas class C sources are less fre-

quent. Recently Pino et al. suggested that the frequency of

the CC mode traces the aromatic to aliphatic ratio [22]. The car-

riers of class C infrared emission spectra are proposed to be

dominated by aliphatic branches linking aromatic units

embedded within the network. At the end of the evolution,

class A spectra correspond to more matured structures in

which aliphatics have been converted into aromatic cycles.

Class B sources are intermediate cases. In the light of the aro-

matic to aliphatic ratio and the position of the CC stretching

6.30 lm band, the laboratory analogues find themselves at

the transition from class C to class B carriers. Completing this

picture, we have extracted a CH2:CH3 ratio about 2.5 that corre-

sponds to the right window for growth of a stable network [42].

The X-ray analysis points towards a mostly amorphous

chemical structure that contains small organized aromatic is-

lands composed of typically two graphene layers and bridged

by aliphatic groups. Because of possible multiple contribu-

tions, we were unable to retrieve the crystallite dimension

along the a-axis in the plane of the graphene layer but the

broadness of the peak suggests very small sizes.

The condensate is composed of small crystalline aromatic

aliphatic linked units surrounded by low-mass aromatics.

This investigation pinpoints the stage of evolution of the car-

bon material which appears to be at an intermediate level

where plenty of aliphatic branches in the core have just

started to convert to aromatic units and well before graphene

layer in-plane growth and stacking. We believe that this work

complements existing studies on the characterization of cir-

cumstellar analogues of carbon dust particles. Future work

will aim to investigate the chemical and physical properties

of the particles produced under varying conditions (precursor

gas, temperature, etc.). For instance, it would be interesting to

determine how the increase in temperature leads to the pro-

duction of fullerene containing particles [58] and if chemical

intermediates can be identified. The infrared spectral finger-

prints of the carbon material will be recorded for detailed

comparison with astronomical spectra. It would be very valu-

able to investigate the effects of thermal and photo-process-

ing of the sample. For this purpose, some other methods

such as Transmission Electron Microscopy are envisaged. In

parallel, we are currently working on a modified design that

would allow high temperature kinetics studies of some of

the key species involved in the formation of the particles. Fu-

ture plans include in situ mass spectrometry and laser in-

duced spectroscopy probes.
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diffraction study of the microstructure and growth kinetics of
nanoscale crystallites obtained from hydrated cerium oxides.
Chem Mater 2000;12(6):1791–9.

[51] Yen TF, Erdman JG, Pollack SS. Investigation of the structure
of petroleum asphaltenes by X-ray diffraction. Anal Chem
1961;33(11):1587–94.

[52] Herlin N, Bohn I, Reynaud C, Galvez A, Rouzaud JN.
Nanoparticles produced by laser pyrolysis of hydrocarbons:
analogy with carbon cosmic dust. Astron Astrophys
1998;330(3):1127–35.

[53] Fonfria JP, Cernicharo J, Richter MJ, Lacy JH. A detailed
analysis of the dust formation zone of IRC+10216 derived
from mid-infrared bands of C2H2 and HCN. Astrophys J
2008;673(1):445–69.

[54] Agundez M, Cernicharo J. Oxygen chemistry in the
circumstellar envelope of the carbon-rich star IRC+10216.
Astrophys J 2006;650(1):374–93.

[55] Tielens A. Interstellar polycyclic aromatic hydrocarbon
molecules. Annu Rev Astron Astrophys 2008;46:289–337.

[56] Peeters E, Hony S, Van Kerckhoven C, Tielens A, Allamandola
LJ, Hudgins DM, et al. The rich 6–9 lm spectrum of
interstellar PAHs. Astron Astrophys 2002;390(3):1089–113.

[57] van Diedenhoven B, Peeters E, Van Kerckhoven C, Hony S,
Hudgins DM, Allamandola LJ, et al. The profiles of the 3–
12 lm polycyclic aromatic hydrocarbon features. Astrophys J
2004;611(August 1):928–39.
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