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The temporal evolution of the neutral plasma chemistry products in a capacitively coupled plasma from argon/
helium/acetylene is followed via molecular beam mass spectrometry with a time resolution of 100 ms. Several
chemistry pathways are resolved. (i) The formation gz (n = 2—5) molecules proceeds via the following
sequence: the production of highly reactivéHGadicals in electron impact dissociation oft& is followed

by C;H induced chain polymerization offH, (n = 1—4). (ii) C.Hs (n = 4, 5, 6) compounds are detected
already at an early stage of the discharge excluding polymerization reactionsiitadical being responsible

for their formation. Instead, vinylidene reactions with acetylene or mutual neutralization reactions of ionic
species are proposed as sources of their formation. (iii) Surface reactions are identified as the sattge of C
The measured hydrocarbon molecules represents possible precursors for negative ion formation via dissociative
electron attachment reactions and can hence play a crucial role in particle nucleation. On the basis of the
comparison of our data with available experimental and modeling results for acetylene plasmas in the literature,
we propose &H, (n > 1) molecules as important precursors for negative ion formation.

Introduction in the plasma unless they are extracted by strong electric fields
or simply by gravity, if the particles become very large.

In our previous experiments the particle formation in a
combination of an capacitively (CCP) and inductively (ICP)
coupled plasma has been investigated. In a two step procedure,
particles are generated at first by injecting acetylene in an argon/
helium CCP plasma. Then the plasma is switched externally
ginto the ICP mode while the particles stay confined. The

for high value products. The production of larger particles is in INtérplay between particles and plasma pe_zrformanc_e7in the ICP
general more efficiently performed via standard chemistry MOde causes various instabilities as described previéidihe
routes. final particle size is dominated by the initial particle generation
Small particles are inherently formed in many reactive phase du”ﬂg the injection of acetyl_ene in the argon/helium CCP
plasmas using various source gases such as silane or acetylen lasma, with two nanometer particles being detected already

Particle nucleation in low-pressure plasmas is still not com- 220 MS after plasma ignitich.

pletely resolved, but it is most probably initiated by negative =~ The most critical stage for particle formation is their
ions! These negative ions stay confined in the plasma volume nucleation, the transition phase between individual small
due to the confining sheath potential between plasma andmolecules to macromolecules. Mass spectrometry is perfectly
surrounding walls. Negative ions undergo successive-ion suited to follow this phase since a large number of different
molecule reactions at a considerable rate leading to the formationspecies is in principle accessible to this diagnostic. Deschenaux
of very large macromolecules. At a critical size of approximately et al?1°performed mass spectrometry measurements of neutrals
1—2 nm, charge fluctuations occur, since ion and electron fluxes and positive and negative ions int; CCP (pressure 10 Pa,
onto a particle from the plasma can balance. During these chargeCzH> flow 8 sccm, RF power 40 W). The mass spectra indicate
fluctuations individual particles do not repel each other anymore the preferential formation of hydrocarbon species with even
and they may coalesce in a so-called nucleation burst: in a verynumber of carbon atoms48,, CsH,*, and GH™ are the species
short time period a large number of small particles agglomerateswith highest signal intensities among neutral species (except
to form larger nanoparticles with sizes larger than 50 to 100 C,H>»), positive ions and negative ions respectively. Negative
nm. In this size range, the balance between electron flux andions were measured in pulsed plasma with a frequency of 500
ion flux onto the particles causes them to stay negative with Hz in order to be able to extract them. This modulation resulted
respect to the plasma potential, similar to a floating probe. They probably in slightly different plasma properties. These measure-
grow further via attachment of neutral radicals at the particle ments can reveal the dominant plasma chemistry products,
surface. Because of this negative charge, particles stay confinechowever, it is difficult to isolate different reaction pathways
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The generation of nanoparticles in reactive plasmas is a vivid
area of research? Plasma-produced particles can be used for
nanoparticle-based transistors or luminescence devibes,
stress release in nanocomposites for improving electrical
properties of hydrogenated amorphous siliedme production
of especially small particles is of key interest for many
applications, since finite size or quantum effects can be exploite
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Figure 1. Experimental setup with implemented mass spectrometer. ; '
leading to their formation. These pathways can be tested by ' 0 1 2 3 4 5 6 7 8 9 1011 12
coupling a plasma and a chemistry model. The hydrocarbon Time [s]

chemistry in acetylene containing CCP was modeled by de rigyre 2. Course of the experiment (a) and measured signals at masses
Bleecker et at!2Their self-consistent one-dimensional fluid 2,726, and 50 amu (b).

model containing neutral, positive and negative species contain-
ing up to 12 carbon atoms could reproduce reasonably well mainat all times. The residence time of the neutral species under the
features of neutral species and positive ion mass spectra ofplasma off conditions is 4.9 s. It was shown, that the initial
Deschenaux et al. However, the number of reactive species an ensity of a precursor gas in the volume Surrounding the p|asma
reactions that can be considered in any model is a'WayS limited can Strong|y influence the p|asma process and dust partic|e
(for example only G;H™ anions were considered in this model), formation314To control this effect, it is checked prior to every
and many unknown reaction rates need to be estimated,experiment by mass spectrometer to see that acetylene has
providing unwanted freedom and uncertainty in the results. This reached its steady-state density. The neutral plasma chemistry
uncertainty can only be resolved by comparison to experimentaljs followed in time using molecular beam mass spectrometry.
data. A Balzers HiQuad mass spectrometer QMG 700 with a mass
In this work, we aim at revealing the chemistry pathways range up to 2048 amu is mounted inside a two-stage differential
leading to formation of large hydrocarbon molecules by means pumping system. The sampling orifice has a diameter of 0.6
of time-resolved molecular beam mass spectrometry measuremm and is at a distance of 114 mm from the reactor axis and
ments in an Ar/He/eH, CCP. These large molecules represent 41 mm from the edge of the electrode [cf. Figure 1]. The line
precursors for negative ion formation for example via dissocia- of sight distance between the first orifice and the ionizer in the
tive electron attachment (DEA) reactions and can therefore be mass Spectrometer is 102 mm. The base pressure in the mass

important for particle nucleation. spectrometer is 2« 108 mbar and around 3 107 mbar
) during the measurements. A mechanical flag is mounted directly
Experimental Methods in front of the ionizer in the second stage to allow a separate

A sketch of the experimental setup is shown in Figure 1. The measurement of the background signal without the molecular
reactor chamber is similar to a GEC reference cell, with an b€am component. This flag is manipulated externally via a
extended reactor height and electrode spacing of 6 cm. Themechanical feedthrough. It is observed that the background
plasma can be driven inductively from the bottom side by an signal is a constant fraction of the beam signal for the
external coil and capacitively from the top side by a planar measurement of the neutral species selected in this work. Since
electrode. A movable substrate holder is embedded in theonly relative signals are compared, a background subtraction is
capacitively driven electrode. A silicon wafer is mounted in the not necessary prior to the data analysis.
holder, which is then loaded into the reactor via a load lock. ~ The mass dependence of the transmission function of the mass
The dielectric window for the inductive coupling is a dome spectrometer is calibrated using helium, neon, argon, krypton,
shaped quartz cylinder, which avoids losses of the rf power due xenon, nitrogen, and oxygen gases at known partial pressures,
to the generation of eddy currents in any metallic parts nearby yielding: signall] mass®88 The ionizer of the mass spec-
the ICP-coil. All gases are injected via a ring shower surrounding trometer is set to a positive potential avoiding thereby the
the capacitively driven electrod€. The reactor chamber is  collection of positive ions. The axis of the mass spectrometer
pumped by a turbomolecular pump. A butterfly valve, which is is tilted by 5 with respect to the axis of the extracted molecular
mounted in the pump line, is used for pressure control. The beam in order to prevent UV photons from the plasma from
generation of particles in the plasma is performed via the schemereaching the secondary electron multiplier. Otherwise a UV
depicted in Figure 2a: First (i), a flow of argon and helium as photon induced background in the measured signals is observed.
buffer gas is set to 4 sccm (argon) and 15 sccm (helium) at a  The acquisition of an overview spectrum of all masses takes
pressure op = 4 Pa. In addition, an acetylene flow of 4 sccm several tenths of seconds, which is longer than the time span
is added; then (ii) the capacitively driven electrode is used to for acetylene injection and particle generation. In order to
strike the plasma at a forward power of 80 W for a time period achieve a better time resolution, sdep-scan procedure is
Aty = 8 s; afterward (iii), the acetylene flow is switched off. employed instead: first the variation of a signal at a selected
The total gas pressure prior to the plasma ignition is 6 Pa and mass (integration time 50 ms) is measured, together with a
decreases to 4.4 Pa after the plasma is ignited and the acetyleneeference signal at mass 26 amukigparent peak, integration
flow is turned off. The butterfly valve is kept at a fixed position time 10 ms) with good temporal resolution of about 100 ms
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(250 ms for the signals at masses higher than 99 amu, where 1 /—4r—+—F——F+—7+—"+—1+—"—"7""1—"—"T"""—""1"""7+11
longer integration time of 100 ms are chosen) during a plasma 4 e CH,  Ar
experimentgcar). Afterward, the next mass channel is selected A
(step and an identical plasma experiment with the same process I
2
0

(@)

parameters is repeated. The signal at mass 26 amu serves then 10
as a reference signal and allows us to identify the exact moment ¢’
of plasma ignition in different experiments. At the end, complete —
mass spectra at a given time after plasma ignition can be
reconstructed, with a time resolution of 100 ms.

An example of two such steps measured at mass 50 amu & 1’
(parent peak of ¢H, molecule) and at mass 2 amujjtHare 10°
shown in Figure 2b. The temporal evolution of the signal at
mass 26 amu is identical in every measurement and proofs the
reproducibility of the wholestep-scanprocedure.

The electron energy in the mass spectrometer is set to 70 1%
eV, where the ionization cross sections usually have their 10
maximum. Specific species can only be identified in a mass

spectrum, if one takes their cracking pattern into account. In Figure 3. Reconstructed neutral mass spectra according to the step-
our case, this re'qUIre.m.ent IS rglaxed for the discussion of Iargerscan procedure before plasma ignition (a) and 1 second after plasma
hydrocarbons since it is possible to select mass peaks, wherggpition (b).

only one species preferentially contributes. This is different for . . .

smaller hydrocarbons, since many species with higher mass maydetailed analysis of the signal at mass 2 amu due to these

contribute to a single mass channel at lower mass. In such a®@sons. The signal at mass 50 amu corresponds to the parent

case, we use more a elaborate method to analyze the spectra iR€2K of diacetylene molecules4&). C:H. is a reaction product

a quantitative manner, which is based on Bayes statitiés. I the plasma, because it is not detected prior to plasma ignition.

These results will be published elsewhé&te. The signal at mass 50 amu goes through a maximum 0.7 s after
Additionally, the influence of acetone on the measurement P/asma ignition and decreases again, following approximately

is investigated. Acetone is commonly used as a solvent for the depletion of acetylene. The gas flow of acetylene is turned

acetylene and by feeding acetylene to the plasma, a smalloff att = 8 S, resulting in the drop of the s_ignal_s at all masses
fraction of acetone is able to reach the reactor, which shows upShoWn in Figure 2b, caused by fast dissociation of these
in the mass spectra. In order to check the influence of acetoneMolecules in the still running Ar/He plasma. The delay of

on the plasma chemistry, some measurements are repeated witAPProximately 1 second is due to gas in the gas line between
acetone free acetylene. These experiments show a reduced sign&'&SS rovx_/ controller and reactor. T he variation of t_he intensities
of Ho(40% lower), CH (40%), and CO (30%) compared to the depicted in Flgure gb resglts mainly from the rapidly evolving

case when acetylene diluted in acetone is used. However, ngPlasma chemistry including the formation and presence of

significant change in the plasma composition regarding bigger nanoparticles (with diameter up to 28 rijnFigure 3 shows )
hydrocarbon molecules are observed. two mass spectra generated via the step-scan procedure at times

just prior and 1 second after plasma ignition. The mass peaks
corresponding to Ar (mass 20, 36, 38, and 40 amu), He (4),
and GH, (12, 13, and 2426 amu) are visible in the first
The time evolution of the most intense signals measured at spectrum together with peaks for acetone (15, 43, and 58 amu)
masses of 2, 26, and 50 amu is shown in Figure 2b. Mass 26and H (2 amu). Weak signals of background gase$28 amu),
amu corresponds to,8, molecules. Since it is the precursor 0, (32 amu) and KO (16—18 amu) are present as well. Some
gas, its signal is large prior to plasma ignition and decreasesvery weak signals at masses above 60 amu (e.g., masses 67,
sharply after plasma ignition due to plasma inducegH.C 83, or 84 amu) are due to a background atmosphere in the mass
consumption. After several seconds, an equilibrium between gasspectrometer. The signal at these masses stays constant during
flow into the reactor and the losses inside the plasma volume the whole process. Dramatic changes in the gas composition
via electron impact dissociation and via pumping is reached. can be seen in Figure 3b takenlas after plasma ignition. The
The signal at mass 2 amu corresponds to molecular hydrogenconsumption of acetylene is accompanied by an increase and
(Hy). It is also measured prior to plasma ignition, as a part of an appearance of new peaks corresponding to various hydro-
the cracking pattern of £1, and of the background gas inside carbons. (For example, peaks originating from the cracking
the mass spectrometer. The signal at mass 2 amu increases aftgrattern of GH, appears at masses 37, 48, 49, and 50 argid; C
plasma ignition indicating KHproduction in the plasma. It is  at masses 72, 73, and 74 amu; gHg at masses 97 and 98
very large, but this is a consequence of a discrimination of heavy amu.) One can clearly see that hydrocarbons with even numbers
species in the quadrupole mass spectrometer relative to lightof carbon atoms are preferentially formed since the signal at
ones. Indeed, the signal prior to plasma ignition at mass 2 amumasses 60 to 64 amu is rather small. These mass spectra
is already 100 000 c/s. The actua} Hensity in the reactor is  correspond qualitatively as well as quantitatively (relative peak
expected to be much lower than theHz density at all times. heights are comparable) very well to the results measured by
Additionally, the background density of hydrogen in the mass Deschenau® in pure GH, discharges, indicating that the
spectrometer can vary, since it is produced in electron collisions addition of noble gases to &, plasma does not alter much
with various hydrocarbon molecules and via pyrolysis of these its plasma chemistry. Consequently, we assume that the positive
molecules on the hot filament in the ionizer of the mass and negative ion spectra, as measured by Deschenaux®et al.,
spectrometer. Therefore, the, Ifheasurement at mass 2 amu are also representative for our plasma.
should be only considered as a very rough estimation of the H  Qualitative Analysis of the Plasma Polymerization of
relative density change in time. We have not performed any C,H,. Unsaturated hydrocarbon molecules with mainly triple

n Count [s
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Figure 4. Temporal evolution of signals corresponding to parent

masses of ¢H, (50 amu), GHz (74 amu), GH, (98 amu), and GH; . .
(122 amu). The arrows indicate the estimated position of signal maxima, cnseéguence, the formation of branchegH; radicals becomes

a viable reaction route besides the formation of linear molecules.
bonds and masses above 45 amu are well characterized by theiThe signal at mass 98 amu, where the parent peak of linear
signal at the parent mass, since the contribution from cracking CgH, molecule is located, is quite small, suggesting that such
patterns of other triple bonded hydrocarbons is negligible. This branching may cause a limited production of lineagH&
is different for smaller hydrocarbons with masses below 46 amu, molecules. More accurate statement can only be made after
where an intimate overlap of the cracking patterns needs to bequantitative analysis of our results, which will be performed
taken into account prior to decomposing the mass spectra. Theby means of Bayes statistics and will be published in our future
results of the Bayesian analysfspot presented here, confirms  article!” To confirm, that GH induced chain polymerization
that the peaks of the parent mass are well suited to analyze theof acetylene is a plausible explanation for formation of th¢Hg

temporal evolution of these species densities. (n = 2—4) molecules, we have constructed a simple chemistry
ConH2 Molecules Figure 4 shows signals measured at masses model (cf. Appendix). Normalized signal intensities of the model
of 50, 74, 98, and 122 amu corresponding taHG (n = 2—5) results and MS measurements are shown in Figure 5 and show

molecules. Possible contributions from the cracking patterns of very good agreement, confirming that the proposed reaction
CnH4 species can be neglected, due to their very low densities scheme is correct. ThegB~ (normalized intensity 100%),
and their negligible contribution to the measured signaigH& CeH2™ (10%), GH2~ (7%), and GH™ (6%) are the anions with

(n = 2—5) molecules are formed via polymerization reactions the highest signal in the negative ion mass spectrum of
induced by GH radicals, which are formed in electron impact Deschenaux et al. Thex{H, molecules are probable precursors
dissociation of the source gash:18 of these anions, which are created in DEA reactions such as

CH,+ e (Eel >75eV)— CH+H+ e Q) C,H, + e — CZnH_ +H(n > 1) (3)

Polymerization proceeds through consecutive steps via addition

of C;H radicals to G,H, molecules, starting with acetylene: The feasibility of this reaction scheme depends strongly on

the reaction constants of these DEA reactions, which are
CH,+CH—C, o H, +H 2 unfortunately not known. However, it is conceivable to assume
that the rate constants increase with the possible vibrational
This polymerization sequence induces delays between theexcitation of the G,H, molecules, as discussed by Christo-
appearance of the maximum intensities of the species involvedphoro#° and as it is known for example from rate constant of
as indicated by arrows in Figure 4. The positions of these DEA of H, with increase of several orders of magnitdd&he
maxima are estimated based on the signal heights and symmetrynodel of de Bleecker et al. has shown that high signals of, e.g.,
and similarity of the profiles. The spectrum ofd8, is close CeH™ and GH~ compared to gH~ cannot be reproduced when
to the detection limit and too noisy to estimate the position of only reaction 3 with ground state acetyleme=t 1), followed
the signal maximum. The first polymerization step involving by polymerization with GH,, is included in the model as a
C,H, molecules and gH radicals was well studied in the paé&t. source of G\H™ anions. The reaction scheme we propose might
It has a rate constant & = 1.3 x 10719 cm® s71 with C4H, explain this discrepancy.
being the dominant product. The rate constants of the consecu- C,H4 MoleculesFigure 6 shows signals measured at masses
tive polymerization steps are not known, but the similar delay of 52, 64, and 76 amu corresponding tgHz (n = 4—6)
of 0.3—0.4 s between the appearance of the maxima in Figure molecules. The contribution of /8, and GH, to masses 52
3 indicates, that the rate constants are comparabléxto  and 76 amu due to the natural abundance oft#@eisotope is
However, one can expect, that the probability thabld €dical below 5%. The signals measured at mass 50 amHtlf)Cand
will bound to one of the end carbon atoms will decrease with mass 74 amu (§H,) are rescaled and plotted in this figure for
increasing length of the molecule involved in reaction 2. As a comparison. The signal intensities at the parent massegHaf C
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' S S S — (a) molecular hydrogen forming hydrogen rich hydrocarbons. Since
iiﬁ amn (rescaled) 1 the electron temperature in low-pressure plasmas is usually lying
----------- 74 amu (rescaled) between 2 and 5 eV, the formation of metastable vinylidene in

inelastic collision with an electron is probable:

1200 |-

800 -

400 -

HC=CH+ e (E, = 6.2eV)—H,C=C+e (4

It is most likely that vinylidene is involved in the pyrolysis
of acetylene at 406900 °C with C4H,4 and GHg being the only
detected product.In addition vinylidene presence in micro-
wave plasmas from acetylene is indicated by MS measurements
of Fujii.?> A possible reaction sequence fogHG production
from vinylidene is

—— 50 amu (rescaled)

Ion Count [s'l]

" . L
t t

-0-76 C
600 7 50 aom (rescalod) ©), H,CC+ C,H,— C,H,+ H (5)
oo C,Hy+H,—~CH,+H (6)
200
We restrict us here only tivo-to-tworeactions, since we expect
0 . . . . X A that the direct formation of g, in two-to-onereaction of
0 1 >3 4 5 6 7 vinylidene with acetylene is unlikely due to the absence of
Time [s] collisional stabilization of reaction products at low pressures.

Figure 6. Time evolution of the signal corresponding to parent masses Unfortunately, the reaction rate of reactions@tare not known

of C4H4 [52 amu (a)], GHa [64 amu (b)] and €H4 [76 amu (C)]. The i order to test the plausibility of this proposal. Any experimental
rescaled signals at mass 50 and 76 amu are also shown for comparisony .o wtion of vinylidene by threshold ionization mass spectrom-
etry cannot be easily realized due to its short lifetime leading
to a deexcitation on the way between plasma and mass
spectrometer.

species are much lower than those ofH; species indicating
their very low densities. The signal at mass 64 amu correspond-

ing to GHs molecules is the lowest, indicating, that the - o . . .
pr%duction of molecules with odd number of cart?on atoms is (i) Mutual Neutrahza’upn Reaction of An|ons and Canqns.
Another possible formation path for,84 species occurs via

again suppressed. Because of the unknown cracking pattemsmutual neutralization reactions of anions and cations. The
of these molecules, no better statement regarding their absolute ’

densities can be made at this point. Moreover, contrarytblC gzaiurgrr'eftsécg E eosrcgs_rll iuéaﬁgr?f \;ZI I:E%prce;SSTcgrof
species, where only one configuration is possible for each 72 2 @ =472 1 =413 » 2 A

molecule, more isomers can be subscribed to eagHsC CeH™ anions. The anion at mass 26 amu is most probably the

molecule. Similar to GHs, the signals for GHs reach their vinylidene anion HCC™, since the acetylene anion itself is

maximum after plasma ignition and decrease again due to the_unstable with respect to autodetachment. The vinylidene anion

depletion of the precursor gas. In order to reveal the pathway is more stable compared to the vinylidene neutral (collisionless

leading to the formation of these species, the measured signals“fet'me longer than 100 s) and therefore stable with respect to

are compared to the measurements at masses 50 and 74 am%ﬂﬁgﬁgzcgrpsf nT dh;ngxsgitc):\iaicstlzgtpl?rtlgvvy/ﬁy Le:vfj/:ar:/%:c}it”i]:
Figure 5a clearly shows, that48, exhibits a very similar y : ’

temporal evolution as 481, and that the maximum of the signal .colncelvable tha}t itis formeq N t'he plasma very quickly, since
. . : it is observed in the negative ion spectra measured by De-

at mass 52 amu appears prior to the maximum ¢4.CThis schenaux et aP.in their pulsed CCP plasma modulated with a

suggests that4H, (n =2, 3, 4, ..) species are not involved in frequency of 560 Hz thl?a signal interl?sit at mass 26 amu is 20

the formation of GH., since the necessary hydrogen insertion . quency ’ 9 y

. ) times higher than at mass 25 amu fosHC (a product of

in, €.9., GH; to form GiHs would cause a delay in the dissociative electron attachment to acetylene). The mutual

appearance of signal maxima ofH;, in a similar way as it is NN Y ” .

observed for GHo. neutralization is very fast d_ue to Coulomb interaction with rate
Additionally, the relative abundance of;l&, (and also of fgggfgﬂ;ﬂgﬁgfﬂ rggiggg?gfhlgrggﬂ?géz trgfec(a)\fs?h;:;:eutral

CsH4 and of GH4) compared to ¢H; is higher & 3 s after the ) P

Lo - . molecules by taking the positive ion and vinylidene anion
plasma ignition and beyond. At this momentH; is already e 43 6 3 ;
depleted and the plasma is dominated by the presence ofdensmes of 2x 10 m? and 2x 10°¢ m respectively (based

molecular hydrogen (cf. Figure 2). In this case, hydrogen on the model .results of de Blgecker et al.) and taklng into
. . . . . . account 1000 times faster reaction rate of mutual neutralization
insertion might be causing the production ofHz. But how is

the production of GH, at the initial stage of the experiment reaction compared to, for example, the neutragutral reaction

possible without involvement of £l radicals? As a hypothesis, of acetylene (1& m?) with the CZ.H radical (.166 m?). The
we propose two possible reactions: (i) a reaction of acetylene production of the gH, molecules in the reactions
with vinylidene or (ii) the mutual neutralization reaction of _ .
anions and cations. H,CC + CypH, — CyeHs + H (7)

(i) Reaction of Acetylene with Vinylidend/inylidene is a
metastable isomer of acetylene lying approximately 2 eV (followed again by hydrogen insertion), is approximately 250
(singlet) and 4 eV (triplet) above the ground st&&he triplet times slower than ¢H, production but it could be still a
state of vinylidene has a lifetime o522 and the rearrangement  plausible source of these minority,kl; molecules. The §H,
barrier to acetylene is larger than 2.2 &Winylidene is a and GH; can be also produced directly in neutralization
biradical, which easily reacts in collisions with acetylene or reactions:
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H,CC™ + CyHy — CouHa + (CHH (8) 400 , - . ; ; : ' (a)
—— 78 amu
—— 50 amu (rescaled)

The presence of (E, species is an indicator that vinylidene 300 |
and/or mutual neutralization reactions involving vinylidene
anions can play an important role in the plasma chemistry. On
the other hand, the densities ofHG molecules are probably
too low to play any significant role in the dust particle
nucleation. 100 -
Aromatic CompoundsFigure 7 shows signals measured at <~ i
masses 78 (§Hs) and 102 amu (gHg). The rescaled signal at N e .
mass 50 amu is included again for comparison. The aromatic § ’
compounds benzene and phenylacetylene are expected to be thecg) 160 |-
main contributors to these signals. Because of the complexity ™
of the mass spectra and the low level of the signals it could not 120 -
be directly tested, whether other isomers are present in the gas
phase as well. However, aromatic compounds are the most stable 80
isomerd’ and they are often observed in acetylene pyrolysis or
combustior?*28The presence of peaks at masses 126, 128, and 40r
152 amu (cf. Figure 3b) indicates the presence of diethynyl-
benzene, naphthalene and ethynylnaphthalene/acenaphthylene
respectively, products of the hydrogen abstraction/acetylene Time [s]
addition (HACA) mechanism, which accounts for their genera- _. . . )
tion after the first aromatic ring is forméd. Therefore, we Figure 7. Temporal evolution of signals corresponding to parent
k ' masses of gHs [78 amu (a)] and gHs [102 amu (b)]. The rescaled
believe, that the peaks at masses 78, 102, 126, 128, and 15Zjgnal at mass 50 amu is also shown for comparison.
amu are parent peaks of aromatic compounds mentioned above.

—@— 102 amu

0

The comparison with the fEl; signal in Figure 7 shows that 150 L L L S —

the GHs maximum density appears later than that gifig; and 102 amu —*— clean chamber
therefore also that of 4£14. Moreover, as in the case of @, I —e— pre-coated
species, the relative intensity compared igis clearly higher —2— after 10 experiments
at 3 s after plasma ignition and beyond. The formation of the

initial aromatic rings is still a topic of scientific debate. In the 100

model of De Bleecker et af 75,3% of benzene is produced
via addition of acetylene to £z and 25.7% via @GHs
cyclization. The appearance oflds after GH, is in agreement
with the reaction identified in this model. However, as men-

Ion Count [s]

tioned above, the formation of 483 occurs probably via 50
reactions (eq 5) involving vinylidene or mutual neutralization

(eq 7). The signal measured at mass 102 amu exhibits a very

rapid increase after plasma ignition compared to other masses,

cf. Figure 7b. Such a fast increase of the signal cannot be .

explained by gas-phase polymerization reactions. Instead it is
observed that the cleaning of the reactor using an Apl@ma
prior the acetylene experiments resulted in a much slower signal
buildup, as shown in Figure 8. Moreover, the amount of Figure 8. Temporal evolutiqn of mass 102 amu \_Ni_th a clean and a
phenylacetylene depends on the number of particle generationPré-coated (after one experiment using 30 s gfinjection in the

. . plasma) reactor. Every curve is an average of three mass spectrometry
experiments :{tep_s) prior t(_) the_ actual mass Spectrometr_y_ measurements. The data taken after 10 experiments with conditions as
measurements, since the signal increases when more depositionfescribed in the text is a single mass scan.
particle generation steps precede the measurement. These
observations are an evidence that surface reactions occur, mosydrogen atoms were mainly obsenfedxcluding aromatic
probably between £ radicals and surface bonded or adsorbed ¢ompounds from being the precursors for their formation.

Time [s]

aromatic rings: Therefore, we believe that aromatic compounds play only a
minor role in particle formation under our experimental condi-
CGH5(6)|surface+ C2H|plasma_> CSH6|pIasm4+H) (9) tions.

The measurements at mass 102 amu show, that surface reaCtionéonclusions

may play an important role in the formation of larger aromatic

compounds under the low-pressure acetylene plasma conditions. The temporal evolution of neutral species in a capacitively
The time-resolved measurements at masses 126, 128, and 152oupled plasma from argon, helium and acetylene is followed
amu are not shown, since the signals are very weak with a poorvia molecular beam mass spectrometry in a qualitative manner.
signal-to-noise ratio. Aromatic compounds are involved in the The following species and chemistry pathways are identified:
nucleation process of soot particles in combustfofherefore, (i) The formation of GyH, species proceeds through theH=
they may also be important precursor of dust particles in our induced polymerization of the 8, monomer. (ii) It is shown,
plasma as well. However, the very low signals at the masses ofthat GH, species do not result from the hydrogenation gi-G
their parent peaks imply their very low densities in comparison molecules. Two possible alternatives involving vinylidene or
to CxHz molecules. Moreover, anions with only one or two mutual neutralization are proposed instead. (iigHe can be



Molecular Beam Mass Spectrometry

formed via addition of acetylene tq8; or via GHy4 cyclization
as proposed by de Bleecker ettaHowever, GHz and GH,
precursors are probably formed as described in point ii. (iv) A
surface reaction is responsible for the formation oHE

J. Phys. Chem. A, Vol. 111, No. 42, 20010459

with energetic electrons, is assumed to be the same for all
species and constant during the complete processndtgs

product is used as a fitting parameter (optimal value of 1% s
to obtain a good fit between modeled and measured profiles.

(phenylacetylene) suggesting, that surface reactions can be ahe set of differential eqs 1013 is solved using COMSOL

significant source of aromatic compounds in low-pressure

Multiphysics 3.2 software.

acetylene plasmas. As already mentioned, it is believed that dust

particle growth proceeds through the growth of negative ions
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Appendix

A simple zero-dimensional plug-down chemistry model is
constructed to predict the time evolution of,8, (n = 2—4)
densities iz, in the equations below) in the first 8 seconds after
plasma ignition. For every species a differential equation is
written:

dn,
o = nCZHanZszaél - n4nc2Hk4ﬁ6 — NyNeKyiss — N/T
(10)
dng
o n4nC2Hk4_.6 - nencsze—»B ~ NyeNeKiss — Ne/T
(11)
dng

o Ne1Ks—g — NgNe K10 — NgNeKyiss — N/ (12)

Additionally, a differential equation for 48 radical density is
used in the form:

dne
2
a N, NeKaiss — Nl Ne Ko —a T NaKyg + Nekg g +

Ngkg .10t (13)

All densities are set to zero at time zero as an initial condition.
The following assumptions are used: (i) the reaction riateg
ks—s, andkg—1o for the chain polymerization reactions are set
to the known value ok, 4 of 1.3 x 10710 cm?® s7%;19 (ii) the
acetylene densitync,n, in the firda 8 s of the plasma is
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