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Mechanisms of decomposition of hydrocarbons in
electrical discharges

D.I. Slovetsky

Institute of Petrochemical Syntheses, Academy of Sciences of USSR, Moscow, V-71

Abstract - The mechanisms of decomposition of hydrocarbons in electric discharge
plasmas are discussed, with special reference to: (i) plasma parameter
measurements, (ii) composition of stable and unstable chemically active particles,
(1i1) mechanisms of ionization, excitation and decomposition including solid
polymeric products generated by nonequilibrium chemical kinetics.

INTRODUCTION

Much work has been published on the study of the decomposition of hydrocarbons in
nonequilibrium electrical discharges in which gaseous and solid polymeric products are
generated, e.g. linear and cyclic saturated and unsaturated hydrocarbons and aromatic
compounds. The dependence of outputs in stable products on external discharge parameters —
such as pressure, gas-flow rate and electric power — have been used in the past to
elucidate mechanisms of chemical reactions. The method using small accepting admixtures,
applied successfully in the past for studying reactions in photo- and radiation chemistry,
have not been so successful in the case of plasmas because (1) they may give a large
variation of internal plasma parameters; and (ii) known radical or ion acceptors may have
the opposite effect due to decomposition, ionization or excitation.

Analogy of plasmachemical product composition with photochemical, radiochemical or
mass—-spectrometrical ones was used in interpretation also. But this way is not informative
because of large variation of product composition with plasma parameters and complexity of
chemical conversations with participation of electrons, radicals, excited particles and
negative and positive 1omns.

Chemical reactions in nonequilibrium cold plasmas are initiated, as a rule, by collisions of
molecules with electrons having large energy taken from electrical field immediately. Many
particles having large chemical activity are generated by electron molecule collisions such
as electronically and vibrationally excited molecules, negative and positive ions and
radicals (ref. 1). Simultaneously some stable products may be generated. All particles may
take part in following collisions with electrons, molecules, and one with another, giving
secondary reactions. Heavy particles energy is low if the gas temperature is low. But by
large specific power of discharge it may be large enough to give thermal pyrolysis reaction
(Fig. 1,2). In addition, due to electron-molecule primary collisions hot atoms and radicals
may be generated which are very active in chemical reactions even at low gas temperature.
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Due to this reason the chemical reaction mechanism in nonequilibrium plasma may be very
complex and dependent on internal plasma parameter range. It is necessary to note that
determination of active particles, giving main contribution in product generation is
difficult because of the various type of active particles there are in any electrical
discharges through any gases but not all of them are important in chemistry.

Hence it is necessary for the plasmachemical reaction study to use the method of choice of
most probable mechanisms of chemical reactions and physical processes in nonequilibrium
plasmas (ref. 1). The method is based on the quantitative study of generation and decay
kinetics of any particles in the frame of nonequilibrium chemical kinetic theory (ref. 2).
To realize the method in practice is is desirable to have measurements of all internal
plasma parameters which influence the direction and rate of the chemical reactions (Table

1).

TABLE 1. Discharge parameters and intrenal plasma parameters wich
are necessary to know for mechanisms studying in nonequi-

librium plasmas

Parameters

Measuring technique

Discharge parameters :
Power , W , W

Electrical current, I, mA
Electrical field strength,
E, V/em

Gas pressure, p, Pa

Gas flow rate, G, cmj/s

Electrotechnical devices

Probes
Membrane or capacitive manometers
Volume gas flow meter

Internal plasma parameters
Energy of particles :
Electron energy distribution
function (EEDF), fe(Ee)

Electrical probes, optical
spectroscopy

Heavy particle (gas) tempera-

mme,Tg,K

Thermopfobes, thermocouples,
Doppler broadening of spectral
lines

Rotational temperature of
molecules , Trot , K
Vibrational temperature or
distribution function of vib-
rational level populations

Optical spectroscopy, laser inclu-
ced, Raman spectroscopy

Particle densities @

Electrons , n.

Ions , ny
*
Excited particles, n;

i
Radicals, n,

Electrical probes, absorption or
reflection of microwave radiation,
stark broadening of spectral lines
(ne 1015cm"5)

Mass-spectrometry

Optical spectroscopy

Optical spectroscopy, mass—spect-
rometry, ECR-spectrometry in gas
phase, with matrix isolation on
surfaces, radical trapping with ECR

Stable reagents and products

Total heavy partical densiety,

Yo

Chromatography, mass-spectrometry,

Chromatomass-spectrometry, IR -ab-

sorption, laser induced fluorescent
Calculation from measured pressure

and gas temperature
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Review of the works concerning hydrocarbon chemical reactions under discharge conditions
shows insufficient knowledge of plasma parameters. In many cases even external parameters,
such as specific electric power, are not reported. Investigations were carried out using
various reactor constructions and discharge types - direct current, high frequency and
microwave discharges. Without internal plasma parameters having been measured it is
difficult to compare the results of various workers and to make objective conclusions about
mechanisms of chemical reactions.

More detailed studies were performed using direct current discharge through mixtures of rare
gases with methane and Cg~C7; - hydrocarbons (ref. 3-15). The internal plasma

parameters, radical and stable product compositions were measured. Variation of hydrocarbon
contents and discharge current makes it possible to study kinetic order of reactions.
Important results were obtained by means of labeled isotopic techniques which allow to
discriminate the products of primary decay from products of the secondary onme.

This lecture is based on the results of plasma parameter measurements and composition of
stable and unstable chemically active particles. Mechanisms of ionization, excitation and
hydrocarbon decomposition are discussed including generation of gaseous and solid polymeric
products by means of nonequilibrium chemical kinetics.

PLASMA PARAMETERS, IONIZATION AND EXCITATION MECHANISMS

Plasma parameters are best studied in positive column of direct current glow discharges
through rare gases (ref, 1). But addition of small concentrations of hydrocarbons & rare
gases gives large variation of electric field strength, mean electron energy and density
(Fig. 3). Most sharp variations are observed at additions of «=0,01-0,05% c~CgHjg.

At further increases of £ from 0,05 to 2%, the variations are smaller and plasma parameters
are nearly constant in this range. Decreasing the electrical field strength results in
hydrocarbons having ionization potential lower than excitation potential of the rare gas
metastable atomic levels, When the electric field strength is increased (ref. 1,3,4,6) the
result is opposite. In more typical former case, gas temperature is lowered due to high
heat transfer coefficient of hydrogen generated as a decomposition product and due to the
decrease in electric field and specific power. To reduce electric field, E/Ng is

decreased as a result, Addition of hydrocarbons to rare gases decreases fast electron
density even if E/N, is constant (ref. 8-10), Both effects decrease coefficients of
processes initiated by electron impacts and electron drift velocity. Electron density is
increased to compensate decrease of drift velocity and to maintain constant electric
current.
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Ionization rate must increase to give larger electron density in spite of decrease of
electric field. Therefore, ionization mechanisms by hydrocarbon addition are varied.
Ionization proceeds in glow discharge through pure rare gas under sufficient high current
density (4 >1 mA/cm?) by a stepwise path: excitation of metastable atomic levels by
electron impacts followed by ionization of metastable atoms by second electron impacts (ref.
1,6). Metastable levels excitation rate is decreased due to hydrocarbon addition and
metastable atom densities are lowered due to decrease of density of fast electrons and
quenching by hydrocarbon molecules. At very small additions (££0,001%) quenching is low
compared to the electron impact («5%). However, the electric field strength is already
decreased (Fig. 3). It is connected with contribution of Penning ionization occuring by
collisions of metastable rare atoms with hydrocarbon molecules. The greater the hydrocarbon
addition, the larger is molecular quenching and when/=17% its rate is at hundred times
larger than quenching of metastables by electrons. Metastable densities are at hundred
times less than the ones in rare gases. As a result the rates of stepwise processes of
ionization and upper atomic levels excitation are decreased. This effect gives observable
quenching of luminosity of discharge when hydrocarbons are added.
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On addition of cyclohexane to argon more than 0,01% main ionization process
is Penning ionization having efficiencywhich is egqual to 0,5610,5 per colli-
sion. Direct ionization of hydrocarbon molecules by electron impact gives
contribution only at larger additions.

The process is main in pure hydrocarbon discharges where the electric field
strength is lncreased again. The reason of this increas¢ . is deficiency of
fast electrons in its energy distribution which is the more the more are ad-
ditions.

If the ionization potential of hydrocarbons is larger than excitation energy
of rare gas met;astable level (for example, methane has Eion=12,5 eV, and
argon B =11,55 eV) electric field strength is increased by small exteni
because of decrease of stepwise ionization due to quenching of met:zastable
atoms which is not compensated by appearance of new lonization channel (ref.
1,15).

Penning ionization was used in (ref. 11) to explain the slow changing of
electric field with time in discharge through mixtures of Ar,He and Ne with
benzene (¢A=0,1%). But characteristic time of the variation was equal to

ten secondswhich is much more than the survival time of metcastable atoms
varying from 1075 in pure rare gases to 10'55 in mixtures. Hence this expla-
nation is not correct. It is more probable that slow variations of electric
field as observed are forced by chemical reactions, occuring parbticulary at
reactor walls,

Small variation of plasma parameters in mixtures of rare gases with 0,1-2%
hydrocarbons allow to study kinetic order of reaction depedendhgon hydro-
carbon concentrations. Indepedence of plasma parameters on gas residence ti-
me in discharge (2’;40'35) gives possibility to carry out kinetic studying
with simple interpretation. Influence of by - electrode regions on the che-
mical reactions was excluded by freezing of products in by - electrode zones

(ref. 5=7).

MECHANISMS OF DISSOCIATION OF HYDROCARBONS

Dissociation rates of cyclohexane as measured are increased according to li-
near - low with imcrease of hydrocarbon concentration in mixture with argon,
increased monotonically depedendM3on current densiiy and gas pressure
and independent o gas residence time in discharge within error limits (Fig.
4). This independence allow to exclude the reverse reaction of cyclohexane
generation from dissociation products. This conclusion was confirmed by ex-
periments with use of mixbtures of protonated and deuterated cyclohexanes
(11 and 1:10) in argon. In this case products do not contain isotopic
mixed cyclohexanes.

It was shown by evaluation of reaction rates of all energetically possible
reactions that the main contribution in cyclohexane dissociation may give
collisions with electrons, metlastable argon atoms and hot hydrogen atoms :

c-Cgli;, + e —= e + neutral products , "
c—06H12 + Arm —_— Ar(qso) + neutral products , (2)
c-C6H12 + H* -——> products . (%)

Hot hydrogen atoms (H*) may be generated due to primary dissociation proces-~
ses (1,2) via decay of highly electronically excited molecules of cyclohexa-
ne. Hot atoms dissipate +their energy during collisions with argon atoms be-
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fore collision with hydrocarbon molecules (3). Hence reaction probability de-
pends on hydrocarbon concentration in mixture. Upper limit of reaction (3)
rate can not be more than rate of hot aboms generation in reactions (1,2),
because in every act of reaction (3) hot atom must disappear, Therefore
contribution of reaction (3) can in better case only enlarge the dissocia-
tion rate by factor two. It is the case if the every act of reactions (1,2)
gives appearance of hot atom and every hot atom gives disappearance of cyc-
lohexane molecule in reaction (3). But really contribution of this reaction
in hydrocarbon dissociation evidently is not so large because the dissocia-
tion rate is directly proportional to cyclohexane concentration in mixtures
as observed (Fig. 42).
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Fig. 4. Dissociation rates of cyclohexane versus its addition to
argon in mixture (a), discharge current density (b) and gas pres-
sure (c) with R=0,5 cmj; G=3%0 cma/s. Lines are relative dependen-
ces calculated: 1 - due To reaction 1, 2 - 23 3 = ionization rate
of cyclohexane due to collisions with argon methastable atoms ;

4 - rate of solid products generation debermined from C -atom ba-
lance. Points are dissociation rate measured

Teking into account the excitation and deexcitation of met astable argon

atoms K

Ar(qso) + e Kf"ﬂ; Ar, o+ e, (4)
* + —
Arm + e K-—J; Ar (Ar') + e (2e) , (5)
Arp, + M ——éa-Ar(qso) + products (6)

the reaction (2) rate equals
/‘ _ Ky Oy Jl Ky n Br]  4p Eyom [br] Q)

2 - o~
K] + K5 ng 1+ Kgny/Kg[M]

In expression (7) probability of dissociation due to molecular quenching (2,
6) 1s introduced

4 p = /% (8)
Also it is taken into account that molecular guenching is large compared
with rare atom one, and cyclohexane dlssoclatlon degree is small. Then using
the rate coefficients values K _(4 5-1 5)+10~ 7omis—q, Ke= =10 9cm3 =1 (ref.
15,94) and o >0, 5% (A is relatlve concentration of c¢cyclohexane in initial
mixture) it cankshown that reaction (2) rate is not dependent on £ as ra-
tio K5ne/K6[E—C6H12]=5'102AAfo,ﬂ and electron density and energy are con-
stant in the range 0,1% 5,( = 2% (Fig. 3). Rate of the reaction (3) must be
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directly proportional to & . As follows from data of Fig. 4, reaction (3)
givesmain contribution in the range 0,1%<o(<€2%. The reaction (2) contribu-
tion is significant only if X £0,1% .

The same dissociation rates were observed for other C -C7 hydrocarbons under
same conditions (Table 2). Reduced electric field is the same too for vario-
us hydrocarbons excluding benzene, Hence possibility of Penning-ionization by
collisions of metcastable argon atoms with the hydrocarbons is nearly cons-
tant. For benzenevalue of E/No is enlarged,which connected with diminishing
of Penning-ionization probability due to appearance of additional channels
such as intermolecular conversion of excitation energy.

TABLE 2, Steps and rates of decomposition of number hydrocarbons
in glow discharge through theire mixtures with argon
under the same conditions: j=2,4 mA/cmE; p=133 Pa ;
O‘CxHy =1% 3 dyupe=1 cm (ref. 4,5)
Hydrocarbon Legree of Residence Dissociation  Reduced electric
dissocia~ time, t, rate, en~2g™" field, E/N, ,

tion, % 10 °s 10~10y. cn?
c-Cgly 5 15£2 3,4 14%2 1,2
c=CsHy 12%2 4,2 9,0%1,4 1,2
c~CgH, 1 CHy 7%z 3,4 6,5%2,6 1,1
Sty 10t2 4,5 7,1%1,3 1,2
Celg 12%2 4,2 9,0%1,4 1,7

The small variation of dissoclation rates mean the approximate equa-
lity of dissociation cross-sections under electron - hydrocarbon collisions,
This conclusion 1s confirmed by calculation of cross - sections of disso-
ciation via excitation of optically allowed electronic transitions by elec-
tron - molecular impacts (Fig. 5) (ref. 15). The dissociation rates as cal-
culated using this cross - section and electron energy distribution as cal=-
culated for pure argon plasmas (ref, 10) are significantly lower than measu-
red ones (Fig. 6). This discrecpancy may be explained by contribution of ex-
citation of optically inallowed electronic transitionswhich is main process
for the hydrocarbons as was shown in the past for the methane, ethane, pro-
pene and butane (ref. 16). The same dissociation mechanism includ.ing stage
(1-3) was observed for mixture of methane with rare gases (ref. 6).

6, 40-466"\2

Fig. 5. Cross sections of
hydrocarbons dissociation
by electron impackts follo-
wed by excitation of opti-
cally allowed electronic
transitions
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Fig. 6. Rate coefficients of proces-
ses initiated by electron impaclts
in mixtures of argon with hydrocar-
bons 9(410%) versus reduced elec-
5 tric field. 1 -argon atom metCastab-
le level excitation; 2 ~direct ioni-
zation of cyclohexane molecules ;
3 ~direct dissociation of cyclohexa-
ne molecules through excitation of
optically allowed electronic transi-
tions; 4 -~the same as (3) for butane
molecules; 5 =direct dissociation of
butane through excitation of opti-
cally electronic transitions; 6 -
cyclohexane dissociation rate measu-
red; 7 -ionization rate measured in
discharge and determined by Penning
ionization of c¢yclohexane
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Thus initiation of hydrocarbons decomposition under nonequilibrium plasma
conditions in mixtures with rare gases is due to collisionof molecules with
fast electrons and excited metiastable rare atoms. Direct dissociation by
electron impaclts givesmain contribution beginningfrom small additives

(a few tenth of percent) up to 100% hydrocarbons. Radicals generated due to
primary decay do not cause chain processes at low gas temperatures (T_ =
500-600 K)., The dissociation rate can be twice due to influence of hot atoms
and radicals generated during primary decay. The same dissociation mecha-
nisms must be observed for hydrocarbons in other types of discharges such

as HF and MW under the same range of paramebers: 5621,5—2 eV; xe=ne/No<1O-5;
Tg<6OO K.

Variation of dissociation mechanism is possible due to enlarged gas hea-
ting at high specific discharge power (Fig. 1,2), when the radical reactions
may give chains. In (ref. 17) it was supposed that increasing dissocia~-
tion rates of number hydrocarbons as observed was caused by contribution of
reactions with participation of vibrationally excited molecules without dis-
cussion of gas heatbing effects, This supposition seems to be impossible be-
cause of high efficiency of hydrocarbon vibrational relaxation (ref. 18).

MECHANISMS OF GENERATION OF STABLE GASEQOUS PRODUCTS

So0lid polymeric films are the main product of 04'06 hydrocarbon decomposi~
tion in direct current discharge through mixtures of argon with hydrocar-
bons. The films are deposited on the reactor walls, electrodes and samples
inserted to plasma (Table 3). Gaseous products composition of c-C6H12 disso-
ciation in mixture with argon is nearly the same that one in pure c:—CE)H,]2
(Table 4, culomns 2,3), But change of discharge type from dc to HF and MW
discharge through methylcyclohexane gives variation of gaseous product com-
position and ratio of outputs of gaseous and solid products (Table 4, co-
lumns 8-10).



760 D. |. SLOVETSKY

TABLE3., Outputs of gaseous and solid products of hydrocarbons decom-
position in discharges through mixtures with argon (ref.4,5)

Hydrocarbon G{CXH s+% Discharge Sum of gaseous Sum of solid
y

products products

c—C6H,]2 100 Constant current .- observed
glow, p=133 Pa

c--O6H12 1,0 - " < 12 88
C"CSHﬂO 1,0 - " < 14 86
C6H14 1,0 -" . 38 62
06H6 1,0 -" - 9 M
CQqu 1,0 - " - - observed
c--C6H,MCH5 1,0 - " - 29 71
c-C6H,mCH5 100  High frequency(HF) 79 21
c—C6H,MCII3 100  Microwave (MW) 93 7

TABLE4. Main stable products of number hydrocarbons decomposition
in electrical discharges (sum of gaseous product without
hydrogen is equal to 100%)

Stable Constant current glow discharge,p=13% Pa HF-dis~ MW-dis-
product charge charge

0-06H12 C—CBqu 06H14 C6H6 C4H10 C-C6H110H5
A:’)OO% A=1% A=1% o{,:’\o% A=1% A=1% o£=1% A =100% £=100%

CH4 1,0 =~ - - - 21,8 - 14 2,9
CoHg 6,7 7,5 5,7 20,0 - 8,1 13,0 4,5 3,9
CH,=CH, 28,3 39,0 31,3 16,6 2,9 28,3 25,515,0 6,8
CHSCH 22,8 18,1 21,7 16,3 44,1 16,3 19,1 2,7 8,3
C5H8 2,5 244 4,5 15,8 = - 2,1 2,0 1,7
CH50H=CH2 749 742 18,4 10,1 - 9,3 13,3 = -
CHECCH, 1,6 1,4 3,9 - 2,2 2,4 1,5 - -
Cuflo - 0,7 - 7,0 - - - - ~
C4Hg=ClH, 2,4 1,9 = 1,1 - 2,1 2,5 = -
CoHu=CoH, 1,2 1,4 - 0,8 1,7 - - - -
CH2=(CH)2=CH27,9 745 = - = 1,5 5,9 0,3 4,2
C5Hy 5 - - - 1,46 = - - - -
c—C5H10 - - - - - - - - ~
C_H,=(CH)=CH,2,0 0,1 2,1 - - - - - -
c-CgHg=CH, 0,4 0,8 1,0 = - - - - -~
Celg 0,8 1,1 - - - - - - 0,4
c-CgHiCHy 2,8 3,1 - - - - - - ~
c—C6H90H5 - - - - - - - 59,0 48,5
c=CgHyq 9,8 8,6 - - 10,0 - - 3,4 1,6
e-CgH. - - - - 25,2 - 5,6 3,4 -
c-Cglg 2,0 0,1 = - - - - - ~
Other - - 4,8 13,3 4,0 16,3 17,3 - -

<08;06) (CB;C6)(07309)(05-09)(05-09)
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Gaseous products are main in HF and MW discharges (Table 3). Products gene-~
rated due to breaking off C-C bonds predominate among the gaseous products
in dc discharges. At that time products generated due to breaking off C-H
bonds predominate among the decomposition products in HF and MW discharges,
where more parts of products are gaseous ones. In earlier works (ref. 7) it
had been supposed that gaseous products were generated mainly due to decay
of cyclohexane rings prefzerably to stable molecular fragments of 02302:02;
05:05 and 02:04 types.
But it is clear that decay can give radicalswhich being unstable particles
give rise?stable products as result of secondary reactions.
Determination of radicals in dischage plasmas is one of the more complex
problems in studying dissociation mechanisms (Table 1).
In earlier works radicals were identified by means of optical spectra of
plasmas. But this method gives certain identification as rules only for atoms
and two atomic radicals and in exclusive cases for 3-atomic radicals (ref.19
In the cases of manyatomic radicals the identification is difficult due to
diffusjon of spectra and hence is based on chemical proof only. It gives
uncertain conclusions about type of radiating radical (Table 5). Mass-spec=—
troscopic technique gives a certain information in the case of light hydro-
carbons (01,02) y but for heavier ones difficulties of identification are ve-
ry large.
Spin trapping technique was found to be the most effecﬁve one for heavy
hydrocarbons. Anumberof substances(such as 2-methyl-2-nitrozopropane, nitroben-
zene phenyl-thret-butylnitron etec) exposed to plasma can capture the radicals
glving stable substances (so-called adduct-radicals)with characteristic ESR-
spectra, depending on type of radicals. Exposing of spin trapping to plasma
of discharge in pure argon gives no ESR-signels, In latter case surface of
spin trapping positioned at 5 cm distance from discharge in gas f£low is bom=-
barded by excited and charged particleswhich flow is much more than in mix-
ture of argon with hydrocarbons. Therefore only hydrocarbon radicals give
ESR-signal (Fig. 7). Information on type of radicals is derived from pick to
pick distance and pick inbtensities in ESR-spectra of adduct-radicals. The
view of adduct-radical ESR-spectra is differewl from ESR-spectra of the free
radicals, ’

Discharge through
Ar+c-C6H12

Pure Ar discharge

P Y 27 ML -

| 50 ersted |

Fig. 7. ESR-spectra of adduct-radicals observed after exposition of
radical trapping to discharge through mixture of C6H12 with argon
and pure argon
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TABLE 5, Main radicals*), observed in nonequilibrium electric
discharges through hydrocarbons

Hydrocarbon Observed radicals Measuring Conditions Refe~
technique rence
CH CH,,CH,,C C,H.,H Mass-spec- HF-discharge (ref.20)
4 e ZHB’ 275! trometr p=13=-133 Pa ’
CH H,CH,CH,,C,,C Optical Impuls dischar-
2 It Al R LR )
spectro- ge (ref.19)
H Constant current
scopy glow discharge (ref.6)
Cellg C6H5(?) Optical Constant current
C6H5CH or spectro~ glow discharge
H G ? i
C6H505H7 CbHscHe(.) scopy through mlx?ure
06H5CH206H5 of heleum with
06H5(CH2)206H5 1=5% hydrocarbons

p=26=200 Pa ;
j=1-2 mA/cm2 (ref.21)

C6H6 H,CH,CE,CaH(or C4H£) Optical HF and MW-dis-

C6H5CH2 (?),C6H5C(?) spectro- charges ,

C6H4(?), C6H5CH2(?) scopy P=26=266 Pa

W = 15-100 W (ref.22)

Cellg C6H5 Radical HF-discharge (ref.23%)
C6H50H5 CGHSCHE trapping
c—C6H12 H,c-C6H11 Radical Constant current
C"CSH10 H,c-C5H9 trapping glow discharge
c-Csﬁ,HCH5 H,CHE,C;C6H110H2, through mixture

c—C6H,|,‘,c-06H,100H5 of argon with
C6H14 C6H15,H hydrocarbon
C.H C.H.,H A =1%;p=13% Pa; (ref.4,

676 675 2
J=1,2 ma/cm 12,15)

C4qu C4H9 RadiCél Silent dischar-
C5H12 (CZHS)ECH trapping ge (ref.24)
OgHqy Cetlqz
c=Cgly 5 c=CgHq
C7H16 C7H15
C6H5CH5 C6H50H2

*) Concentrations of any other radicals are less than 20% of ones
shown in the table .

It was shown by spin trapping technique that the main hydrocarbon radicals
generated during decomposition are the products of breaking off hydrogen atom
from rings, chains or methyl substitution group (Table 5). In the case of HF
and MW discharges in benzeneproducts, ther fragmentation were observed
(ref., 22), But this fact is accounted for high specific discharge power (Fig.
1,2) followed by high gas temperature and high rate of secondary reactions.
The latter are responsible for the appearance of CE-CB—radicals in the case
of methane (Table 5). Quantitative data concerning radical concentrations are
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absent because all kRnown techniques are nonquantitative and give only re-
lative concentration.

Anglyses of data of tables (3-5) show that among gaseous products are a few
which can be generated from radicals (Table 5). At first view it could be
%o confirm the conclusions of ref. 7 about molecular break-up¢f cyclohexane
rings.
To clear up this question and to study mechanism of chemical reactions spe~-
cial experiments were carried out with dc discharge by using isotopelabeled
technique., The mixtures of protonated and deuterated cyclohexanes in ratios
9:1 and 1:1 with total concentration of 1% were introduced to argon and used
as working gas in dc discharge. Products were analysed by chromato-
mass-spectrometry (ref., 4,15).
The gaseous products were shown to divide in relation with its isotopic com-
position to three groups.
The first group consisted of products, containing only hydrogen or only
deuterium atoms: ethene (02H4;02D4); acetylene(caHe;CzDz); methylencyclopen—
tane (0—05H8=CH2;c—05D8=CD2); cyclohexene (c-C6H10;c—C6D10); 1,3 and 1,4
cyclohexadienes (c-CGHB;c-C6D8); benzene(C6H6;C6D6).
The second group consisted of products having comparable output all par-
tially substituted proto-deutero compounds: ethane and propane (Table 6).

TABLE 6. Isotopic abundance of cyclohexane decomposition products
included in 2¢ and 39 group, see text: o=1%; j=2,4 mA/cma;
p=1%3% Pa. Sum of registrated isotopic abundance of every
product is equal to 100%. Isotopic composition of initial

mixture C'CGH’l ot c—C6D,] 2=B:’l

Product  Isotop Abundance,% Product Isotop Abundance,%

B=1 B=9 B=1 B=9
Ethane C2D6 12 5 Butene-1 C4D8 16 (32) 2(4)
CZDSH 18 7 (Butene=2 C4D7H 22 (19) 7(5)
02D4H2 28 22  numbers CyDgHy 4 «p 4(3)
C2D5H5 42 66 in bra- C4D5H5 4 (2) 2(6)
ckets) CDH, 5 (0) o(1)
Propane CBDB 12 1 C4D5H5 5 (0) 4(0)
03D7H 13 4 C4D2H6 5 (1) 4(2)
05D6H2 9 7 C4DH7 17 (21) 22(10)
05D5H5 12 12 C4H8 22 (24) 55(75)
C5D4H4 8 8
05D5H5 14 10 Methyl- C-C6D,HCD5 24 24
CBD2H6 15 22 cyclo~- C—C6D110D2H 8 3
C5DH7 17 36 hexane C—C6D410DH2 9 6
0-06D11CH5 10 18
Propene CBD6 51 32 c--C6H,HCD5 11 2
05D5H 44 51 0—06H41CD2H 12 5
C3D4H2 0 11 c—C6H110DH2 11 6
05D5H5 5 6 C—C6H,HCH3 15 37
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The third group consisted of products having unequal isotopeoutputs:me-
thylcyclohexane, propylene and butene (Table 6).

Direct primary decay of cyclohexane can give only products of the group. Re~
lative output of various products of this group depends on
initial hydrocarbon concentration in mixture, current density and gas pres-
sure (Fig. 8 a,b,c).

&, % 8, %
Y ® 8.,%

9
10} } 1 [ A 10 AF

st ;::;:;:::::::::%q st {T‘——{—______f 5t I 1 I
>*///’ — ==

e e F % © 4 2 jmhfeni © 135 266 D,Pa

[
!
I

Fig. 8. Outputs of some stable products related to quantity of de-
composited cyclohexane molecules as a functions of initial hydro-
carbon concentration in mixture with argon (a), discharge current
density (b) and gas pressure (c); a) p=133 Pa; j=1,2 mA/cmZ;

1 =CH,; 2 =CoHy 3 —c—C6H10(2,5)*); c—C6H8=CH2(25); ¢=CgHg-1,3
(76); 0-06H8-1,4(60); C6H6(5,5); 05H4(12); 4 -02H6(1,5); 03H8(1,75)
03H6(1,8); 5 -c—06H110H3(2O); C4H10(220); -G Hé-1(14); C4H8~2
(20); CyHg=1, 3(31); b) p=133 Pa; L =1%; 1 =C oHyi 02H6(5 7 CBHS
(12,5); ZH6(5)’ C H8-1(16), C Hé-2(12), 2 =~ CoHyy CO3H (14 2)s
c-CGqucH (645)% c-CGH 0(3), c—06H8_0H2(12), C6H6(10), CAH6'1 33

c) j=1,2 mA/cm i L=1%; 1 = CoHys CoHy (1,63 05H6(25)' 2 - c=Cglyq3
c-C6H8(14), C6H6(1O), 02H6(9); 3 - C4H4-1,2(7); C4H8—2(8,8); CyHg-
1,33 4 - 05H8=CH2(1O); 5 = c=CgH,CH, *) Factors by wich must be

divided the figure values to obtain the true values are given in
brackets

A number of them could be generated by means of consecutive dehydrogenation
of primary products during their collisions with hydrogen atoms and elect-
rons. In these cases their relative output could be increased by increasing

current density because of increase of concentration of atomic hydro-
gen and electrons. But relative products outputs of first group were decrea-
sed or invariable as observed with current density increases (Fig. 8b).

This fact excludes significant contributimn%ponsecutive dehydrogenation
reactions, The same is True about other reactions of dehydrogenation by col-
lisions with other radicals as generated in primary decay. In both ca-

ses relative outputs of theseproducts must be increased with A .« Indeed so-
me increase of output was observed for 02H2, c-C6H10, c-06H8 and 05H8=CH2
in the range of small X (Fig. 8a) and with increase of pressure (Fig. 8¢).
But this dependence must be more sharp in the case of consecutive reactions,
namely 5' ,{ and 5’~p » Weak dependence of relative outputs on o, p and
current density exclude entirely contribution of consecutive dehydrogenatlon.
Therefore all products of first group are direct products of primary decay
of excited cyclohexane molecules by electron impacts (1,2). Dependence of
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various product oubtputs on discharge parameters and « is accounted for dif-
ferent path of excitation. By small A collisions of cyclohexane with meta-
stable argon atoms (reaction 2) give significant contribution, but by larger
A (L20,1%) impacts of electrons give main contribution. Appearance poten—
tials of various products are different as the decay takes place from vari-
ous levels followed by variation of products composition with elect-
ron energy.

Then primary decay of excited cyclohexane takes place according to the sche-
me : breaking of C-H bonds

(c-C6H12)' — o=CgH,, + H ( 9)
—= c=CgH,; + Hy(2H) (10)
— Oy 4 om, (11)
L———— c-Cglg + Hj . (12)

Strong isotopic effect was observed for benzene. Its output due to decay of
¢-CgDy, Was at times higher than in the case of ¢~CgH,,. This can be explained
by strong influence of mass on the complex decay (12).

Breaking of C-C bonds of types 02:02:02 :

(e=C H,|2) —= 30,H, (13)
—= 2C,H, + CuH, + H, (14)
I Col, + Cofl, + CoHig + H (15)

and types 02:0

(0—06 12) —ie C Hg + 02}14 + H2 (1e)
and breaking off one C-C bond followed by isomerization of biradical and
escaping of H2

(C‘Ceﬂqa) —= L, ——= c-C sHg=CH, + H, . 17
The first group of products includes posvlbly an allen, Its isotopic com-
position was not studied., But depedence of allen output on discharge parame-
ters is the same as observed for products of first group (Fig. 8a,b,c). Hen-
ce it is generated due to reaction

(e=Cghyp)" —= Oxf, + Oy, + H (18)
which is only one example of ring distribution of types 05:05 with appearance
of stable products. Decay of type C:CB\MQS not observed.
Reaction scheme (9-18) differs significantly from supposed earlier (7), ac-
cording to which main decay reactions give saturated alkanes directly (etha-
ne, propane, butane). Isotopic abundance of alkanes with nearly egual out-
puts of all protonated-deuterated products as observed (Table 5) is the proof
of generation of thesealkanes during secondary reactions most possibly
with participation of radicals.
Generation of radicals can occur during primary decay of excited molecules:

(e=CgH,y o) —= CoHg + CyH, (19)

— CoHy + C,Hy (20)

— C5H7 + 03H5 . (21)

Direct experiments confirmed possibfe appearance of stable products and

radicals with simultaneous escaping of several hydrogen atoms and molecules
and simultaneous breaking off several C~C and C-H bonds by direct impact

of electrons with molecules, For example following products were observed as

result of butane dissociation: CH2(15 5= 1), CH (9,0%0,5); CH4(11 O—O 5)s
2H2(15 01 4003 2H (13, o1 +0)3 CZH5(1O 521 O), 03H5(14 o2 s0); C H4(14 ot
2,0); © U5(12 5%1 O), C4H2(15 [ord Ne)H C4H (14, 0% s0)3 C4H4(14 5~1 O), C4H5
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(12,032,0); C4H6(12,031,O). Appearance potentials as measured are shown in
brackets (ref. 25).
The products of the third group are generated as result of secondary reactions
of primary decay products. Their unsubstituted parts are products of prima-
ry decay., They are connected with radicals, generated in primary decay and/
or in secondary reactions,
Methylcycliohexane is one of most interesting productsof this group. It has
entirely protonated or entirely deuterated ring connected with methyl group
and output of products with all partly deuterated and protonated methy! groups
are nearly equal (Table 6). Hence it can be generated by two paths: recombi-
nation of radicals

o-Og,, + Of, Lo wellg o-OgH, ,CH5 (22)
or due to including of methyleneradicals to C-H - bond

c-CGH,12 + CH2 B —— c--CGI-L],]CIrI5 . (23)
In the latter case c-C6H110H2D; c—C6D110HZD and c-C6D110D2H must not be ob-
served. It is contrary to data (Table 6). Hence the reaction (23) gives

no contribution and generation is due to recombination of radicals (22). MNe-
thyl radicals must be nearly equally deuterated -~ protonated. Such radicals
can explain generation of ethane

M, walls
CH5 + CH5 e C2H6 (24)
and propane also
M, walls
CHy + CpHg =4—2222  C,Hg (25)

with their isotopic composition (Table 6;.
Butenes and propylene are generated most probably due to disproportion reac-

tions 05H7 + CH5 — CHg + H, , (26)
02H5 + CH5 —_— C§H6 + Hy (27)
and radical recombination
C,, + H Il‘é—:—-—.waﬁs CHy (28)
Cylg + H LB D Ctig . (29)

Thesestable products of ring breaking are C,:C,:C, type (02H4, 02H2), one C-C
bond (CSH8=CH2) and breaking of several C-H bonds (C6H10’ Cellgy Cgllg) are
generated during primary decay of excited cyclohexane molecules. The ring
breaking of C,:C, (C4H6) and 05:05 (03H4) types makes & small contribution.
Total output of gaseous stable products due to direct breaking of C-C bonds
is less than 7,5% and of C~H bonds is less 2,5%. Output of gaseous products
generated due to secondary reaction, with participation of cyclohexyl radi-
cal (main radical in plasma) namely methylcyclohexane is less that 0,4%.
Outputs of gaseous products of recombination of other radicals are one order
value larger in spite of the other radicals concentrations as measured are
at 5 times less than cyclohexyl one., This allowsto suppose that cyclohexyl
radicals take part in building of solid products on the walls.

MECHANISMS OF DEPOSITION OF FILMS

The solid polymeriec film is the main product of decomposition of all studi-
ed hydrocarbons in dc discharge (Table 3). Rate of film deposition increases
proportionally to cyclohexane concentration in initial mixtures under con~
dition of constancy of all other plasma parameters including the charged par-
ticle flow to surface. Hence deposition does not occur due to put into film
of cyclohexane ionSbeing the main ions in plasma at of > 0,1%. To study con-
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tribution in deposition of unsaturated hydrocarbons generated due to hydro-
carbon decomposition a numbergexperiments were carried out — the

mixtures of deubterated cyclohexane and protonated ethenewere used by total
concentration of hydrocarbons in argon equals 1%. Deposited films do not con-
tain the hydrogen if etheneaddition was equal to one generated due to decom—
position of cyclohexane in mixture with argon (Table 3). The hydrogen was
observed in films only by increasing the ethene concentration in mixture to
ten times (3% CZH4 +1% c—C6D12 +96% Ar) (ref. 4,5,15). Hence the unsaturated
in plasma do not give significant contribution to film deposition.

The most probable mechanism of £ilm deposition as studied contains building
in of heavy radicals generated due to breaking of C-H bonds. Building up is
due to recombination with free bonds on surface generated due to its bombard-
ment by energetic plasma particles. The latter gives vise to futher destruction
of bonded radicals, atomic hydrogen and light radical desorption (CHE’ CH3
«ss). Pree bonds generated asa result recombine one with another giving gene-~
ration of cross links and double bonds, and with radicals coming from plasma
giving films growth.

Recombingtion with hydrogen atoms leads to decay of free bonds. This reac-
tions explain mixed isotopic composition of light radicals in plasma, becau-
se hydrogen is main gaseous product of hydrocarbons decomposition.

Such a mechanism is confirmed by data observed using benzene. In this case
f£ilm contained aromatic structures - phenyl, bi- and three- phenyl fragments.
Concentrations of the latter were diminished with increasing bombardment
intensity by means of decreasing of benzeneconcentration in initial mixture,
or additional treatment growed films by pure argon plasma.

Main role was shown in free bonds generation to play ions by using mixture

of methane with rare gases. Ion building in films is not significant as
substitution of hydrocarbon ions by xenon ones do not influence the rate of
£film growth (ref. 1%,26). Hence growth is due to hydrocarbon radicals. Cyc-
lohexyl radicals built into film in cyclohexane being main products of
primary decomposition and give rise o very low outputs of gaseous products.

CONCLUSION

This application of quantitative method to studying of chemical reaction
mechanism in nonequilibrium plasma diagnostic (ref. 1) allowsbto find most
probable paths of gaseous and solid products generation during decomposi-
tion of hydrocarbons in dc discharge plasma (ref. 4,5,15). The mechanism

differs significantly from those proposed earlier (ref. 7,21,22 etc),

Thevnawmcﬂffuwame.éhowm,ﬁereis that primary decay givesrise 1o radicals even
in the reactions generating stable products too, Meost decays are due
to breakyof C-H bonds followed by so0lid film deposition as result of ra-

dical recombination on surfaces. Breaking of C-C bonds gives rise {r gaseous
products, Primary decomposition reactions are decays of electronically exci-
ted hydrocarbon molecules, Excitation i1s made by collisions with electrons
and metao,-stable atoms.

Role of ions in decomposition reactions is negligible. They play large role
in solid product deposition rate and composition due to bombardment of sur-
faces.
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The mechanism is valid in glow discharges by low pressures (p<< 500 Pa) and
current densities ( Oi‘: 10 mA/cma). Under other conditions for example in
discharges with higher specific poer and pressure particularly in HF and MW
discharges a new detailed analyses is needed based on the gquantitative diag-
nostics of plasma.
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