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Self-condensation processes of CH3SiHj have been examined by ion trap mass spectrometry
at 60 °C and 7.0 X 10-° Torr helium pressure. Different reaction pathways have been identified,
which occur with elimination of SiHy, SiH2, Hj, or SiH; or without elimination of neutral fragments.
Ionic relative abundances in typical self-condensation experiments and their variations with
reaction time are reported for CH3SiHj, SiHy, CH3GeHs, and GeH,. The results are discussed
and compared also with respect to the relevance of these compounds in the preparation of
materials interesting for their photovoltaic properties.

Introduction

Ion trap mass spectrometry has been shown to be a very
powerful technique for investigating gas phase ion—
molecule reactions and their mechanisms.!# Selected ions
are stored in the ion trap by the application of dc voltages
on rf fields, and their reaction products are observed.
Variation of ion abundaces versus time gives the reaction
sequences, and thus the overall behavior of gaseous systems
under different experimental conditions can be elucidated
by this method.

Gaseous ionic species play a fundamental role in the
deposition processes of amorphous hydrogenated solids
by radiolysis of gaseous phases.>® The reactivity of
systems containing GeH; or CH3GeH; with different
simple hydrocarbons has been previously studied by
chemical ionization mass spectrometry (CIMS) and Fou-
rier transform mass spectrometry (FTMS).%-11 Informa-
tion has been obtained on the behavior of these mixtures
in the radiolytic preparation of amorphous and solid
germanium carbides of interest in photovoltaic technology.

Recently, results have also been reported on the
preparation of Si~Ge:H layers, which are narrow band
gap photoconductors.!213 Therefore, we have started a
research on the reactivity of mixtures containing volatile
hydrides of germanium and silicon by ion trap mass
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spectrometry. Results onthe GeHy/SiH,system have been
reported previously,* and here we report the self-con-
densation processes of CH3SiH; and also data on the
variations with reaction time of the ionic abundances of
SiH,;, CH3sGeHj;, and GeHy, which have to be known to
investigate mixtures in which these methyl hydrides are
present.

Experimental Section

Germane’ and methylgermane!® were prepared as described
in the literature. Silane and methylsilane were obtained com-
mercially in high purity and were used as supplied.

All experiments were run on a Finnigan Mat ion trap mass
spectrometer. A Bayard Alpert ionization gauge was used to
measure the pressures, which were corrected on the basis of the
relative sensitivities of the ion gauge response with respect to
nitrogen.’%!” Helium buffer gas was generally admitted to the
vacuum chamber at a pressure of 7.0 X 10% Torr. The
temperature was maintained at 60 °C in order to avoid thermal
decomposition. Ionswere detected in the m/z 20400 mass range.

The scan mode for ion—molecule reaction experiments is
reported in Figure 1. In period A, electrons enter the ion trap,
resulting in the ionization of reagent molecules. The rflevel was
previously set so that all ions above m/z 20 had stable trajectories.
The electron energy was about 70 eV, and the ionization time
was typically 1 ms. In period B, primary ions react with neutrals
present in the ion trap for times raised continuously from 0 to
100 ms. Acquisition is obtained by increasing linearly the ring
rf voltage from low to high masses 8o that ions are sequentially
ejected from the trap and detected (period C). At the end of
each scan, the rf voltage is lowered to clean the trap from all ions
(period D).

Figure 2 shows the schematic diagram of the scan function
relative to ion—molecule reactions with mass selective storage.
After ionization (period A), a first reaction time (period B) was
chosen to maximize the abundance of ions to be stored. Isolation
of the selected ion (period C) is achieved by increasing the rf
voltage to an appropriate voltage and by applying a negative dc¢
voltage. In period D the isolated ion is allowed to react with
neutrals in the trap for convenient reaction times to observe
formation of the product ions. Acquisition (period E) and
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Figure 1. Scan mode for ion-molecule reactions.
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Figure 2. Scan mode for isolation and reaction of selected
ions.

interscan (period F) follow as described above. Even if notshown
in Figures 1 and 2, after the application of both rf and dc voltages,
a settling time is required and also a 4 ms time is necessary for
the stabilization of the multiplier. Therefore, when the reaction
time is set to zero, some time has passed from the formation of
ions (ionization event) and it cannot be ruled out that ion-
molecule reactions have already occurred to some extent.

A third kind of experiment involves collision induced disso-
ciation (CID) of selected ions, and its timing diagram is reported
in Figure 3. The only difference with respect to Figure 2 is step
D, in which dissociation takes place instead of reaction. The ion
is excited by an ac voltage applied between the end caps of the
ion trap during 10 ms. It dissociates by collision with the buffer
gas, and the daughter ions are then detected in period E.

Results

The self-condensation reaction schemes of CH3gSiH; and
its ionic relative abundances in typical self-condensation
experiments are reported in this paper. For comparison
purposes, the ionic abundances and their variations with
reaction time are also displayed for the self-condensation
of SiH4, CH3GeHj3, and GeHy, as obtained by ion trap
mass spectrometry under similar experimental conditions.
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Figure 3. Scan mode for isolation and collision induced
dissociation of selected ions.

Some results concerning GeH,'® and SiH,!? have already
been published, as well as reaction schemes of CHsGeHj
obtained by Fourier transform mass spectrometry.!!

Self-Condensation of CH3;SiH;. Table I reports the
relative abundances of the most significant ions in the ion
trap (IT) mass spectra of CH3SiH; at 5.4 X 10~7 Torr at
reaction times ranging from 0 to 100 ms. All ionic
abundances refer to the most abundant ion at any time
here studied, which is SiCH;* at zero reaction time.
SiCHs* can be reformulated as CH3SiH*, because it has
been suggested that in the first breakdown steps only the
hydrogen atoms linked to Si are lost.2? Several ionic
families are formed both by direct ionization and in ion-
molecule processes: SiH,* (n = 0-3), SiCH,* (n = 2-5),
SiC.H,.* (n = 6, 7), SizCH,* (n = 4-7), SioCoH,,* (n = 6-9,
11),Si;CsH,,* (n = 8-13), SisCoH,* (n =8-11, 13), SisCsH,*
(n = 10-13), SisCsH,.* (n = 12-15, 17), SikCsH,* (n = 14,
15, 17), and Si,C4H,* (n = 16, 17). The highest mass ion
reported in Table Iis Si;C4H17*, whose abundance reaches
23.4% at 100-ms reaction time. At such reaction times
(100 ms or more) also SigCsH,,* ions were present in traces.

In some cases, more than one ion has the same nominal
mass, i.e. m/z 59 can be SiCoH7* and Si;Hs*. Therefore,
the formulas displayed in Table I, as well as in the following
tables, have been assigned on the basis of the reaction
mechanisms and on isotopic pattern calculations. For
some ions collision induced dissociation (CID) experiments
have also been performed.

At zero reaction time the SiH,* (n = 0-3) and SiCH,*
(n = 2-5) ionic species together transport 57.8% of the
total ion current. When reactions proceed, the SiH,,* (n
= 0-3) and SiCH," ions disappear, and the SiCH,* (n =
3-6) ionic abundances decrease. The other ionic species,
which are produced in ion~molecule reactions and which,
in turn, participate in ion~molecule reactions as reagent
ions, show different behaviors which are evident only for
ions displaying a rather good abundance. .

However, three types of behavior can be detected. First,
a continuous decrease of the ionic abundances with reaction
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Table I. Relative Abundances of Significant Ions in the IT
Mass Spectra of CH;SiH;* as a Function of the Reaction

Time?
reaction time (ms)
m/z* ions 0 10 20 30 40 50 75 100
28 Sit 229 36 06
29 SiH* 76 0.7 03
30 SiHy* 34 07 0.2
31 SiH;* 20 0.4

42 SiCH,* 176 49 19 06 03

43 SiCH;* 73.3 51.0 290 182 100 5.6
44 SiCH* 284 90 54 33 24 18 0.6
45 SiCHs* 100 885 71.5 556 415 34.1 9.0

1.5 07
1.1
1.5
58 SiC;H¢* 46 57 26 40 41 33 31 31
1.5
0.6
5.2

—

59 SiCH7* 424 655 748 81.1 82.1 83.7 91.5 839

72 Si,CH4* 87 58 27 12 08 07 0.4

73  Si,CHs* 74 72 65 54 44 48 . 5.3

74 Si,CH¢* 16 16 16 15 19 18 08 11

75 Si,CH;* 1.2 13 13 1.0 13 11 1.3 11

86 SipC,H¢t 126 103 6.6 34 23 22 24 18

87 Si,CH* 85 123 114 99 65 6.6 44 6.2

88 Si,C;Hg* 11,5 169 189 202 23.1 219 202 208

89 Si,C;Hs* 8.8 29.0 40.7 41.5 46.0 46.8 460 428

91 SiC;Hy* 3.8 69 88 126 154 169 169 18.0
100 Si,C;Hg* 32 47 46 38 21 31 19 22
101  Si;Cs;Ho* 48 81 95 105 106 10.6 109 9.6
102 Si;C3Hjo* 07 10 14 18 14 24 48 37
103 Si,C;Hp* 1.1 26 39 44 61 36 47 101
104 SiC;Hpp* 08 16 19 42 37 46 64 74
105  Si;C3;Hps* 20 42 78 9.2 136 153 193 264
116 SizCyHg* 42 72 73 69 56 48 60 49
117 SisC;Hs* 54 93 105 71 89 66 65 67
118  SisC:Hjo* 16 39 41 46 41 53 43 25
119 Si;CHy* 30 48 64 69 48 48 91 98
121 Si;CH 3% 02 03 09 13 18 21
130 SizCs;Hye* 105 196 198 23.0 21.3 19.1 205 16.6
131 Si;C;Hpt 104 197 253 282 27.6 263 243 18.0
132 SisC;Hp* 106 244 308 334 350 343 269 314
133 Si;CsHjs* 6.2 164 256 32.6 339 345 37.1 264
144  Si;C4Ho* 10 22 33 42 51 46 53 5.6
145 SisC4H;s* 04 09 16 17 21 30 25 30
146  SizCsHi4* 09 16 31 47 48 54 57 44
147  Si3CsH,s5* 09 26 37 50 62 68 88 9.1
149  Si;CeHr* 05 06 16 34 49 54 60 41
162  SiyCiHye* 24 50 69 85 7.8 103 10.1 106
163  SisCsH;s* 10 11 25 36 50 54 72 13
165 SisC:Hr* 11 07 06 18 1.2 19
176  SisC4H)6* 23 63 80 9.7 123 115 9.7 104
177 Sis«CsHr* 1.5 38 62 9.0 124 129 198 234

@ The pressure of CH3SiH3 is 5.4 X 10~7 Torr, the total pressure is 7.0
X 10-5 Torr, and the temperature is 60 °C. ¢ Data are reported as the
sum of the abundances of the species containing all the isotopes of Si.
¢ Masses are calculated on 'H, 12C, and 28i.

time, which sometimes is preceded by a small increase in
the first 10 ms, is shown by SiCeHg*, Si;CH,,* (n = 4~7),
and Si;CoH,™ (n = 6,7) ions. Secondly, an initial increase
of ion abundances is followed by a decrease after at least
40-50-ms reaction time (Si2C:H,* (n = 8, 9), Si:C:H,.* (n
= 8-10), SizCoH,* (n = 8-10), and SisCsH,,* (n = 10-13)).
Finally, the ionic abundances of SiC.H.*, Si;C,Hi;*,
Si;CsH,* (n = 12, 13), SizCeH1u1%, SisC H,* (n = 15, 17),
Si,CsH,* (n = 14, 15, 17), and SisC4H;17* increase up to
75-100-ms reaction time, It is worth noting that, in the
large ionic families SiC,H,* (n = 0-2), SioC,H,* (n = 1-3),
SisCh,H.* (n = 2-4), and SisC,H,* (n = 3-5), n is always
equal to the silicon coefficient plus or minus one. More-
over, within the same family the ionic species having the
same number of carbon and silicon atoms are the most
abundant ones at any time considered. The only exception
isthe SiCoH7" ion, which after 20-msreaction time becomes
the most abundant ion, its abundance being higher than
those of the SiCH,* (n = 2-5) ions.
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Scheme I. Reaction Mechanisms of Si* and SiCH,*

Ions in CH,SiH;
SiCH;* Sit__f SiCHs"
g
¢ SiCH;* si,CH
2 c d
Si;C;He" Si;CoHs®  SisCaHyo'
Si;CsHs"  SiyCaHy® SiaCsHye®  SizCsHiy' ShCaHye"
NN
SisCHi"  SisCeHys' Si«CeHye'

Table II. Labels on the Main Reaction Pathways As
Reported in Schemes [-IV

labels neutral loss labels neutral loss
a SiH4 d
b Sin < SiH3
c H; f SiH

Thereaction pathways of the primary ions formed from
CH;SiH; are reported in four different schemes: Si* and
SiCH;* (Scheme I), SiH* and SiCH3* (Scheme II), SiH,*
and SiCH4* (Scheme III), SiH;* and SiCH;* (SchemeIV).
The reaction sequences of the SiH,* and SiCH,+2* ions
(n = 0-3) are reported in the same scheme when n is the
same because the products of their ion-molecule reactions
are mostly common. Moreover, SiCH,* and SiCH;* are
also partially originated from SiH,* and SiH3*, respec-
tively. All schemes are built by isolating and storing the
reactant ions for reaction times up to at least 100 ms. The
reaction ionic products are identified and, again, isolated
and stored for variable reaction times. This procedure is
repeated until the instrumental sensitivity limits prevent
reproducible results. The limitation in sensitivity is also
the reason why not all the ions reported in Table I are
present in the reaction sequences of Schemes I-1V.

These schemes show that self-condensation processes
of methylsilane take place through the four main reaction
pathways, indicated as a—d (Table II). In pathway a the
loss of a SiH molecule is observed, while in pathway b a
SiH; species is lost. In reaction ¢ a hydrogen molecule is
eliminated, and in d no neutral loss is displayed. In all
cases, the isotopic pattern of the product ion was checked
with respect to the precursor ion in order to determine if
carbon or silicon atoms were added. The schemes show
that primary ions having an odd number of hydrogen atoms
(SiH* and SiCH3*, Scheme II; SiHs* and SiCH5*, Scheme
IV) form a higher number of product ions than primary
ions without hydrogens or with even hydrogen atoms (Si+
and SiCH;*, Scheme I; SiH:* and SiCH4*, Scheme III).
Moreover, SiH* ions decrease very quickly.

Products at m/z 191 and 193, formed in up to seven
reaction steps, have been observed after times of 100 ms.
However, these ions have not been reported in Scheme II,
as they are so weak that it is impossible to univocally assign
a formula, A different reaction pathway is present in
Schemes I and III, in which Si* and SiH* reacting with
CH;SiH; give SiCHg* and SiCHj;*, respectively, elimi-
nating the radical species SiH; (pathwaye). Also SipCoHg*
forms Si2CsHg* through the same path e. Moreover, Si*
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Scheme II. Reaction Mechanisms of SiH* and SiCH;* Ions in CH,SiH;

+
SiCH3

a b
Sl1C3H9 SlzcsHu
513C4H13 513C4H15

Scheme III, Reaction Mechanisms of SiH,* and
SiCH,* Ions in CH,SiH;

+ +
SiCHy «——2—— SiH;
lc \
+ +
2 c SiZCHG SiCHs
2 Py d
+ \ /7 #% + ' +
SiC,Hg Si;C,Hy Si3CyHyo Si;C;Hiz
b 3 d
+ + +
Si,CsHya Si3C3Hj2 Si3C3Hi4

Scheme IV. Reaction Mechanisms of SiH;* and
SiCH;* Ions in CHsSiH;

+ +
SiCHs ¢———2——SiH;

+ v &, + . ! +
SiC,H, Si;CaHy SioCaHyy SisC,Hyy SizC;H,y3
) +
Si;C3Hy3 $1;CsHr Slacsﬁls 8i4CsHy7

reacts with CH3SiH3 to give SiCH;* by eliminating a SiH
radical species (pathway f).

Self-Condensation of SiH,. Table III reports the
relative abundance of the most significant ions in the ion
trap mass spectra of SiHy at 5.4 X 10-7 Torr at different
reaction times, from 0 to 100 ms. The most abundant ion
atany time here examined is SiHg* at 50-ms reaction time,
and it is used as reference for the ionic abundances of all

S|3C4Hl7 Si¢C4Hy7

+
SiH

+ +
S|3C3H15 SisC3H;s  SisCsHyr

Y

Sl4C4Hl9

Table ITI. Relative Abundances of Significant Ions in the IT
Mass Spectra of SiH,* as a Function of the Reaction Time?

reaction time (ms)
m/z¢  ions 0 10 20 30 40 50 75 100

28 Sit 200 158 123 99 80 63 35 18
29 SiH* 191 144 122 100 8.2 70 44 24
30 SiH* 61.6 474 356 270 202 142 175 38
31 SiH,* 76.1 838 829 918 962 100 98.7 918
58 SipH,* 42 80 114 133 158 171 182 185
59 Si;Hs* 25 43 66 79 19 9.0 87 171
60 Si;Hs 6.8 147 213 266 304 333 358 379
61 Si;Hs* 03 09 09 25 3.0 33 44 53

88 SijH,* 04 06 08 1.1 12 1.7 19
89 Si;Hs* 08 15 23 27 33 48 58
90 SizH¢* 03 03 04 0.5
91 Si;Hy* 0.3 03 04
118  SiHg* 05 08
119  SiHs* 0.6 1.1 20 35

@ The pressure of SiHy is 5.4 X 10-7 Torr, the total pressure is 7.0 X
103 Torr, and the temperature is 60 °C. ¥ Data are reported as the sum
of the abundances of the species containing all the isotopes of Si. ¢ Masses
are calculated on 'H and 28Si.

ions. Four ionic families are formed: SiH,* (n = 0-3),
SigH,* (n = 2-5), SisH,* (n = 4-7), and SiyH,* (n = 6, 7).
At zero reaction time the SiH,* (n = 0~3) ionic species
are the most abundant ones and transport 92.8% of the
total ion current. After 100-ms reaction time, they
transport only 55.2% of the total ion current, as the
abundances of the SiH,* (n = 0—2) ions sharply decrease.
The SiHg* ion does not follow the same trend, as its
abundance is quite high all over the time range and reaches
a maximum after 50-ms reaction time. All other ions
behave in the same way, their abundances increasing
continuously in the reaction time here considered. How-
ever, ions containing two silicon atoms are always more
abundant than those with three Si, which, in turn, are
more abundant than ions containing four Si.
Self-Condensation of CH3GeHs. In Table IV the
relative abundances of the most significant ions in the ion
trap mass spectra of CHsGeHs at 4.0 X 10-7 Torr at reaction
times ranging from 0 to 100 ms are reported. The most
abundant ion at any time studied is GeCH;s* at 50-ms
reaction time, and all ionic abundances refer to it. The
most important ions are GeH,* (n = 0-3), GeCH,* (n =
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Table IV. Relative Abundances of Significant Ions in the IT
Mass Spectra of CH;GeHj* as a Function of the Reaction

Time?
reaction time (ms)
m/z¢ ions 0 10 20 30 40 50 75 100
70 Get 357 294 251 165 132 119 65 34
71 GeH* 21.7 16.1 130 10.7 98 80 50 44

72 GeH,* 344 210 123 110 95 9.1

73 GeH,* 112 84 173 62 46 4.2

83 GeCH* 70 68 55 51 44 54 48 47

84 GeCH;* 104 94 98 83 76 61 56 35

85 GeCH;* 532 573 57.8 624 66.0 626 69.2 65.6

86 GeCH4* 394 368 36.5 33,0 29.6 249 154 10.7

87 GeCHs* 79.1 884 905 93.2 944 100 90.7 874
100 GeC:Hs* 21 29 33 36 6.7 59 81 86
101  GeC;H;* 6.1 92 13.0 99 191 23.1 274 309
156 Ge,CH4t 105 156 182 194 174 215 224 196
157 GeCHs™ 8.5 122 147 167 179 153 17.1 145
170 Ge,C:Hg* 5.1 88 105 220 247 317 299 352

171  Ge,C:Hy* 15 29 89 113 108 6.5 5.3
255 GeiC3Ho* 1.8 29 29 33 45 62 65
258 Ge;C3Hjo* 25 46 66 84 9.7 220 257

4 The pressure of CH3GeHj is 4.0 X 1077 Torr, the total pressure is
7.0 X 10-5 Torr, and the temperature is 60 °C. ¢ Data are reported as
the sum of the abundances of the species containing all the isotopes of
Ge. ¢ Masses are calculated on 'H, 12C, and "°Ge.

1-5), GeCoH,* (n = 6, 7), GesCH,,* (n = 4, 5), Ge2CoH,*
(n =6, 7), and GesCsH,* (n = 9, 12).

Atzeroreaction time, the most abundant ions are GeH,*
(n = 0-3) and GeCH,,* (n = 1-5), which transport the
main fraction of the total ion current (90.0%). As the
self-condensation processes take place from 0- to 100-ms
reaction time, the abundances of the GeH,,* (n = 0~3) ions
decrease from 31.7% t02.4% of the total ion current, while
those of the GeCH,,* (n = 1-5) ionic family decrease only
from 58.3% to 52.7%. This different behavior is mainly
due to thé abundant GeCHs* and GeCHjs* ions, whose
abundances are rather constant during the time considered
(16.4% and 20.1% of the total ion current for GeCHs*,
24.4% and 26.8% for GeCH;").

Asinthe case of methylsilane, three different behaviors
can be identified. The abundances of some ions contin-
uously decrease from 0- to 100-ms reaction time, i.e. GeH,*
(n=0-3)and GeCH,,* (n=1,2,4). Otherionicabundances
are almost constant during all the reaction times considered
(GeCH,* (n = 3, 5) and GesCH,* (n = 4, 5)), while the
remaining ions show abundances which increase up to
reaction times of 100 ms (GeC.H,* (n = 6, 7), Ge2CoHg™,
GesC:zH,t (n =9,12)). Moreover, within the ionic families
GeC,H.* (n = 0-2), GesC,H,* (n = 1, 2), and GesC,H,*
(n =2-4), the most abundant ions, at any time here studied,
have the same number of carbon and germanium atoms.

The self-condensation reaction mechanisms of CH3;GeHjs
have been reported previously,!! and it is worth mentioning
the most significant pathways. The primary GeH,* ions
react with neutral CH3GeHj to give GeCH,* ions. Also
the GeoCH,* ionic species are formed with elimination of
one or more hydrogen molecules. The GeCH,*ions, which
are formed in both primary and secondary processes, in
turn react with CH3GeHs, yielding Ge:C:Hg¢* (n = 3),
Ge02H7+, and GeC3H9+.

Self-Condensation of GeH,. In Table V the relative
abundances of the most significant ions in the ion trap
mass spectra of GeHy at 4.0 X 107 Torr at reaction times
ranging from 0 to 100 ms are reported. All ionic abun-
dances refer to the most abundant ion at any time here
considered, which is GeHs* at 100-ms reaction time.
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Table V. Relative Abundances of Significant Ions in the IT
Mass Spectra of GeH,* as a Function of the Reaction Time?

reaction time (ms)
m/z° ions 0 10 20 30 40 50 75 100

70 Ge* 26.8 24.7 237 218 213 204 144 113
71 GeH* 141 141 13.7 134 118 105 8. 6.4
72 GeHat 478 450 37.8 349 302 264 179 142
73 GeH;* 677 762 847 85.1 943 953 97.6 100
142 GeHs* 105 17.5 21.5 245 299 349 438 50.7
143 GeHs* 19 35 76 79 114 135 148 164
144 GeHst 6.1 7.8 104 145 142 197 240 293

3 The pressure of GeHy is 4.0 X 1077 Torr, the total pressure is 7.0 X
103 Torr, and the temperature is 60 °C. # Data are reported as the sum
of the species containing all the isotopes of Ge. ¢ Masses are calculated
on 'H and "Ge.

Only two ionic families are present, GeH,* (n = 0-3)
and GesH,* (n = 2-4), their abundances following the
same trend described above for the self-condensation of
SiH. In fact, in the reaction time from 0 to 100 ms, the
abundances of the GeH,,* (n = 0—2) ions strongly decrease;
that of GeHs* is generally high, reaching a maximum after
100 ms and decreasing at longer reaction times; and those
of the GesH,,* (n = 2-4) ionic species continuously increase.
The GezH;* ion is never observed up to 100-ms reaction
time, but is formed in small amounts at longer times.

Discussion

Four main reaction pathways can be identified in self-
condensation processes of CH3SiH3. Inreactionsequence
a, an increase of 14 mass units is observed between the

reacting and the product ions, which can be assigned to
CHz:

Si,C,H," + CH,SiH; — 8i,C,.,,H,,," + SiH, (1)

In reaction 1, the neutral loss consists of a stable SiH,
molecule. Due to the lack of thermochemical data, such
as heats of formation, of the ionic species containing carbon
and silicon atoms together, it is not possible to make
calculations on the energetics of processes involving these
types of ions. However, some general considerations can
be drawn. Infact, the heats of formation of CH3SiH3 and
SiH; in the gas phase are known to be -7 £ 1 and +8
kecal/mol,?! respectively. Therefore, this reaction pathway
is exothermic when the enthalpy of formation of the
product ion is at least 15 kcal/mol lower than that of the
reacting ion. The heats of formation of the ionic species
SiH.* and SiCHp+2* (n = 1-3) are reported in the
literature,2222 and the enthalpies of the reactions

SiH,* + CH,SiH, — SiCH,,,* + SiH,  (2)

can be calculated: forn =1, AH? = +15 % 5 keal/mol; for
n =2, AH% = +2 £ 5 kcal/mol; for n = 3; AH, = +4
5 kcal/mol.

When n = 2 or 3, the a process takes place, while it does
not occur when n = 1, in agreement with thermodynamic
results reported above.

Reaction pathway b is more intriguing to understand.
In fact, the mass increase is of 16 units and it means that
the neutral fragment should weigh 30 units, the reacting

(21) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,
R. D.; Mallard, W. G. J. Phys. Chem. Ref. Data Suppl. 1988, 17.

(22) Berkowitz, J.; Greene, J. P.; Cho, H.; Ruscic, B. J. Chem. Phys.
1987, 86, 1235.

(23) Potzinger, P.; Lampe, F. W. J. Phys. Chem. 1970, 74, 587.
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molecule being CH3SiH; (MW = 46). In this case, two
reactions are possible:

Si,C H,* + CH,SiH, — Si C,,,H,,,* +SiH, (3)
Si C H,*+ CH,SiH; — Si_,,C, H,* +C,H, (4

Evenif the heats of formation of all the species involved
in these pathways are not known, it is evident that the
relative enthalpy of the two reactions (3) and (4) only
depends on the heat of formation of the products, the
reagent species being the same. The difference between
the neutral species is about 85 kcal/mol, as the heat of
formation of SiHj is 65.6 & 0.7 kcal/mol22 and that of CoHg
is ~20.1 % 0.05 kcal/mol.2! In the hypothesis that the
enthalpies of formation of the two ionic species, Si,-
Cm+1Hz+4* and Sip+1Cpm-1H: ™, do not differ as much as 85
kcal/mol, reaction pathway 4 should be energetically
favored with respect to pathway 3. Actually, it has been
experimentally shown that the reaction proceeds through
sequence 3. In fact, by isolation of the reacting ion and
consideration of the isotopic pattern of the product ion,
it has been observed that the number of silicon atoms
does not change. Moreover, alsoions which donot contain
any carbon atoms give this reaction, which makes sequence
4 impossible. A tempting explanation of this behavior
concerns the reaction intermediates. In reaction 3 it can
be hypothesized that the carbon atom of methylsilane
interacts with a carbon or silicon atom of the reacting ion,
forming a linear intermediate. In pathway 4, elimination
of CoHgimplies formation of an intermediate by interaction
of the carbon atom of methylsilane with a terminal carbon
atom of the Si,C,H.* ion and simultaneous interaction
of the silicon atom of methylsilane with a carbon or silicon
atom of the reacting ion.

The ¢ pathway takes place by elimination of an Hj
molecule:

Si.C H," +CHSiH, — Si,,,.C,H,os  +H, (B

It is impossible to rationalize thermodynamically this
process, as the heats of formation of the product ions are
not available in the literature even whenn = land m =
0. However, pathway 5 seems to be the most favored one
being given by almost all ions present in the self-
condensation processes of CH3SiH3. As suggested pre-
viously,? the ejected hydrogen comes from the breakdown
of silicon-hydrogen bonds.

The formation of adduct ions (pathway d), in which a
CH3SiH3 molecule is added to an ion without elimination
of any neutral species, often takes place:

Si,C, H,* + CH,SiH, — Si,,C,...H,.c™ (6

Similar association processes have already been observed
in tandem mass spectrometry at 1.0 X 10-3 Torr?® and in
Fourier transform mass spectrometric studies?*-?’ on
sequential clustering reactions of SiH,* and SiD,* (n =
0-3) with SiH,4 and SiDy, respectively. Inthese last cases,
ithas been hypothesized that the association intermediate
complex is stabilized by collision with a third body (SiH,

(24) Mandich, M. L.; Reents, W. D,, Jr.; Jarrold, M. F. J. Chem. Phys.
1988, 88, 1703.

(25) Reents, W. D, Jr.; Mandich, M. L. J. Chem. Phys. 1992, 96, 4429,

(26) Mandich, M. L.; Reents, W. D,, Jr.; Kolebrander, K. D. J. Chem.
Phys. 1990, 92, 437.

(27) Mandich, M. L..; Reents, W. D., Jr. J. Chem. Phys. 1991, 95, 7360.
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or SiDy at (1-4) X 10-7 Torr), instead of by elimination of
a neutral fragment. Therefore, this mechanism is even
more probable at 7.0 X 105 Torr total pressure, used in
this study.

It is noteworthy that ions with the same formulas are
sometimes originated through pathways d and b from
different precursors.- For example, in Scheme 11 SisC;Ho*
is shown to be given by both SiCH;*, path d, and Si:CH;™,
path b. We suggest that in both reactions 7 and 8 the
neutral CH3SiH3 molecule is linked as a whole moiety and
that the SiH; species lost in pathway b (8) comes from the
reacting ion.

SiCH,* + CH,SiH, — SiCH,CH,SiH,* (7

Si,CH,* + CH,SiH, — H,Si-SiCH,-CH,SiH,* —

Moreover, it may occur that ions with the same formulas
have different structures. Asreported above, SisCoHg* in
Scheme II is an adduct ion which can be reformulated as
SiCHg-CH3SiHs*, while SisC2Hg* from SiCH;s* through
pathway ¢ (Scheme IV) is likely to have the structure
reported in (9), according to previously reported data?®
which localize the positive charge of the ion on a silicon
atom.

g
CHj —‘Si -—|S|'+ 9
H H

Collision induced dissociation experiments have been
performed: on a variety of ions with m/z 59, 87, 89, 105,
121, and 133, which have been chosen as their composition
was doubtful, and our hypotheses have been eonfirmed.
In all these experiments ejection of one or more hydrogen
molecules from the ion under exam, foliowed by loss of
diagnostic fragments, is observed. In particular, under
different excitation conditions, Si;CoHg* (m/z 89) gives
rise to a very abundant signal at m/z 43, CH3Si*, with an
easy elimination of CH3SiH3, or to a rather weak signal
at m/z 59, (CHj)2SiH*, which can derive from the species
(9) by transfer of a methyl group and a breakdown of the
Si-Si bond. On the contrary, SisCzH;s*, originated only
by a d process from Si;CH;* (Scheme IV), gives only one
collision induced decomposition process to form again its
precursor SioCH7* by an easy elimination of CH3SiH3.

The self-condensation processes of SiH; have been
already published.!%2+?" The Si*,SiH*, SiH,*, and SiHg*
primary ions react with neutral silane by elimination of
ahydrogen molecule to give, respectively, the ions SioH*,
SisHg™*, Si;Hy*, and SioHs*, containing two silicon atoms.
Subsequent condensation steps lead to the formation of
clusters containing three and four silicon atoms and always
occur with ejection of Hy. It is worth noting that the largest
ionic clusters detected in both SiH, and CH3SiH; systems
never contain more than four silicon atoms, under the
experimental conditions here used. The same behavior
has been previously observed in the self-condensation
reactions of SiH, and SiD,24+?" where the SiH,* (n =
6-9) ions are considered bottleneck structures. Theyreact
only very slowly, and it has been calculated that further
aggregation of the SiyDg* ion, formed in three sequential
clustering reactions of Si* with SiD,,?* takes place at a
rate which is 3 orders of magnitude slower than the first
three reaction steps.



ITMS of CH3SiH;3 and CH3;GeH;s Ion-Molecule Reactions

Considering CH3SiH; and SiHy, the trend of the
variations with reaction time of the relative abundances
indicates a higher reactivity of the methyl hydride with
respect to the hydride in gas phase ion—molecule reactions.
In fact, under the same experimental conditions, the
abundances of the primary ions decrease more rapidly
and the secondary ions are more abundant in the CH3SiH;
system than in the SiH,; one. Moreover, at zero reaction
time, ions containing three silicon atoms are already formed
by the self-condensation of methylsilane, while they are
very weak in silane.

A very similar trend is observed by comparing the ionic
abundances and their variation with reaction time for
CH3GeH; and GeH,. Primary ions of methylgermane
decrease faster than the corresponding ones of germane,
and more abundant product ions are formed in the former
system. In particular, ions containing three germanium
atoms are observed only in CH3GeHs, under the exper-
imental conditions here used. Again,thisbehaviorsuggests
that CH3GeHj; is more reactive than GeH,.

Moreover, comparing the silicon containing systems with
the corresponding germanium containing ones, it is evident
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that a much higher number of ionic species is formed in
self-condensation reactions of both CH3SiH; and SiH, with
respect to CH3GeHs and GeH;. This can be the reason
ions containing only up to three germanium atoms with
respect to ions containing four silicon atoms are observed
insimilar experimental conditions. However, in a previous
mass spectrometric study on self-condensation reactions
of monogermane,!8 at a GeH, pressure of 0.1 Torr, ions
were formed containing up to four germanium atoms,
Results concerning only the two methyl hydrides, which
can be used in the radiolytical preparation of amorphous
materials, containing C and Si or C and Ge, important in
photovoltaic technology, are of great interest. It can be
seen that CH3SiH; polymerizes more readily than
CH;3GeH3, showing a higher tendency to form cluster ions
with increasing dimensions, which represent the precursors
of the solid material deposited in radiolytical processes.
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