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The aim of this article in continuation of Parts | [1] and Il [2] is the interpretation of the TEOS mass spectrum
as a precursor in the sol-gel process. In Part | [1] the primary fragmentation ions at masses 207, 193, 179 and
163 were obtained experimentally by B/E linked scan by radical induced fragmentation reactions. In Part 11 [2]
eliminations of neutral fragments from the primary ions and the obtained ions by consecutive elimination
reactions were evidenced experimentally by the B/E and B/E(1-E)Y? linked scans. In this third and final Part of
interpretation of the TEOS mass spectrum, the separation of ions by mass spectrometry at high resolutions
of 5000 and 6600, relative to standard resolution 1000, and measurements of the M+1 and M+2 isotopic
effects at the resolution of 5000 are presented. The separation of the ions with nominal mass 105 at high
resolution is detailed.

Keywords: tetraethoxysilane, mass spectrum, accurate mass, M+1, M+2 isotopic effects

The first purpose of the author’s studies [3] was the separation and identification of molecular species obtained in
sol-gel process by gas chromatography coupled with mass spectrometry (GC-MS).

The basic factors that influence sol-gel process have been studied systematically by GC-MS: the type of precursor alkoxide,
the solvent nature, the water quantity used in hydrolysis, the reactant mixing order and the catalyst type. The results were
published between 1994 and 2007 [4-10].

The second purpose of the author’s studies was the development of a procedure for the interpretation of mass spectra
[1-3, 11-19] of some silicon alkoxides and their transesters and oligomers obtained by the sol-gel process.

The relationship between the chemical structure of the molecules and their mass spectra has been highlighted by
Lafferty [11]. According to his theory the relative intensity of fragmentation ions is determined by the stability of the
reaction products and of the bond strength. A complementary theory has been developed by Djerassi [12]. According to this
theory the charge and radical localization after ionization contribute to establish the initiation centers of the fragmentation
reactions.

The double-focusing GC-MS tandem can establish the fragmentation pathways of the ions from the mass spectrum of an
organic compound such as tetraethoxysilane directly through the B/E and B/E (1-E)Y? linked scans. Thus, the daughter ions
and neutral molecule removals for a given ion in mass spectrum were determined [1-3]. This instrument can also separate at
high resolutions the ions with the same nominal mass and which differ only by fractions of a whole mass. Thus we obtain the
fine structure of a mass spectrum. The confirmation of the existence of ions obtained in mass spectrum of TEOS was achieved
by measurements of M+1, M+2 isotopic effects and by calculation of double bond equivalents (DBE).

Experimental part

The development of GC-MS method for TEOS monomer determination in sol-gel processes consisted in
establishing of the GC separation conditions of the analyzed components and in establishing of the optimal MS
parameters. In this work the separation conditions of TEOS ions by mass spectrometry at high resolutions of 5000 and
6600, and measurements of the M+1 and M+2 isotopic effects at high resolution of 5000 are presented (Table 1).

Table 1
GC-ME METHOD AND OPTIMISATION PARAMETERS

Working conditions for the HP 3890 gas chromatograph
Imjection mode Splitting mjection 1:70

Injection port temperature 230°C

Imjection volume 0105 pl
GC-ME mterface temperature 2q0°C

Column: A fuzed zilica high performance capillary colummn; Silicone odl OV-1;
- stationary phase: 25mx 025 mm x 0.1 pm film thickness of stationary phasze with
- zlzZe; 70,000 theoretical plates;
40°C (3 min ), 15 *C/min, to 220 °C (5 min};
- temperatiure program: Helium flow rate 1 mlimin.
- CAITIET £33

*email: virgil_badescu@yahoo.com
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Worling conditions, &t igh reselufions, for 70-3E VG Analyheal double focusing mass spectrometer
Aequzmtion mode SCN
Ton source temperature 180 =C
Energy electrons eV
Fesponse ime 005 ms
Accelerafing voltage 8EV
Electronic amplifier 250

Results and discussions
Contributions to the interpretation of mass spectrum of tetraethoxysilane (TEOS)

For this work has been achieved a library of the mass spectra obtained for TEOS in the different sol-gel reaction
mixtures [3], analyzed by GC-MS at a resolution of R=1000 and presented in Figure 1. It shows the TEOS mass
spectrum obtained by averaging the 12 TEOS mass spectra and contains the molecular ion at m/e 208 with adjacent
isotopic ions at m/e 209 and m/e 210 together with 84 fragmentation ions.

An increased number (95) of TEOS fragmentation ions at high resolutions (R=5000 and R=6600) (Table 2) and
also measurements of M+1, M+2 isotopic effects of 62 ions (Table 3) are presented.
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The separation of ions by mass spectrometry at high resolutions

The power of resolution of a mass spectrometer is a measure of its capacity to separate ions with a defined mass
difference. For two peaks of M; and M, masses the resolution is given by the expression R=Mi/AM where AM = M -
M.

At low resolution (R=1000), the mass spectrum of TEOS in Fig. 1 consists in a series of peaks at whole m/e values.

The separation of ions with whole masses is relatively easy. Thus for the separation of the molecular ion of TEOS
with m/e 208 and its M+1 isotop with m/e 209 is required a resolution R=208/1=208, accessible for any mass
spectrometer. For the separation of ions which differ only by fractions of a whole mass, such as the ions with m/e
106.0367 and m/e 106.0003, is required a high resolution R=106/0.0364=2912 (Table 2).

Table 2
THE STRUCTURAL AND IONIC FORMULAS OF THE IONS IN THE TEOS MASS SPECTRUM. THE ACCURATE MASS
MEASUREMENT OF IONS AT HIGH RESOLUTION AND THE DOUBLE BOND EQUIVALENT (DBE).

Tomic formmulas Rescluhon’ DEE | Accuratemass Fesoluhon'

B Structural formmlas Inmtensity %o (AN Obzerved mazs.
5 (AN Demm- AN

1000] 5000+ 6500 1000 sooq 6O
1. | (C:H:AO0M 80 C:Hy0:581 T Y o 210109 =10 2d 54
2. [ (CHO= 5 CeHy0:451 N EX] 2.7 0 205.1126 33 2.4 2.4
3 [ (CHO =R C:Hy0%8| 168 166 160 ol  2os1130| 48]  -1d -0
4 | (C:H005%i-0-CH-CH; CHy 0551 69 66 64 03 207.1052 5.7 23 14
i | cH0 M 8i-0CH: C-H,-0.; il 46 47 03 193 0864 51 24 53
6 [ (CH00 55 0-CH C-H-0Msi| 131 123 121 03 194 0831 23 23 44
T | (C.H:0055i-0-CH, C-H:-0.51 100 100 1wy 03 193.0896 | =10 0] =1d
8 | CoH:O(OCH: i 8i-0-C=CH; C-H,:0.551 13 [k 0.4 1.3 191.073% =10 — 234
o | rcH00 %0 CH,:0.2%5; 20 13 12 03 1810708 33 2] ]
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10. | (C:H00 50" C.H.:058 43 37 31 5 180.0733 14 44 19
11 | (CH:00 580" CcHGOs| 273 38 224 03 175.073% -12 27 74
12, | (C.H:0(0H8i-0—C"=CH. C.H.:0:58i 1g 14 1.1 5 177.0583 -13 0.9 54
13, | (CH:00(0CH:) ™ 5i-0" C.H058 L] 0% % 167.0551 -10 0 EE
14, | (C:H:00(0CH:)®8i-0" C:H.:058 W K S 1660573 59 2y 34
15, | (CH:00(0CH 2 8i-0" CH.0.58 CE X i S 163.0583 53 54 61
16. | (C:H:0%: 8+ CHL 06701 TH P+ TH 03 1650753 =10 _] —
17. | (CHO0 ™50 CHL 0.8 84 64 EE 5 1640786 2.2 47 23
18. | (C:H:O 8 CH:05gi| 626 366] 532 5 163.0790 00 14 04
15, | (C:H:OH M 8i-0-C=CH: C:H:; 081 K EE 0l 13 161.0633 i3 0 100
20 | (C:H:O)p/0H 8i-0" C.H, 078 g 06 K S 153.0393 39 1] 0]
2L | (C:H:OniOH™5i-0" CeH: 0751 08 03 o4 03 1520422 14 5.9 2.3
22 | (C:H:0p(0H8-0" C.H:,0.7581 83 i3 1y 03 1510426 | -39 —_ 23
23, | (C:HA0)OCH: " 81 CsHa: 051 TH s 4 03 151.0602 23 27 3.7
24, | (C:H0)OCH: ™81 C:H.,078| 103 &3 i EE 1500626 23 2 27
25, | (C:HA)OCH: 51 C:H:0-81| 928 BL1[ 803 03 1450633 43 0.4 3.4
26. | CyH0)CHOWE) P 8i-0-C=CH, C:H:, 081 300 2o 1 13 147.0477 69 27 5.7
27, | (C:H:0)(CH:O)OH) " 8i-0" C:H, 051 L7 04 K EE 1350238 43 24 =10
28, | (CH:O)(CH:O)OH) 80 C:H, 0781 04 o3 0l 03 138.0263 23 ] 3]
28, | (C:H:0)(CH:O)0H) " 8-0" C:H, 051 34 14 21 03 137.0270 0.7 54  -63
30. | (C.H:0%(0H/"8" C.H:, 081 I O t 03 137.0443 =10 _] _]
31 | (C:H:O(OH 51" C.Hay 0551 22 13 2. 03 136.0473 39 54  -17
32, | (C2HSONZ(OH)2381 CH,O8| 228 181 177 03 133.0477 6.0 13 0.1
335, | (CHAONH)OH)®8i—0-C=CH, C.H,0: 51 06 04 K 1340316 41 I Y
3. | (CHONHE)OH) 50— =CH, C.H;0: 81 38 21 19 13 13530321 32 1 =1
335, | (CHAOVHOL 8i-0r C:H-0:"51 % T 0l 03 123.0082 43 6.7 04
16. | (C.HOWHO) 50" CH-0781 04 o3 T 124.0109 K 1 =1d
37, | (C:HO)OHR 8i-0" C:H-0:.751 % Y 32 03 123.0113 1.7 34 13
38 [ (CaH:OCHO)OH) 8 C:H, 0,51 I O 4 03 1250283 [ =10 ] +H
38, | (C.H:O)CH:O0H) "5 C:H,0:51 % I K EE 1220316 0.1 20 69
40. | (C:HONCH:O)OH) 81 C:H,0:51 Tl 46 N EE 121.0329 0.6 S0 -3
41 | (C:H:OnHE™8i C.H:y0:" 51 T Ts T 03 1210496 [ =10 ] +1
42, | (C:H:OnHM s C.Ha 051 371 - 20 o3 1200524 30 2.3 5.1
43, | (C:H:OnH™si C.H, 08| 383 283 273 03 119.0523 6.3 19 07
44, | (C:HAONH, 5i-0-C=CH, CH0, 51 24 1s 18 13 113.0367 -3 24 -34
43, | (CHO)Hy, 8i—~0-C=CH, C.H;0. 51 18 14 13 13 1170371 =10 % IS Ti
6. | (CHONHO)E 50" CH:0-751 — — — 0.3 1058522 —_ — —
47. | (CH:OWHO) 8-07 CH:0.51 1y 10 o o5 l08EEsT| 97 — =1
ag | (CaH00HO): 51 C:H-0:"51 () I T4 0.3 108.0132 23 7 5.0
ag. | (C:H2O0)HO)L S CHA08 12 10 of o3  los.olsn 14 17 47
co. | (C:H:00HO: 51 CH-0%81 165 123 119 o3  1o7o0eE] 26 084 -1
51, | (CHONCH:OEH) 51" C:H0:81 td 4 | 03 107.0340 _ | ]
g2, | (CH:0CH: O 51 C:Hy 0. 51 08 03 0.3 0.3 1060367 =10 X -6.0
53. | (HOREN8-0-C=CH; CH:0:781 o M4 0.3 3 weooo:| =0 =1d  =1d
ca. | (C:H0NCH:O0H) 51 C:H,0:51 oo 33 47 E T ST 09 2]
g5, | (HORE8—0-C=CH; C:HA0:"51 T 4l T4 L3 1050008 | =10 43 2.1
gg. | (CH:ONH)8i-0-C"=CH, C:HA0:"81 e T+ T4 1.3 105.0184 _ =1 =10
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7. | (CH:OWH)L"8i-0-C"=CH; C:H-0:81 12 oE 0.4 13 lodnIl| -1s 27 74
cg. | (CH:ONHE"5i-0-C=CH, C:H-0,"51 37 24 2.1 13 105.0213 4.0 0.0 -2
59, | (HON 80 H:0. 81 g1 — I 050763 [ =10 =11 _]
60, | (HOBI0" H:D:-*51 e 04 03 o3 033796 — ] _]
51, | EHOL=80" H:05 51 K GE 0l 03 040800 [ =16 =1 34
g2, | (CHOpHON 50 CH::"51 i E 0.2 0.3 4 0003 43 I T
53, | (CH:OWHD)™S CH:0."51 ' BEE 31 03 930007 56 5.4 58
g4 | (C:H:ONOHNEY %0 CoH-0: ™81 1 I T 0.3 950183 _ | |
g5, | (C:H:O)OHNE“5: C:H-0:51 13 10 E E 02021l| =10 _ 0.7
g6, | (CaH:OVOH)E"5 CH-0751] 137 92 o] 03 910215 | =10 _ e
§7. | HOWH) 8—0-C=CH, C:H:0:™"'81 i 3 15 910027 =34 EY: Y
g3, | (HOWH) 8i-0-C"=CH; CoHs0, 51 39 23 23 1.3 o0.0054 [ 3.4 ET: Y
o, | (HOWHL®S—0-C=CH: CH:0: 51 I EE 3.7 L3 BO.0053 | 78 BT ST
70, | (OED) 80 H:0:"8i 35 1s 13 03 ETEENC) 2.3 8
1. | (OHE: &7 H:0:551 29 20 184 03 70847 26 54 -a
72, | (CEL):™Bi H:0:%81| 441 392 283 03 789851 23 54 -2
73, | (CH:ONHO)WH™ 8" CH:0.”51 o6 o4 03 o3 TRO0EE| =10 Y
74 | (CH:OWHOWH 51 CH:0:5i a9 37 31 03 770058 32 54 -6
75. | (CHONED: "B CH-078i L os g 03 T6.0261 _ _ ]
76, | (C:HOUER"8 CH07 51 s 23 21 03 750266 =10 ] 5
77. | H)E"8i-0-C=CH; C.H:0"81 12 10 08 15 TA005 | -18 % R
73, | E8i-0-C=CH: CoH:0%81 K 11 1.3 730108 Y i EE
79 | (OHRE)EC H:0."8i 14 09 0d 03 640870 24 N
mp, | (OEDLED™ & H:0:51 g 1z i E 63,9803 AT 4.0 1.3
51 | (OHD SF H.0:"81 o M+ T 03 63.9795 32 44  -03
g2 | (OFDR(ED™ 8 HOS81 27 183 141 03 [l EY 4.0 0.3
g3, | (O~ 80 H:0.%3i 1 I 04 03 £2.9320 32 44 -0
Ra | (OEL B0 HO581 127 3 o 03 619824 32 47  -nd
53, | (CH:OWHR™ S CH.O™81 21 11 i E 610109 — -6.3 2.4
g, | (OELNH) ™8 H:O0™5i 1 _— — o3 47 5943 _ _ _]
57 | (OEDH) 8" H.O™ 81 1l o7 O E 460555 | =10 64  -03
gg | (OEL™&i HO™5i to 03 0.3 469765 | -850 6.4 _]
S HO™E: oo o7 0.3 439792 13 47 ]
gp. | (CEI™&: HOEi] 103 90 63 449796 52 1.3 _]
SR ESS H:~51 I = _ 119599 _ _ _
gn. | H:™81 H:*81 i B 0.4 L0004 [ =10 — |
93 | H¥8 HoBi I _] 200843 [ _] _]
04 | HOGT H 51 98 68 09 289847 [ =10 _ _]
g5, | CaH:™ CaH: I 13 L o3 20,0391 03 3.3 _]

Legend: * the average of six determinations; > 10 mmu and <-10mmu outside of the accepted error; — absent ion from the spectrum.
T +summation with previous ion

As the resolution increases the sensitive of the mass spectrometer decreases. The resolutions of 5000-6000 (Table
2) are optimal for a tandem GC-MS as the one used for the determinations of this work. In this way they can get
sufficiently intense ions at a high resolution at which the error of measurement of their mass does not exceed +10
mmu (atomic mass milliunits).

The most difficult to separate are the TEOS ions with the same nominal mass and which differ only by fractions of
a whole mass, e.g. the ions with the order numbers: 15-16, 22-23, 29-30, 37-38, 40-41, 47-48, 50-51, 52-53, 54-56,
63-64, 66-67, 80-81, 82-83, 87-88 and 94-95, with the nominal masses 165, 151, 137, 123, 121, 109, 107, 106, 105,
93, 91, 64, 63, 47 and 29 respectively (Table 2 in the gray background).

In the Table 2 are shown the structural and ionic formulas of the ions obtained at high resolutions. An argument
concerning the existence of these ions is the accurate mass measure with the specified error (£10 mmu) at high
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resolution: 5000, 6600 toward the standard resolution 1000. Another argument for the existence of ions is the double
bond equivalent encoded as DBE.

The separation of the ions with nominal mass 105 at high resolution

An example of separating at high resolution is that of the ions with nominal mass 105 with the ordinal number 54-
56 in Table 2. The ion CsHsO,28Si* obtained on the reaction pathway B.1.2.1. (Table 4), according to Equation (1) has the
exact mass M=105,0372. It is separated from the ion CoHsOs Si* obtained on the reaction pathway B.4.7. (Table 4),
according to Equation (2), and which has the exact mass M=105,0008.

‘ B.1.21. M-CH:;—-CzH«0 —C2H:OF miz 105 1=5.3%

M= CH3=CsH40" =C5H,0 —> miZ 105
miz 149
(CzHEO}z{CHﬂ}éI—*(CzHgl])(CHgO)éli,‘\H .
|
0—CH—CH,

£ - B=CH —CH 3 1
(C2Hs0R(CH;ONH)SI, “CH-CHy Z2=C1 —, (€ H-0)CH;O)HS @
92

M- CH;-C2H4O-C2H4U-1_ — C3Hg04Si Ly

Mee=105.0372 Mpes=105.0363 AM =0.8 mmu DBE=0.3

B.47 M-0OCz2Hs—C2Hs0 -H2F m/z105 1=4.0%

M-0C:Hs = CoHa= CoH4 = Ho ——>miz105
miz 107

{chso){OH)zéi—-{oH)zé@ —

|

O0—CH—CHs

(OH)2(H) Si—0— G —CHy =24 (OH),(H)SI—0— C=CH,

H H

2)

M=0CzHs = CaHa = CoHa=Ha™ —— CoH50:81T

Mee=105.0008 Mpg;=104.9960 AM=4.8 mmu DBE=1.5

The minimum resolution required for the separation of the ions with nominal mass 105 is R=105/0,0371=2830. At
the resolution R=1000 the three ions with nominal mass 105 have total intensity 9,9 % (Table 2, the positions 54-56).
At the optimum resolution R=5000, between resolution power and sensitivity of mass spectrometer, the ions CsHyO;
2Sj* and C,HsO3 2Si* were separated having the intensities 5.3% and 4.1% respectively (Table 2, the positions 54-
55), according to the reaction pathways B.1.2.1. and B.4.7. in Table 4.

Figure 2 shows the mass spectrum of TEOS in the range m/e 104-106 with the separation of these two ions at a
resolution R=5000. The observed masses 104.9960 and 105.0363 respectively fall into the preset error of £10 mmu.

The ion C3H;02*°Si* with exact mass 105.0184 obtained through M+2 isotope effect can be separated from each of
the two ions with nominal mass 105 discussed above at a resolution of about 6,000, but this ion can not be revealed
because of its low intensity.

Accurately measuring the ion masses is a strong argument for confirming the reaction pathways in mass spectrum.
This argument of the existence of ions must be confirmed by other arguments as the isotopic effects, the equivalent of
double bonds, etc.
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100

104,9960| [105.0363 Fig. 2. The separation of the fragmentation ions
50 CsHg02 2Si* with mass 105.0372 and C2Hs0s
28Sj* with mass105.0008 at high resolution
0 '| ] P i (R=5000) with preset error of + 10 mmu
104 105 106 mie

Isotopic effects of ions in the TEOS mass spectrum

According to the isotopic distributions of the atoms that compose an silicon alkoxide as TEOS, the strongest M+1
and M+2 isotopic effects are due to silicon atom (4.67 and 3.10%) followed by the M+1 isotopic effect of carbon atom
(1.1%). The M+2 isotopic effect of the silicon atom is selective in the case of silicon alkoxides and substituted
alkoxides without halogen atoms [1-3, 17].

In Table 3 are presented the measurements of M+1 and M+2 isotopic effects at optimal resolution (R=5000).

Table 3
THE M+1 AND M+2 ISOTOPIC EFFECTS (GRAY BACKGROUND CELLS) FOR IONS FROM THE TEQOS
MASS SPECTRUM AT THE HIGH RESOLUTION (R=5000)

. Tomic formulas Accurate The 1on ntensity from the TEOS mass spectmum at the high Is %% Iz %%
E mass resolution (B=3000)
1 2 3 4 3 a
1. CeHz0: 151 2101040 0.83 (.68 0.86 0593 (.80 073 0.81 0.84
2 CaHzo0s 81 2001126 263 319 252 345 273 202 258 242
3. CsHz0s 51 208.1130 1519 16.48 1725 17.18 17.67 13.93 1662 = 16.62
4. C-H;70 751 1950864 4.07 397 351 406 406 472 462 401
3. C-H:-0s 551 1840801 11.56 1228 1231 1291 12.38 12.57 1234 1341
6. CrH;-0 #5581 193.0806 1000 100.0 100.0 1000 100.0 100.0 100.0— 100.0
T CeHy504 551 181.0708 134 133 202 144 1.63 142 133 114
8. CsH1:04 51 1800735 333 330 4.00 38l 4.19 3.59 3.60 202
g CsHy=0s 751 1780739 23722 2477 2416 2342 2448 2310 2386 — 2386
10. C:Hia 0 751 167.0351 0.46 031 7 0.72 0.62 0.56 057 031
11. C:Hi:04 51 166.0378 063 0,49 1.01 0.79 0.86 074 073 078
12. C:Hia0y 5551 163.0383 6.52 349 N 3683 6.50 6.68 6.60 — 6.60
13. CgH;=0; 751 165.0758 +T +T +T +T +T +T +T 256
14 CeH1:05 51 164.0786 6.40 6.67 6.47 622 6.38 6.20 6.44 6.84
13, CgHia0: 51 163.0790 3783 36.00 3623 36.66 36.80 3324 56.61— 56.61
16. CeHnOs 51 153.0395 0.42 038 0.74 0.72 0.62 044 033 026
17. C:Hu0s F81 152.0422 0.34 0.46 0.43 0.435 0.41 031 047 0.58
12, CaHy 04 F51 151.0426 363 31l 6.62 352 6.17 353 384 = 384
1% C:H:05 51 1500626 833 7.04 817 g.00 8.72 762 2.46 | 8.96
20, C:Hia 0 F51 149 0633 IENE] 78.82 833 8282 23091 7832 gl.ll—=2111
21, CaHa0: 751 1300238 0.33 0.31 0.33 0.32 0.42 0.50 0.40 0.11
22, C:H:0s F51 138.0265 0.16 023 0.30 039 0.36 021 028 021
23, C:He 0y 51 1370270 223 1.36 206 241 267 237 242 —» 242
24, CeHn0; 51 137.0445 =T =T =T +T +T +T =T 078
25, C:Hu0; F81 136.0473 1.70 1.81 154 1.61 2.06 1.60 1.77 178
26. C:Hp0; 51 135.0477 18.14 18.60 1859 18.06 1780 16.04 1805 = 1803
27, C:H:05 T51 1340315 028 031 0.46 0.43 0.41 037 038 | 020
28 C.Hy0s F51 1330321 1.70 175 243 223 1.55 217 205 — 205
28, CaH04 751 125 0032 028 023 0.33 0.38 041 031 030 0.13
30, C,H-04 F51 1240100 0.14 0.19 0.37 0.34 0.41 026 032 026
31 CaH04 581 123.0113 320 280 3.68 362 411 301 343 - 343
32. C:Hs 05 81 123.0280 =T +T +T +T +T +T =T 019
33 C:H:0; F81 1220316 0.45 038 074 0.34 0.84 038 036 0.40
4. CsHs 05 51 121.0320 4M 430 3.59 478 433 408 455 = 433
33 C4H110: 751 121.0496 =T =T =T =T =T =T =T | 117
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6. C+Hi0: 751 1200524 276 2.54 282 292 .00 278 282 | 2.80
3T CsH110: 581 1190528 2768 26.69 2836 2504 30.3% 26.17 2846 — 28.46
38 C:H-0: %51 1090132 =T +T +T +T +T +T +T 051
30 CaH:0; 551 108.0160 EX] 0.7 111 1.06 123 087 0.50 093
40 CaH0: =51 107.0164 1234 127 1216 1280 1224 11.36 1233 = 1133

41 C:Hp(: 51 107.0340 +T +T +T +T +T +T +T 022
42 C:Hy0: 751 106.0367 e 046 064 037 0.62 031 031 0.50
43. C:Ha0: 51 105.0371 525 444 3.70 5.60 5.535 3.58 332 - 532

44 CH-0; 5] Q4 0003 026 031 023 034 031 e 028 | 021
45 CH-0; 751 30007 .06 364 330 330 3352 275 326 — 326

46. C7H-0n 151 G3.0183 +T +T +T +T +T +T +T 036
47. C:H-0: F51 920211 083 072 0oz 1.08 003 1.08 0.03 0.69
48, C;H-0: 551 01.0215 8.68 8.83 873 10.65 3.04 .41 922 —» 922

45 H:0; 51 809319 1.63 161 173 1.34 127 148 1.60 156
30. H:0; 51 199347 203 223 1.87 235 203 1.7% 203 205
31 H:0; 851 789851 41.20 4705 5416 43.03 36.00 3402 3924 —3924

52 CHs0: 751 TR.0054 020 030 038 030 036 0.37 033 024
335, CHs0: %51 77.0058 358 425 334 436 3.30 354 373 =5 5375

34 H;0: *51 649870 053 0.33 0.73 0oo (K] 0.74 0.36 0re
35. H:0; T5i 63.0898 116 131 129 144 1.07 1.04 122 1.09
36. H;0: 51 62.9902 18.80 21.08 16801 2023 1737 16.41 1349 — 1845
57. HO 51 46.9765 0.33 0.40 034 034 0.62 030 0.4% 032
38 00 F51 4509792 033 0.62 074 076 026 032 0.68 046
38 HO *51 449796 843 1053 155 10.14 T.03 176 196 — 896

B0, H: 551 310004 031 038 0.33 034 030 046 032 022
61 HEE] 208843 0.14 023 020 036 030 012 023 034
62 H¥51 28.9847 6.40 037 338 11 6.00 432 6.60 — 6.60

Legend: 1a: The average of six intensities obtained experimentally; Ic: The M+1 and M+2 intensities calculated based on the M
experimental values (the ions with 28Si ) indicated by symbol —.

To calculate more precisely the M+1, M+2 isotopic effects, the ion intensity was measured on a statistical basis at
high resolution (R=5000). The average intensity of each ion in the mass spectrum was obtained with a Merck standard of
tetraethoxysilane by GC-MS analysis repeated six times; the average value of an ion intensity was encoded Ia.
Theoretical isotopic effects (I1) calculated by an ISO dedicated program [17] were compared with these experimental
average values. The basis for calculation of the theoretical isotopic effects was the experimental average value of the
intensities of ions with the isotope 28 of the silicon atom, indicated in Table 1, with the side arrow. The values of
experimental and theoretical M+1and M+2 isotopic effects are shown in the same table in cells on gray background.

There is a good agreement between the experimental M+1 and M+2 isotopic effects and those calculated
theoretically for the most of ions in the TEOS mass spectrum.

Sometimes it is necessary to correct the occurring interferences. Thus the ion CsH1505*°Si with the ionic mass 165.0758
obtained as M+2 isotope effect of the ion CgH15032Si with the ionic mass 163.0790 (Table 3) overlaps the ion CsH1304%Si
with the ionic mass 165.0583. The resolution R=5000 is insufficient in this case to that required R=9429, at the mass
difference between the two ions of only 0.0175. The calculated M+2 isotope effect of the ion CsH1s032Si (Table 3, the
position 12) is 2.56% (Fig. 3) and is different from the 6.60% average intensity of the ion CsH1304%Si, which is actually a
sum of intensities of the two unseparated mentioned ions. These deviations from the calculated isotopic effects often
indicate new fragmentation pathways that can be highlighted for example by operating at a higher resolution.

The ions of TEOS mass spectrum were obtained experimentally by the B/E and B/E(1-E)Y? linked scans presented
in Part | and Part 11 [1-2] and by accurate mass meassurements at high resolutions in present work. Thus, there can be
written the 38 fragmentation pathways for the primary events and eliminations of neutral molecules, only for the ions
with 8Si isotope (Table 4).
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Fig. 3. The M+2 isotopic effect (2.56 %)
of the ion CsH1503?8Si with accurate mass
163.0790 and the average intensity in
TEOS mass spectrum (56.61%) at high
resolution 5000.

THE MASS SPECTRUM OF TETRAETHOXYSILANE. FRAGMENTATION PATHWAYS BY LINKED SCANS
AND ACCURATE MASSES

| TEDS CeHxD451 (C:H:0151 N=208.1130
. Tha iom=ation procass
| M—e —3 A" | 208 —e — 208.11007 |
II. Fragmentation pathways
A Primary eventz: cleavage of o bonds and radical elimimations
Al M —HT — 2071036 « 08— 1T
Al M- —CH:F — 193.0858" « 208" —15°F
£ M- CHST - 179.0716 « 208~ —20°F
Ad M- OCHsT - 163.0794 « 208" —45°T
B. Elimnmztions of neufral malaculas
B.1. Elimination of acetaldehide: CHCHO M=34 44 B.Z. Elimination of ethylene:  CH:= CH: M= 28
B11l 207 — 44 —3 163.07947 B2l 207 — 18 —3 179.0746
1. 193 — 44 —3 149.0639° I 193" — 18 —3 165.0527°
3. 1797 — 44 — 3 1350477 3. 1797 — 18 —5 15104017
4. 163" — 44 — 119.0535° 4, 163 — 18 — 135477
BI1Z1 148 — 44 — 3 105.0363° BIll 165 — 18 — 137.0205°
3 135 — 44— L3I0 3 1517 — 2§ — 123.0088°
3. 119 — 44 —3 75.031%° 3. 135 — 18 — 107.0158"
BI131 105 — 44 —5 6L013F BI31 137 — 18 — 108.98807
1. 97 — 44 —3 469977 z. 1237 — 18 —3 549716
3. TE — 44— 3AL00E 3. T — 18 — 789903
B.3. Mixt elimination of acetaldehide and ethylens
Bal. M- — CH:*— C:Hi — C:H:0 — 1210294
B3l M — CH:*— C:H40 — C:Hi — C:H, — 92.9051°
B33 M — CHs"— C:Hi0 — C:HO —C:Ha — LT
B34, M — OC:H:"— C:H:0 — C:Hi— C:H:O —3 62.9904°
B.4. Elimination of hydrogen moleculs
M 1937 -2 —» 19L0705 ) I¥-2 3 1170417
M 17 -2 —»s 1770588 (M WTr-2 —5 104.9960°
@M 1637-2 —» 16LOSTY 8 WF-2 —5 1030215
4 14972 3 147457 9 9I"-2 —3 8E9O79"
& 1357 —2 —» 133027 a T —s T
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Conclusions

The aim of these tree articles (Part I-11I) was the interpretation of tetraethoxysilane (TEOS) mass spectrum, as a
precursor in the sol-gel process.

The procedure for the interpretation of mass spectra for alcoxysilanes presented in Part | [1] was applied for
tetraethoxysilane (TEOS). This procedure has a practical importance for the identification of unknown chemical compounds
when it is possible the application of double focusing GC-MS method and linked scans.

In this third and final Part, the arguments for the existence of 95 ions in TEOS mass spectrum (Table 2) are
presented by experimental accurate mass measurements at high resolutions (5000 and 6600), and calculate the double
bonds equivalent (DBE). A detailed example is presented: the separation of the ion C3HsO, 2Si* with mass 105.0372
and the ion CoHs03 28Si* with mass 105.0008 at high resolution (R=5000).

There are also presented experimental measurements of the M+1 and M+2 isotopic effects at high resolution
(5000) for the most intense 22 ions of TEOS mass spectrum (Table 3).

The ions of TEOS mass spectrum were obtained experimentally by the B/E and B/E(1-E)Y? linked scans presented
in Part | and Part 11 [1-2] and by accurate mass meassurements at high resolutions in present work. Thus, there can be
written the 38 fragmentation pathways for the primary events and eliminations of neutral molecules, only for the ions
with 28Si isotope (Table 4).
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