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Abstract

Breath analysis is a noninvasive diagnostic technique used to detect several 

human deficiencies and diseases. Increased concentrations of particular volatile organic 

compounds (VOCs) are observed in individuals with problems such as acute myocardial 

infarction,1 rheumatoid arthritis,1 vitamin E deficiencies,1 and schizophrenia.2 Analysis of 

VOC composition can be completed by studying gas phase ion reactions in a Flowing 

Afterglow (FA) instrument. This study focused on the utility of a silyl compound as a 

precursor ion in the FA as well as its reactivity with hydrocarbons. The reactivity of the 

ion is important because it will aid in the identification and quantification of 

hydrocarbons. Other studies performed on the FA have investigated the efficacy of silyl 

compounds as ion precursors because of their proton-like properties and reactivity. In this 

study three different silyl compounds were evaluated for their usefulness as an ion 

source: tetramethylsilane, hexamethyldisilane, and hexamethyldisiloxane. Following 

ionization, various neutral reagents were introduced into the instrument to characterize 

the reactions of these ions both qualitatively and quantitatively.

1 Refat, M. et. al. Pediatric Research 1991, 30, 396.
2 Phillips, M. et. al. J Clin Pathol 1993, 46, 861.
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Introduction

Breath analysis is an increasingly important diagnostic tool in the field of 

medicine because it is noninvasive nature and rapid results. Because low molecular mass 

compounds can diffuse from the blood into the pulmonary alveolar membranes, the 

analysis of volatile organic compounds (VOCs) in an individual’s breath provides 

information about the composition of substances in that individual’s blood1. There are 

two types of VOCs that are detectable in breath analysis. They are either endogenous, 

products of metabolism, or exogenous, compounds that originate from outside the body.2 

This study focuses on endogenous compounds. The levels of VOCs in a person’s breath 

can be used to screen people with schizophrenia,3 liver transplant rejection,4 vitamin E 

deficiency,5 and other physiological conditions. Patients diagnosed with schizophrenia 

have elevated levels of ethane and carbon disulfide, which is a known neurotoxin.6 

Ethane and pentane levels in a person’s breath vary in concentration and are correlated 

with a person’s health because these two hydrocarbons are major products of certain 

metabolic processes. Another compound in relatively high concentrations in a person’s 

body is acetone. Acetone is a product that is correlated with the regulation of glucose. 

The level of acetone in diabetics is generally increased due to their inability to catabolize 

glucose efficiently. Impaired glucose breakdown leads to the breakdown of fats, which in 

turn generates ketone bodies like acetone.7

1 Phillips, M., and Greenburg, J. Clinical Chemistry 1992, 38(1), 60-65.
2 Phillips, M., and Greenburg, J. Clinical Chemistry 1992, 38(1), 60-65.
3 Phillips, M. et. al. J Clin Pathol 1993, 46, 861.
4 Risby, T.H. et al Surgery 1994, 115(1), 94-101.
5Refat, M. et. al. Pediatric Research 1991, 30, 396.
6 Phillips, M. et. al. J Clin Pathol 1993, 46, 861.
7 Stryer, L. Biochemistry 4th Edition 1995, 780.
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The National Oceanic and Atmospheric Administration Laboratories were the 

pioneers of the Flowing Afterglow (FA) method. The Flowing Afterglow instrument 

utilizes ions in a plasma to react with a neutral gas. The word flowing describes the 

movement of the carrier gas and compounds within the carrier gas as these components 

travel down the flow tube. Afterglow is an adjective that describes the state of the 

plasma. A plasma is a high-energy gaseous mixture, which contains both ions and 

electrons. The afterglow refers to the fact that the plasma has already been established in 

the tube. There are two major advantages of the FA. First is its ability to produce an 

unlimited number of reactant ions. The second is the fact that the subsequent reactions of 

these ions with neutral compounds yield a limited number of impurities.8 9 Other 

advantages of the FA include limited sample preparation; extensive sample preperation 

limits the amount of data that can be collected. The FA can also be used to identify 

compounds in a complex mixture. It is this last attribute that is important to this study. 

The flow system allows one to determine the quantity of products using a bimolecular 

rate equation and knowledge of the thermal energies of both the ion and neutral 

compound. The thermal energy of the reaction can be defined by the buffer gas 

temperature, which makes this a facile measurable property.10 The FA is operated at low 

pressures, which is advantageous because it then allows for longer mean free path for the 

ions. However, at pressures lower than 0.6 torr, it has been noted that an appreciable 

number of ions are lost to diffusion.11 The ions lost to diffusion hit the walls of the FA’s 

tube and quench the energy of the ion causing it to become neutral again which in turn

8 Grabowski, J. PhD Thesis University Of Colorado. Boulder, Colorado 1983, 4.
9 Grabowski, J. PhD Thesis University Of Colorado. Boulder, Colorado 1983, 4.
10 Grabowski, J. PhD Thesis University Of Colorado. Boulder, Colorado 1983, 4.
11 Chen, Q.F., and Stone, J. A. Int. J. Mass Spec and Ion Processes 1997, 165/166, 196.
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results in a diminished signal at the quadrupole. It is important to maintain a laminar flow 

within the tube of the instrument so that the data acquired are comparable to the collision 

rate of an ion with a neutral species so that reaction efficiencies can be measured. For an 

ideal reaction for every collision that occurs there is a product. In this case I was looking 

for an adduct, where the neutral compound is “attached” to the silyl ion. Disadvantages of 

the FA include the variety of ionized products that can be present in the tube as well as 

metastable species that complicate the reaction.12 Metastable species have a relatively 

long excited-state lifetime. The metastable species creates problems because when these 

excited species finally do lose their extra energy, they usually become ions themselves. 

The major reason why this is a problem is because when determining the bimolecular 

rate, the disappearance ratio of the precursor ion increases in relation to the appearance of 

the newly formed compound.

The study of gas phase ion reactions in an FA instrument can provide a complete 

analysis of VOC composition. This study focused on the ionization of a silyl compound 

and the potential for using the resulting ion for identification and quantification of 

hydrocarbons. Ideally, the reactions in the FA will occur at the collision rate in order to 

optimize the sensitivity toward the neutral compound. In addition, the reaction with the 

ion should yield a unique product for selectivity.13 The analysis of these reactions will 

address whether a silyl compound will react and form an adduct with specific 

hydrocarbons in the instrument. If an adduct is formed between the hydrocarbon and the 

silyl ion, the concentration of the hydrocarbon in the sample can be measured from the

12 Grabowski, J. PhD Thesis University Of Colorado. Boulder, Colorado 1983, 4.
13 Arnold, S., Viggiano, A.,and Morris, R. J. Phys. Chem. A 1998, 102, 8883.
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rate of the reaction. The reaction rate can in turn be measured by monitoring the 

disappearance of the ion.

Positive ion reactions performed on the FA in the past have focused on using 

H3O+. However, molecules smaller than hexane are uncreative with H3O+ in the FA.14 

Two compounds of interest in human breath, ethane and pentane, cannot be determined 

in the FA using H3O+ as a chemical ionization agent. Other studies have investigated the 

efficacy of silyl compounds as ion precursors because of their proton-like properties and 

reactivity. Li and Stone specifically investigated the gas-phase proton affinities of 

trimethylsilyl ions with amines15, and Chen and Stone investigated reactions of 

trimethylsilyl with ammonia and other alkylamines.16 In the present study, I hypothesized 

that an ionized silyl compound would react with neutral carbon compounds smaller than 

hexane to form measurable and identifiable products. Three different silyl compounds, 

tetramethylsilane, hexamethyldisilane, and hexamethyldisiloxane, were evaluated for 

their utility as an ion source. This study was performed to analyze the reactivity of an ion 

with one neutral compound. Following ionization, various neutral reagents were

introduced into the instrument to characterize the reactions of these ions both

qualitatively and quantitatively. The simplistic reaction will be a model for predicting the 

behavior of volatile organic compounds and an ion that is created in the instrument. The 

identity and the rate of these reactions may be used to evaluate the usefulness of the FA 

in identifying a wider range of volatile organic compounds. Once these simplistic 

reaction values are better understood, more complex mixtures, like a person’s breath, can 

be analyzed. Another goal of this study was to find a reagent ion for chemical reaction-

14 Arnold, S., Viggiano, A., and Morris, R. J. Phys. Chem. A. 1998, 102, 8881-8887.
15 Li, X., and Stone, J. Int. J. Mass Spec and Ion Processes 1990, 149-166.
16 Chen, Q-F., and Stone, J. Int. J. Mass Spec and Ion Processes 1997, 195-207.

4



mass spectrometry (CR-MS) quantitation of organics in complex mixtures. It is 

hypothesized that silyl cations would be effective precursor ions for this part of the study. 

The approach was to use the FA as a CR-MS to investigate selected silyl ions. The 

ultimate goal of this study was to show whether a silyl compound ionized in the FA will 

react with hydrocarbons whose concentrations can be used to determine the health of a

person.

5



Materials and Methods

The FA instrument (Figure 1) used in this study was comprised of an ion source, a

flow tube, and a quadrupole mass analyzer. All of the tests were done at ambient

temperature (25.0°C).

Figure 1. Flowing Afterglow instrument.
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The ion source used in this study was a thorium-coated iridium filament. Iridium 

was used because of its high thermal conductivity and its low electrical resistivity, 

therefore the filament will not bum out easily. The filament conditions that produced the 

best results occurred when the bias was around 60 volts, the filament current was

between 4 and 5 amps, and the emission current was between 0.25 to 0.50mA. The hot 

filament gives off electrons. These electrons can be given a kinetic energy by applying a 

bias voltage. The methods of both Penning ionization and electron ionization were 

assessed for their utility with each precursor ion. Penning ionization occurred when the 

compound of interest was indirectly ionized by the electron source. Generally the carrier



gas ionized the compound. The carrier gas was energetically excited to a metastable state 

by the filament. In Figure 2, helium represents the carrier gas for the Penning ionization. 

The letter, M, represents an arbitrary neutral compound.

Figure 2. Penning ionization.

*He + M -------- ► He + M'+ + e'

Electron ionization was completed by directly ionizing the compound of interest by the 

electron source, which was a throrium coated iridum filament. Figure 3 represents the

electron ionization of compound M.

Figure 3. Electron ionization.
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The flow tube was one meter in length, and it had seven inlets for neutral gas 

flow. Helium was the buffer gas used in this study, and its flow was maintained between 

6.0 and 7.0 standard liters per minute (SLPM). The initial pressure in the flow tube was 

maintained between 0.3000 and 0.3300 torr. After the ions pass down the flow tube they 

need to be collected. Several negatively charged lenses helped attract the positive ions. 

Directly following the flow tube was the orifice plate that was kept in the range of-0.1 to 

-0.9 V. The plate had a diameter of 0.5mm, which allowed the passage of the positive 

ions. The extractor’s voltage was kept between -5.6 to -7.0V, while the nose cone carrier 

was maintained at +2.0V. Three lenses followed these three components. Lens voltages 

varied from run to run, and they were set according to which setting resulted in the best



signal of the precursor ion. All of the lens settings were negative, and their magnitude 

increased as their distance away from the ion source increased. The electrostatic lens 

system, which was part of the detection system, was set at -3.0V. This lens system 

focuses the ions onto the quadrupole mass spectrometer ion-detector-amplifier.17 The 

mass spectrometer converted the ion signal into a mass to charge (m/z) ratio. The pole 

zero on the quadrupole was between -7.2 and -8.1V. The conversion dynode was 

maintained at -4.5kV, and the electron multiplier was kept constant at -2.0kV.

All chemicals used were of high purity and all were received from Aldrich. 

Tetramethylsilane, hexamethyldisilane, hexamethyldisiloxane, acetone, cyclohexane, 

isooctane, n-decane, pentane, and triethylamine were all used as they were received from 

Aldrich. The structural representations of the chemicals used are shown in Figure 4. The 

bond lengths and bond angles are only representative.

Figure 4. Compounds used in the study.
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17 Bates, D., and Bederson, B. Advances in Atomic and Molecular Physics. Harcourt Brace Jovanovich. 
Boston. 1998. 16.
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Figure 4. Compounds used in the study (cont.).

acetone cyclohexane isooctane

triethylamine

All of the compounds in the study were subjected to 2 or 3 freeze-pump-thaw 

cycles. These cycles were done directly before running the sample on the instrument. The 

sample was in a lOmL or 15mL volumetric flask attached to the metering valve on the 

vacuum rack of the FA. The sample was then cooled with liquid nitrogen. Once the 

sample was frozen, the sample’s flask was opened. When the pressure was low, the 

bypass valve on the vacuum rack was closed, and the inlet valve to the diffusion pump

9



was opened to the sample. After the pumping of the sample was completed, the pressure 

stabilized and the metering valve was closed. After the valve was closed, the sample’s 

flask was closed and the liquid nitrogen bath was removed. Once the sample completely 

thawed, the cycle was repeated at least twice to ensure the purity of the sample, 

particualry in regards to contaminants like VOCs. The vapor pressure differencesbetween 

the sample and the VOCs allowed the sample to become solid while the VOCs were 

pumped out through the vacuum system.

The kinetic data were measured using the average dipole theory, which accounts 

for the effects of the permanent dipole moment on the rate constant and the Langevin

Bimolecular Kinetic Rate:

Kn = -5/4A-1 = F2He T2 *1.1O*1O20 
9X P He F s

K is the rate constant for the reaction. A is the concentration of the ion, File is the flow of 

the helium buffer gas, T is the temperature of environment, F B is the flow of the neutral 

gas and P He is the pressure exerted by the helium carrier gas.

10



Results
Tetramethylsilane (TMS), hexamethyldisilane (HMDS), and 

hexamethyldisiloxane (HMDSiO) were ionized using both Penning (Table 1.) and 

electron ionization (Table 2.) methods. Following each table is at least one representative

spectrum.

Table 1. Penning ionization of a silyl compound.
Spectra Number Ions Observed (m/z) Comment

TMS XXXIX. 1-56 59 (CH3)2SiH+
73 (CH3)3Si+; 74 isotope; 72 -H

XXXVII. 1-167 A 59 (CH3)2SiH+
73 (CH3)3Si+; 74, 75 isotopes

XXXVII. 1-168A 63 not identified
73 (CH3)3Si+
91 (CH3)3SiOH2+

XXXVII. 1-169 A
43 16% of 45
44 12% of 45
45 CH3SiH2+
59 (CH3)2SiH+

XXXVII. 1-176A 73 (CH3)3Si+

(Figure 5)
45

28, N2+; 32, O2+: possible air leak 
CH3SiH2+

59 (CH3)2SiH+
73 (CH3)3Si+
91 (CH3)3SiOH2+

HMDS XXXVII. 1-174A 59 (CH3)2SiH+
73 (CH3)3Si+; 74 isotope

XXXVII. 1-178 A 73 (CH3)3Si+
XXXVII. 1-178 G 73 (CH3)3Si+

HMDSiO XXXIX. 1-175 A 59 (CH3)2SiH+
73 (CH3)3Si+; 74 isotope
91 (CH3)3SiOH2+
117
131 (CH3)3SiSi(CH3)2+
146

11



The major peak observed in the electron ionization had an m/z value of 73. 

Electron ionization of the compound also produced other ions, which would lead to later 

complications when other compounds were added to the ionized forms of the silyl 

compound. Rate calculations and identifying product compounds were easier when only 

one ion was formed initially. The m/z values that are less than 73 indicate that the power 

setting used at the filament was probably too high, which led to further breakdown of the 

silyl. Also, for electron ionization a buffer gas like argon is used to stop further silyl- 

electron collisions in the flow tube. When we used a buffer gas, we did not notice any 

appreciable difference in the appearance of m/z 45. Some of the spectra also contained 

peaks at m/z 28 and 32 (Figure 5). These peaks represent N2 and O2 gas respectively and 

are indicators of an air leak.

Figure 5. Penning ionization of TMS.

—A-
28 32 45

JL
59 73 9-1
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Table 2. Electron ionization of a silyl compound.

Spectra Number Product Ions (m/z) Comment
TMS (Figure 6) XXXVII. 1-158A 57 14% size of 59

58 17% size of 59
59 (CH3)2SiH+
73 (CH3)3Si+

XXXVII. 1-184A 45 CH3SiH2+
59 (CH3)2SiH+
73 (CH3)3Si+
91 (CH3)3SiOH2+

XXXVII. 1-185 A 45 CH3SiH2+
(air leak 28, 32; 59 (CH3)2SiH+
water problem 18) 73 (CH3)3Si+

85 not identified
91 (CH3)3SiOH2+
115 C4H11Si2+
131 (CH3)3SiSi(CH3)2+
145 (CH3)2(CH2)SiSi(CH3)3+
161

XXXVII. 1-185J 45 CH3SiH2+
59 (CH3)2SiH+
73 (CH3)3Si+
85
91 (CH3)3SiOH2+

131 (CH3)3SiSi(CH3)2+
145 (CH3)2(CH2)SiSi(CH3)3+

161

XXXVII. 1-189A 73 (CH3)3Si+

85 not identified
91 (CH3)3Si+

101 (CH3)3Si2+

115 C4H„Si2+

131 (CH3)3SiSi(CH3)2+

145 (CH3)2(CH2)SiSi(CH3)3+
161

1 s ch3
XXXVII. 1-189F not identified
(air leak 38, 32;

□ /
41 C2H5Si+

water problem 18) S7 C2H6Si+

58 (CH3)2SiH+

59

CORETTE LIBRARY 
CARROLL COLLEGE 13



TMS (cont.) XXXVII. 1-190 A

XXXVII. 1-190F

XXXVII. 1-192 A

XXXVII. 2-2A

XXXVII. 2-3A

73

73

73

73

73

(CH3)3Si+

(CH3)3Si+

(CH3)3Si+

(CH3)3Si+

(CH3)3Si+

HMDS (Figure XXXVII. 1-129 A 73 (CH3)3Si+
7)

XXXVII. 1-133 A 73 (CH3)3Si+

XXXVII. 1-140 A 73 (CH3)3Si+
81 not identified
91 (CH3)3SiOH2+
109 ((CH3)3SiOH2+) H2O -unsure

XXXVII. 1-180 A 
(high flow)

84
91
115

not identified 
(CH3)3SiOH2+
C4H„Si2+

131 (CH3)3SiSi(CH3)2+
146 (CH3)3SiSi(CH3)3+
148 [(CH3)3SiSi(CH3)3+] + 2H

XXXVII. 1-180B 45 CH3SiH2+
(medium flow) 73 (CH3)3Si+

91 (CH3)3SiOH2+
101 (CH3)3Si2+
115 C4HuSi2+
131 (CH3)3SiSi(CH3)2+
146 (CH3)3SiSi(CH3)3+

XXXVII. 1-180C 45 CH3SiH2+
59 (CH3)2SiH+
73 (CH3)3Si+
75 C3Hi,Si+
91 (CH3)3SiOH2+
101 (CH3)3Si2+
115 C4H,iSi2+
131 (CH3)3SiSi(CH3)2+
146 (CH3)3SiSi(CH3)3+

XXXVII. 1-181A
45 CH3SiH2+
59 (CH3)2SiH+
73 (CH3)3Si+

14



HMDS (cont.) 91
101
115
131
146
191

(CH3)3SiOH2+
(CH3)3Si2+
C4H„Si2+
(CH3)3SiSi(CH3)2+
(CH3)3SiSi(CH3)3+

XXXVII. 1-183 85 not identified
(high flow) 91 (CH3)3SiOH2+

115 112, C4HnSi2+
131 (CH3)3SiSi(CH3)2+
145 (CH3)2Si(CH2)Si(CH3)3+
146 (CH3)3SiSi(CH3)3+
191
202
220
273

HMDSiO XXXVII. 1-166A 73 (CH3)3Si+
(Figure 8)

XXXVII. 1-182A 43 CH3Si+
45 CH3SiH2+
59 (CH3)2SiH+
73 (CH3)3Si+
91 (CH3)3SiOH2+
101 (CH3)3Si2+
115 C4H11Si2+
131 (CH3)3SiSi(CH3)2+
145 (CH3)2Si(CH2)Si(CH3)3+
161 (CH3)2Si(CH2)OSi(CH3)3+
162 (CH3)3SiOSi(CH3)3+

Penning ionization produced one major ion, which was m/z value of 73. However, the 

ion count produced by Penning ionization was smaller than the ion count reported when electron 

ionization was used. Although this is a negative aspect of Penning ionization, if the instrument’s 

settings were set to optimize the m/z 73 peak, the ion count was sufficient for the study.



Figure 6. Electron ionization spectra of TMS.

0

73

Figure 7. Electron ionization spectra of HMDS.
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Figure 8. Electron ionization spectra of HMDSiO.

Tables 3-10 list the data that were collected after an ionized silyl compound was allowed 

to react with a specific neutral compound. An ion made using Penning ionization does not react 

differently from an ion made using electron ionization. Therefore different ionization methods 

will not yield different products. A variety of hydrocarbons with different functionality were 

chosen to observe how silyl ions would react under various conditions.

Table 3: Reactions with hydronium and a silyl compound.
Reactants Products Observed 

(m/z)
Product Ions Spectra (XXXVII. 1)

H3O+ + (CH3)4Si none none 160C
H3O+ + (CH3)6Si2 none none 161BCD

The reactions in Table 3 were administered in order to evaluate the proton affinity of 

each silyl precursor and the hydronium ion. The lack of products indicated that the proton 

affinity of water is greater than the proton affinity of all of the silyl compounds. Past studies have

17



shown that H3O+ does not react with straight-chain hydrocarbons smaller than hexane.18 The use 

of water as a precursor ion was not an option for this study because when it reacts with 

hydrocarbons, it causes them to fragment. This fragmentation makes identification of specific 

compounds in a complex sample difficult.

Table 4: Silyl ion reactions with silyl compounds.
Reactants Peaks Observed 

(m/z)
Ions Spectra (XXXVII. 1)

(CH3)6Si2O+ (CH3)4Si 73 (CH3)3Si+ 166C
(CH3)4Si + (CH3)6Si2O 71 C3H7Si+ 166D

73 (CH3)3Si+
91 (CH3)3SiOH2+

(CH3)6Si + (CH3)6Si2O 73 (CH3)3Si+ 181B
91 (CH3)3SiOH2+
115 C4H„Si2+
131 (CH3)3SiSi(CH3)2+
146 (CH3)3SiSi(CH3)3+
163 (CH3)3SiOSi(CH3)3+

The reactions in Table 4 were done in order to evaluate whether the trimethylsilyl 

oxonium ion could be made by ionizing one type of silyl and reacting it with another silyl. This 

oxonium ion would later be used to react with neutral hydrocarbons. It was predicted that the 

large oxonium ion would only form adducts with the hydrocarbon, which means that no 

fragment ions would be created. The formation of a single product would make the calculation of 

the rate coefficient more accurate, which would also lead to better accuracy in determining the 

concentration of the hydrocarbon.

18 Arnold, S., Viggiano, A., and Morris, R. J. Phys. Chem. A 1998, 102, 8881-8887.

18



Table 5: Trimethylsilyl + acetone.
Reactant Ion 
Precursor

Peaks Observed (m/z) Spectra (XXXVII. 1)

(CH3)4Si 59 73 91 131 167 ports 1-7

(CH3)6Si2 59 73 101 117 131 178B port 7
73 101 117 131 178F (0.853 torr) port 7

59 65 73 82 110 131 1780(0.538 torr) D-6 port 1
65 73 82 110 137 178D (0.451 torr) D-6 port 7

82 110 129 137 178E (0.846 torr) D-6 port 7

73 117 140B-H (1.68-1.73 torr) ports 1-7

Since there have not been any data reported which studied the reaction of 

(CH3)3Si+ with long and short hydrocarbons, it was important to confirm the validity of the 

experimental method. Trimethylsilyl and acetone (Figure 9) is a commonly studied reaction 

that can confirm the method used in this experiment. The use of deuterated acetone (Figure 10) 

aided in the identification of the products and the determination of the reaction pathway. The 

main reaction pathway that was unknown and underreported in other studies of silyl ions and

acetone was the formation of the m/z 117 ion. Kinetic data was also measured for the acetone

reactions; however, due to complications related to the self-ionization of acetone, the rates are 

not too reliable. The main objective in the study of these reactions was changed to focus solely 

on the products and determine the pathway that created the ion.
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Figure 9: Trimethylsilyl + acetone.

Figure 10: Trimethylsilyl + D-6 acetone.
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Table 6: Trimethylsilyl + isooctane (Figure 11).
Reactant Ion 
Precursor

Peaks Observed (m/z) Spectra (XXXVII. 1)

(CH3)4Si 41 43 57 71 73 83 98 112
41 43 57 71 73 83 98 113
41 43 57 73 83 98
41 43 57 73

176B (0.603 torr) port 7
176C (0.575 torr) port 5
176D (0.571 torr) port 3
176E (0.560 torr) port 1

(CH3)4Si 43 57 73
43 57 73 91

57 73 91
57 71 73

169B (0.760 torr) port 1
169C (0.759 torr) port 3
169D (0.761 torr) port 5
169E (0.758 torr) port 7

Figure 11. Trimethylsilyl reacting with isooctane, increasing reaction time going down.

oi. 5<

57 73

57 73
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Table 7: Trimethylsilyl + pentane (Figure 12).
Reactant Ion 
Precursor

Peaks Observed (m/z) Spectra (XXXVII. 1)

(CH3)4Si 73 85 101 115 131 139 145 161 176/7 189B
101 115 131 135 161 176/7 189C

73 85 91 101 105 111 115 116 131 137 149 161 176/7 189D

15 37 38 43 59 73 76 85 87 91 101 131 189E

Figure 12: Trimethylsilyl + pentane, increasing time going down.

101 115 131 135 161 176
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Table 8: Trimethylsilyl + n-decane (Figure 13).
Reactant Ion 
Precursor

Peaks Observed (m/z) Spectra (XXXVII.2)

(CH3)4Si 59 73
73

3C
3BDE

Figure 13: Trimethylsilyl + n-decane.

73

Table 9: Trimethylsilyl + cyclohexane.
Reactant Ion 
Precursor

Peaks Observed (m/z) Spectra (XXXVII.2)

(CH3)4Si 55 73 83 91 2B (0.902 torr) port 7
55 73 83 2C (0.743 torr) port 5
55 73 83 2D (0.671 torr) port 3
55 73 2E (0.640 torr) port 1

Figure 14: Trimethylsilyl + cyclohexane, increasing time going down.

73
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Table 10: Trimethylsilyl + triethylamine.
Reactant Ion 
Precursor

Peaks Observed (m/z) Spectra (XXXVII.2)

(CH3)4Si 73, 86, 101, 102, 174 4BCDE

Figure 15: Trimethylsilyl + triethylamine, increasing time going down.

I
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Discussion

The spectra of the ionization of the silyl compounds all showed the same ionic 

peak at m/z 73 as the major ionization species (Figure 16).

Figure 16. Ionization of TMS, HMDS, and HMDSiO.

(CH3)4Si + e thermal + e ev + CH3

(CH3)3SiSi(CH3)3 *He

<(CH3)3Si'++ (CH3)3Si 
©

(CH3)3SiOSi(CH3)3 kHe

<(CH3)3SiOSi(CH3)2+ + CH3

@

C4HnOSi2+ + [c2h7]

C3H9OSi2+ + [c3h9]
©

[c4H13OSi+] + [c2H5Si]

©

(CH3)3Si+ + [c3H9SiO ]
©

C2H7Si+ + [c4H„SiO
© I * 11
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The m/z 73 peak is a trimethylsilyl cation, (CH3)3Si+). Model calculations 

indicate that this structure (Figure 17) represents the global minimum energy 

configuration. The global minimum is based on a self-consistent field thoery where this 

specific configuration is the lowest energy state for any isomer of the trimethylsilyl ion. 

Although other stereoisomers can exist, the trimethylsilyl cation is the most stable 

isomeric form. The two major reasons that make this statement true are that the positive 

charge resides on the silicon atom and not a carbon atom and there are a maximum 

number of alkyl groups attached to silicon.

Figure 17. Trimethylsilyl cation.

An objective of this experiment was to determine the reaction pathway of the 

ionization of acetone, and this goal was carried out by reacting deuterated acetone with a 

trimethylsilyl ion. After deuterated acetone was introduced into the instrument, five peaks 

were seen: m/z 59, 65, 71, 73 and 91. The 59 peak probably represents protonated 

acetone (residual acetone was in the tube from earlier trials). The m/z 59 peak could also 

be an impurity in the deuterated acetone or it could have also been introduced into the
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instrument from the air. The concentration of acetone in the laboratory headspace was not

accounted for in any of the trials. But this point should not be a critical problem because 

acetone has a very high vapor pressure so it goes into the air very easily and should be 

handled by the ventilation system. However, acetone does leave a residue when it 

evaporates and when it is introduced to a vacuum system evaporating acetone can leave a 

residue on the system walls, which can take a long time to desorb. Therefore residual 

acetone could appear on spectrum following the acetone study. The m/z 65 peak was 

assigned to protonated-deuterated acetone (Figure 20). The presence of the peak at 65 

rather than 66 suggests that acetone became protonated through a reaction with hydrated 

trimethylsilyl (CH3)3SiOH2+. The energetics of this reaction was determined by 

comparing the proton affinities of trimethylsilanol, (CH3) 3SiOH and acetone. It was 

found that the protonation of acetone using this method is +1 kcal/mol. Stone19 also 

proposed this reaction pathway. The helium tank is the most likely source of the water. 

Even though a cryotrap was used to purify the gas, a peak at m/zl8, which represents 

protonated water, was present for some trials. The other sources of water could be the 

actual compounds introduced into the FA. Although the samples were sent through a 

cycle of ffeeze-pump-thaws, it is still possible that water could be present in the sample 

flask. A compound that could represent the peak at 71 could be a trimethylsilyl ion that 

lost 2 protons from its m/z 73 parent ion. The peak at 71 was also observed in other 

experiments, such as the electron ionization of TMS and HMDSiO. An increase in the 

number of compounds would cause an increase in the number of collisions; all three of 

these reactions that had a peak at m/z 71 had many opportunities for reactions. Electron 

ionization produces more electrons than other ionization methods. As for the deuterated

19 Chen, Q.F., and Stone, J. A. Int. J. Mass and Ion Processes 1997, 165/166, 196.
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acetone experiment, the flow was higher than the normal flow rate used in other papers. 

The reason why these tow statements are important is that the more ions in the tube, the 

more possible collisions, which in turn is related to the possibility of side reactions 

occurring. One such side reaction is the protonation of acetone and then the subsequent 

reaction with a neutral acetone compound. These reactions may be the reason for the fact 

that as reaction time increased the m/z 73 peak did not decrease because it was being 

reformed as a product of an acetone ion reaction (Figure 18). Other related studies did not 

observe this problem and one reason for this is that their flow rate was less than the flow 

rate used in this study.

Figure 18: Reaction scheme for the self-protonation of acetone.

Ionization of Acetone

*He + He

C3H6O+ + CH3COCH

H+-CH3COCH3 (61%)

(CH3)2CO(CH3)+

I
C2H3O+ • CH3COCH3 (39%)
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Figure 19. Reaction scheme for trimethylsilyl and acetone.

Trimethylsilyl + Acetone

Me
\
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Figure 20: Structures of identified peaks for the reactions of trimethylsilyl + acetone.

Me

Me—Si---

Me
©'

Me' Me Me' Me

®/@,D-6 ©/©, D-6

For all ideal experiments perform in the FA, the total peak height of all of the ions 

should remain consistent at all of the ports. A consistent total peak height means that over 

time, as the reactant ion reacts with compounds, it will diminish in height as the product 

peak or peaks will increase in height. However, the total peak height was not consistent 

for the silyl and acetone reactions. A more complicated reaction scheme (Figure 19) was 

then applied to this reaction. A possible explanation for the inconsistency in the ion count 

was that metastables were created. The use of an argon quench was thought to prevent the 

creation of these metastables, but a significant difference was not seen when the quench 

gas was applied. At high pressures with a quench gas, the only product ion seen for a 

silyl ion and acetone reaction was 117. It is thought that 117 was a secondary product of a 

different reaction (Figure 18). Secondary reactions in the FA are characterized by an
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increase in their appearance at high pressures. In this study at high pressures with a 

quench gas, the only product observed for a silyl ion and acetone reaction was 117 

(Figure 9). The self-protonation of acetone in the FA has not been studied, but the fact 

that the 73 peak decreased over time and then increased over longer periods of time, as 

shown in Figure 21, indicates that the 73 peak was not actually a protonated silyl but 

rather a product of the self-protonation of acetone (Figures 19 and 20). This confirmation 

test of varying pressure in the flow tube and the use of deuterated acetone showed the 

complexity of the reaction, and therefore a different compound was needed to test the 

accuracy of the kinetics of this study. The ion counts were recorded at each port to study 

the progression of the reaction over distance.

Figure 21: Rates of appearance of ions for the reaction of trimethylsilyl + acetone.

Me2CO + Me3Si+

♦ Me2COH*
■ M e3S i+ 

Me3SiOH2 + 

xMe3SiOCMe2

Another compound that has been studied kinetically in the FA is triethylamine. 

Kinetic data was calculated for this study and compared to the published results of
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• 20Stillwell. The large polarizability of triethylamine in comparison to the low 

polarizability of hydrocarbons makes it an ideal compound to react with the silyl ion. 

This particular reaction is classified as an acid/base reaction where the electrophile, the 

silyl ion, was the acid and the nucleophile, the nitrogenous group, was the base. This 

typical Lewis acid/base reaction occurs with nitrogenous molecules, and in most 

instances the adduct ions are the most stable products,20 21 which is the case in this study. 

The major product was m/z 102 and the next major product was m/z 101 (Figure 22). 

Figure 22: Reaction scheme for trimethylsilyl + triethylamine.

Me

V

(CH3)SiN(C2H5)3 +
Q74)

N(C2H5)3H + + 6 kcal/mol

N(C2H5)3 + 56 kcal/mol

CH-N(C2H,)2 
V.':

20 Sitllwell, R.N., Carroll, J.G., Nowlin, J.G., and Homing, E.C. Analytical Chemistry. 1983, 55, 1314.
21 Sitllwell, R.N., Carroll, J.G., Nowlin, J.G.,.and Homing, E.C. Analytical Chemistry. 1983, 55, 1314.
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The kinetics data applied to the reaction did not evaluate the branching ratio; it 

only used the rate of the disappearance of m/z 73 to determine the rate of the reaction 

(Figure 23). The bimolecular rate coefficient was determined to be 6.65*1 O’10 cm3 

molecules''s''using the average dipole orientation (ADO) theory and the Langevin rate 

equation. The collision constant is calculated from the ADO theory and is listed in the 

literature as 1.05*1 O'9 cm3molecules ’s''.22 The reaction efficiency for this reaction was 

62.4%. The kinetic information gained in this study confirms the validity of the 

experimental method because the collisional rate was close to the bimolecular rate and as

the products increased, the reactants decreased.

Figure 23: Kinetic plot for the reaction of trimethylsilyl + triethylamine.
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22 Li, Xiaoping,and Stone, J. A. International Journal of Mass Spectrometry and Ion Processes. 1990 101 
157.
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When isooctane (CsHig) was introduced into the flow tube, the pressure was set at 

0.760 torr. This pressure was chosen because at pressures above 1.00 torr, the reaction 

was quenched and at lower pressures such as 0.30 torr, no product ions were observed. 

The m/z 45 peak and the m/z 59 peak could be a resultant ion from the fragmentation of 

TMS. However, the intensities were relatively high in comparison to the m/z 73 peak, 

which creates uncertainty in this explanation. The mass spectrum of TMS does have 

peaks at m/z 45 and 59 but their relative abundance in comparison to m/z 73 is 12% for 

m/z 45 and 1-2% for m/z 59.23 Therefore these peaks are seen on the ionization spectrum. 

When isooctane was introduced into the flow tube, peaks 45 and 59 were not observed. 

The product peaks seen were m/z 43 and 57. A possible ion for m/z 43 is C3H7+ and as 

for 57, the formula, C4H7+ is a possibility (Figure 24). Arnold, Viggiano and Morris 

hypothesized these products in their study of gas-phase ion reactions of isooctane in a 

selective ion flow tube (SIFT) with O2+, O+, N+, NO+, and N2+.24

23 Nistwebook.www.nist.org.
24 Arnold, S., Viggiano, A., and Morris, R. J. Phys. Chem. A 1997, 101.
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Figure 24. Reaction scheme for a trimethylsilyl cation reacting with isooctane.

Me

(C3H7)

+ (C4H9)

(C5Hu)

Experiment XXXVII. 1-169 gave similar product peaks to that of NO+ reacting 

with isooctane.25 However, the mass spectrum for TMS lists m/z 43 as having a relative 

abundance of 15% of that of m/z 73.26 The relative abundances of m/z 43 in the 

experiment were 0.99% at port three and 8.0% at port one. The m/z 57 peak was also

25 Arnold, S.T., Viggiano, A., and Morris, R.A. Journal of Physical Chemistry A. 1997, 101, 9351.
26 NIST webbook. www.nist.org.
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listed as a possible fragment of TMS; its relative abundance was approximately 1% 

whereas the observed relative abundances of the peaks were 36%, 36%, 37% and 53%.

After analyzing reactions of silyl ions and branched compounds in the previous 

example, a less electron-dense species was chosen to study the progression of silyl 

reactivity. Cyclohexane was chosen because of its stability even though its polarizability 

is less than that for branched compounds. Although it is less reactive, the reaction with 

cyclohexane would help in the further characterization of the silyl. The reaction of 

cyclohexane resulted in two products, m/z 83 and m/z 55. Both of these compounds were 

fragments of the six-member ring. The m/z 83 species (Figure 25) is actually a straight- 

chained molecule, and the structure drawn is only a possible transition species; this ion is 

unstable and would soon fall apart after it was formed in the tube.

Figure 25: Reaction scheme for trimethylsilyl and cyclohexane
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The reactions of the straight-chain hydrocarbons with trimethylsilyl did not yield 

any products. The difference in proton affinity and the small polarizability of the 

hydrocarbons were most likely factors that inhibited this reaction. From these reactions 

one can assume that trimethylsilyl will not react with species with even shorter chains 

than pentane.

All three silyl ions were found to be unreactive towards short, straight-chained 

hydrocarbons, which are the major indicators of a person’s health. Therefore my 

hypothesis of this study that a silyl compound ionized in the FA will react with 

hydrocarbons and could be later used in the analysis of human breath was found to be 

incorrect. Future steps for this study would be to find a silyl ion source that would donate 

a silyl group to VOCs. This ion can then be used to characterize each VOC. One ion 

source that is currently being investigated for its utility is the trimethylsilyl oxonium ion.
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The results in the reaction with acetone and the silyl ion should be further 

investigated to better understand the dimerization of acetone. This study indicates that the 

dimer is formed but other studies suggest that a dimer is not formed. The ionization, 

reactivity and method for this study was confirmed by the silyl ion and triethylamine 

experiment. It was found in this study that a clean ion of trimethylsilyl was formed and 

was allowed to react sufficiently with the neutral triethylamine compound. The major 

factor that determined the reactivity of the neutral molecule was the dipole moment value 

rather than the polarizability of the compound.
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