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a b s t r a c t

The ion chemistry of the fluoroalkyltrimethylsilanes (CH3)3SiCF3 and (CH3)3SiC2F5 has been investigated
in the gas phase with Fourier transform ion cyclotron resonance spectrometry. The formation of positive
and negative ions was studied. Reaction pathways for primary ions with neutral molecules at different
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pressures for various trapping times were monitored. The major product ions were siliconate (SiX5
−) and

fluoronium ions like (CH3)6FSi2+. Siliconate ions were also generated by F−-transfer reactions with SF6
−

and SF5
−. The results of the mass spectrometric investigations are supported by DFT-calculations.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

In the chemistry of silicon compounds, trivalent siliconium ions
re often proposed as intermediates. While they have not been iso-
ated in solution yet, with ICR mass spectrometry it is possible to

onitor the reactions of these ions in the gas phase.
Si(CH3)3

+ is usually a major fragment ion of methylsilanes [1,2]
nd readily participates in association reactions with Lewis-bases
3]. Rearrangement reactions are often observed for the ions of
lkylsilanes [4].

Electronegative substituents like fluorine enhance Lewis-acidity
nd lead to an increased formation of adducts with Lewis-bases [5].
n this study the influence of fluorinated alkyl-groups on the ion
hemistry of silanes was examined.

Hypervalent species of silicon are interesting model compounds
or studies of nucleophilic substitution reactions. Pentavalent
iliconates are stable intermediates in substitution reactions at sil-
con e.g., perfluoroalkylations with Ruppert’s reagent (CH3)3SiCF3
6]. These compounds are prepared by addition of fluoride to
fSi(CH3)3. So far the intermediates of the [RfSi(CH3)3F]− type have
ot been isolated in the condensed phase but have been detected

ith NMR experiments [7]. In solution any trace of protic solvent
ill usually hydrolyze the siliconate to yield Si(CH3)3F and RfH.

Pentavalent siliconates with two fluorinated alkyl groups how-
ver, [(Rf)2Si(CH3)3]− have already been prepared [8].

∗ Corresponding author.
E-mail address: Frank.Luebkemann@gmx.de (F. Luebkemann).
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As m/z values give only the elemental composition, geome-
ry optimizations with quantum chemistry program packages like
AUSSIAN are a standard method to find possible structures of

he ions involved in ion/molecule reactions. Schwarz and cowork-
rs have applied the method for many ion/molecule reactions and
tructures [21,22]. In addition the calculations give at least a qual-
tative indication that a proposed structure is a minimum on the
otential energy surface. DFT methods offer an acceptable perfor-
ance at low computational cost and time, compared to high level

b initio methods [23].

. Methods

.1. Experimental

.1.1. Instrumentation
The mass spectra were acquired with two instruments. The first

nstrument was the modified prototype Bruker CMS47X FT ICR
pectrometer with a 7 T superconducting magnet with an 89 mm
oom temperature bore, described previously [9]. The standard vac-
um system was evacuated with an oil diffusion pump (Varian
HS 600) with a liquid nitrogen cooled cryo-baffle and additional

orepump (Edwards RV12). The pressure in the inlet system was
× 10−2 mbar. In the UHV system a base pressure of 1 × 10−8 mbar

as reached. The pressure was measured with a Bayard-Alpert type
ot-cathode gauge (Varian UHV-24p), in the inlet system with a
irani gauge.

The Bruker ICR instrument was equipped with a standard
losed cylindrical ICR-cell with segmented detection and excitation

http://www.sciencedirect.com/science/journal/13873806
mailto:Frank.Luebkemann@gmx.de
dx.doi.org/10.1016/j.ijms.2008.08.022
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Table 1
Mass spectrum of (CH3)3SiCF3 after a reaction time of 2 s at p = 7 × 10−7 mbar

m/zmeasured m/zcalculated �m/z

(CH3)3Si+ 73.057 73.047 0.01
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exothermic by 40 kcal/mol.

For the final product of the ion/molecule reactions a fluorine-
bridged ion, (CH3)6FSi2+ is calculated as a stable structure. This type
of ion has already been described by Beauchamp as being formed
by clustering of (CH3)3Si+ with (CH3)3SiF in the gas phase [12].
6 F. Luebkemann, K.P. Wanczek / International

lectrodes. It had a radius of 21 mm and an aspect ratio of 1. The
lectrodes were made of stainless steel, VESPEL was used as insu-
ator material. An externally mounted rhenium filament served as
athode.

The second instrument was a modified mobile SIEMENS Quantra
CR spectrometer [10] that was used chiefly for the acquisition
f spectra series. The spectrometer is constructed for gas anal-
sis and is equipped with piezo inlet valves that admit only
inute sample quantities into the vacuum system. Thus dur-

ng measurements the pressure does not rise significantly above
he base pressure of ∼10−10 mbar. For the study of ion-molecule
eactions much higher pressures and a continous sample inlet
re needed. As the getter pump would have been overloaded
uring the ion/molecule reactions, the spectrometer was fitted
ith an external turbopump (Pfeiffer TPU 270) and the get-

er pump was switched off during measurements. The pressure
n the vacuum system was determined with an additional hot-
athode gauge and regulated using an all-metal UHV valve (Vacom,
ermany). The reactions were carried out at sample pressures

anging from 5 × 10−8 mbar to 5 × 10−6 mbar. The inlet system
as modified for continous gas inlet. One of the piezo valves
as replaced with a leak valve (Varian, Variable Leak Valve
51-5106) to which a homebuilt inlet system was fitted. It was
vacuated with a rotary vane pump (Edwards RV12) and was suit-
ble for gaseous compounds with vapour pressures larger than
× 10−2 mbar. Reaction times for ion/molecule reactions lasted for
p to 20 s.

In both instruments positive ions were generated by electron
mpact. Electron energy usually was 70 eV. Negative ions were gen-
rated by dissociative electron attachment at 20 eV from the parent
ompounds. Additional experiments to create siliconate ions fol-
owing the method described by Beauchamp [5] were performed.
or this purpose SF6

− and SF5
− anions were generated from sulfur

exafluoride at 1 eV electron energy. Then neutral compounds were
ntroduced into the vacuum system and the formation of siliconates
as monitored for up to 15 s. Addition reactions of ethanolate ions

reated from ethyl nitrite at 20 eV were examined as well.
Ion intensities were read out from the raw data with a Visual-

asic Application written by Kühne.1 Plots showing the evolution
f intensities were generated with Diadem 10.2 (National Instru-
ents).

.1.2. Chemicals
The following chemicals were used in this study.

Sulfurhexafluoride, AirLiquide.
Ethylnitrite, Sigma Aldrich.

These chemicals were used without further purification.
hey were mass spectrometrically pure. Samples of (CH3)3SiCF3,
CH3)3SiC2F5 and were prepared according to standard procedures.

.1.3. Calculations
Geometry optimizations with DFT-methods were performed

ith the GAUSSIAN 03 W software package [11] at the B3LYP/6-
1+G(d) level. Stationary points on the PES were identified through
requency analysis as minima (no imaginary frequency) or tran-

ition states (one imaginary frequency). Zero-point-energies were
orrected with the scaling factor for the 6-31G(d) basis set. Single
oint energies were calculated for the optimized geometries with
larger basis set at the B3LYP/6-311++G(2df,2pd) level.

1 D. Kühne, private communication (2005).
CH3)2FSi 77.026 77.022 0.04
CH3)F2Si+ 81.006 80.997 0.009
CH3)3CF2Si+ 123.054 123.044 0.01
CH3)6FSi2+ 165.154 165.093 0.061

. Results and discussion

.1. Ion chemistry of CF3Si(CH3)3

.1.1. Positive ions
The mass spectrum of (CH3)3SiCF3 (Table 1) shows four frag-

ent ions and an additional signal at m/z = 165. The mass of this
eak is higher than the molecular mass and is the product of an

on/molecule reaction. The molecular ion itself was not observed.
Observation of ion intensities over a time period of 20 s at

= 1.2 × 10−7 mbar shows that (CH3)2FSi+ is formed as a pri-
ary ion. During the course of the reaction its signal intensitiy

ecreases whereas the intensities of (CH3)3Si+ and less pro-
ouncedly of (CH3)3CF2Si+ rise. This is a clear indication that these
wo ions are products of ion/molecule reactions of (CH3)2FSi+

ith neutral molecules. The reaction of (CH3)2FSi+ (m/z = 77) at
= 1.5 × 10−7 mbar after ejection of all other ions gives the same

esult.
After about 11 s the intensity of ((CH3)3Si)2F+ starts to rise

s the product of an ion/molecule reaction of the product ion
CH3)3Si+ with neutral (CH3)3SiCF3. At higher pressures (7.3 × 10−7

nd 1.2 × 10−6 mbar) the reaction is completed after about 2 s
Fig. 1). The reactions of the positive ions of (CH3)3SiCF3 are sum-

arized in Scheme 1.
DFT-calculations show that the primary ion (CH3)2FSi+ is formed

n a dissociative rearrangement reaction of the molecular ion.
bviously, (CH3)3SiCF3

+ is not a stable ion but decomposes in a
pontaneous reaction to yield (CH3)2FSi+ and a CH3CF2 radical as
table products. A reaction barrier of 17 kcal/mol (0.74 eV) is pre-
icted by the Gaussian results. This barrier can be passed due to
he excess energy from electron ionization. The overall reaction is
Fig. 1. Relative intensities of the ions of CF3SiMe3 at p = 1.2 × 10−6 mbar pressure.
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Scheme 1. Reactions of th

The formation of Si(CH3)3
+ from a reaction of SiF(CH3)2

+ is simi-
ar to a reaction path found by Beauchamp [12] for the ion chemistry
f fluorosilanes:

CH3)mSiF4−m + (CH3)nSiF+
3−n

m>n−→(CH3)mSiF+
3−m+ (CH3)nSiF4−n (1)

Highly electronegative substituents bound to silicon enhance
ts Lewis acidity and its fluoride affinity. That is why higher methy-
ated silicon-cations are formed in the above reaction of fluorinated
ilanes.

A reaction of Si(CH3)2F+ with CF3Si(CH3)3 in line with this
cheme accompanied by a difluorocarbene-elimination would lead
o the formation of Si(CH3)3

+. This kind of behaviour is well known
rom reactions of CF3Si(CH3)3 and CF3SiF3 in organic synthesis
13,14]. However, a different and more probable pathway in the
as phase is a direct transfer of CF3

− to Si(CH3)2F+. This path is
nergetically more favourable than the F− transfer by 12.3 kcal/mol.

−
he results of DFT-calculations rather favor an F -elimination lead-
ng to the formation of Si(CH3)3CF2

+. Experiments with ejection of
/z = 123, though, show that the formation of Si(CH3)3CF2

+ is only a
ide reaction and not an intermediate step of the reaction sequence
eading to Si(CH3)3

+ (Scheme 2).

p
(

t
p

Scheme 2. Reactions of Si(CH3)2F+
itive ions of (CH3)3SiCF3.

.1.2. Negative ions
Anions containing silicon are usually more stable than carban-

ons. A silicon carrying the negative charge or a charge in �-position
o the silicon results in a positive electron affinity [15]. Therefore a
ucleophilic substitution reaction on silicon does not proceed via
he double-well potential that is known from carbon chemistry. The
transition state” is a minimum on the potential surface instead
16]. Electronegative substituents on silicon further enhance the
tability of these pentacoordinated species.

(5)

The same kind of reactivity is observed in the gas phase.
on/molecule reactions of (CH3)3SiCF3 lead to the formation of two

entavalent siliconates, m/z = 161 ([(CH3)3SiFCF3]−) and m/z = 211
[(CH3)3Si(CF3)2]−).

DFT-calculations predict a trigonal bipyramidal structure for
he siliconates with the electronegative substituents in the axial
osition. There is also a minimum on the potential surface for a

(m/z = 77) with (CH3)3SiCF3.
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Table 2
Comparison of experimental [8] and our calculated values for (CF3)2Si(CH3)3

−

Bond length/angle Exp. value [8] Gaussian
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unfavourable compared to the addition of CF3 or C2H5O :

− −
i–Cax1 206.2 pm 213.5 pm
i–Cax2 205.6 pm 210.5 pm
ax1–Si–Cax2 179.4◦ 179.9◦

tructure with a fluorine in equatorial position. However, the struc-
ure with F in axial position is predicted to be more stable by
.6 kcal/mol. A structure with an equatorial CF3-group is calculated
o be 10 kcal/mol higher than the energetically lowest conforma-
ion.

The calculated bond lengths for the axial Si–C bonds are much
onger than experimental values from X-Ray diffraction studies
y Bissky [8] (Table 2). The same applies to comparisons of DFT-
alculations of other siliconates with measured bond lengths [17]
o this appears to be an effect of the DFT algorithms.

DFT-calculations also suggest that (CF3)2Si(CH3)3
− (6) is formed

hrough addition of a CF3
−-anion whereas CF3Si(CH3)3F− (7) is

roduced by way of an F−-transfer from the anion of the starting
ompound CF3Si(CH3)3

−.

(6)

.1.3. Reactions of CF3Si(CH3)3 with EtO− and SF6
[(CH3)3SiFCF3]− has also been prepared in an ion/molecule reac-

ion with SF6 as a fluoride-donor. For this purpose SF6
− and SF5

−

ere generated at high pressure (1 × 10−6 mbar) by dissociative
lectron capture.

Reaction with C2H5O− as a nucleophile leads to a substitution
eaction instead of an addition. CF3

− is released from the transient
ntermediate [(CH3)3Si(OC2H5)CF3]−. The mass spectra show peaks
f CF3

− and [(CH3)3SiFCF3]−. The formation of [(CH3)3SiFCF3]−

ight be interpreted as a reaction of CF3
− with neutral (CH3)3SiCF3

ccompanied by a difluorocarbene-elimination.

(8)
(9)
al of Mass Spectrometry 278 (2008) 95–100

(7)

A corresponding reaction has already been found in the chem-
stry of phosphanes2 [18], formally hypervalent phosphoranides are
ormed by reaction (10):

(10)

However, DFT-calculations do not support a reaction path of
F3

− via a fluoride-attack at silicon for the reaction of the silanes
ith CF3

−. No stable minimum could be found for an attack of the
F3

−-ion via one of the fluorines. In addition a reaction energy of
7 kcal/mol is predicted by DFT-methods for reaction (9). Therefore
e propose a different mechanism instead with fluoride transfer

rom [(CH3)3Si(OC2H5)CF3]− and formation of [(CH3)3Si(F)CF3]−

nd (CH3)3SiCF2OC2H5.

CF3Si(CH3)3OC2H5]− + CF3Si(CH3)3 → [CF3Si(CH3)3F]−

+C2F5OCF2Si(CH3)3, �E = −12 kcal/mol (11)

To a small degree deprotonation is observed as well leading to
he anion of m/z = 141 ([(CH3)2CH2SiCF3]−).

Furthermore, the results of the reaction of C2H5O− with
CH3)3SiCF3 indicate that Fluorine binds stronger to silicon than

F3. A recent investigation by Krouse and Wenthold [19] in a flowing
fterglow-triple quadrupole mass spectrometer has shown that F−

eleases C2H5O− from (CH3)3SiOC2H5 while this study shows that
2H5O− binds stronger to silicon than CF3

−. From these results one
an derive the following order of nucleophilicities:

− > C2H5O− > CF3
−

In contrast to the aforementioned results from Krouse the inter-
ediate siliconates could not be observed in our spectra. This may

e attributed to the higher pressure in a flow tube that serves to dis-
ipate the excess energy of the siliconate formation thus preventing
ragmentation of the adduct ion.

A well-known reaction path for alkoxide anions with silanes is
he formation of siloxide anions [20]. However no siloxide ions were
bserved in the spectra of the silanes examined in this study.

Reaction energies calculated with Gaussian support these
esults. The deprotonation of the silane is energetically

− −
CF3Si(CH3)3 + C2H5O → CF3Si(CH3)2CH2 + C2H5OH,

�E = −2.4 kcal/mol (12)

2 Own results (unpublished) for (CF3)2PCl.
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Scheme 3. Fluoride abstractio

CF3Si(CH3)3 + C2H5O− → CF3Si(CH3)3OC2H−
5 ,

�E = −36.8 kcal/mol (13)

F3Si(CH3)3 + F− → CF3Si(CH3)3F−, �E = −50 kcal/mol (14)

.2. Ion chemistry of C2F5Si(CH3)3

.2.1. Positive ions
No molecular ion is observed in the spectra of C2F5Si(CH3)3.

i(CH3)3
+ reacts quickly to Si(CH3)2F+. At p = 5 × 10−8 mbar imme-

iately after the ionization period there is more Si(CH3)3
+ (m/z = 73)

han Si(CH3)2F+ (m/z = 77) in the cell. In the course of time the signal
ntensity of m/z = 73 decreases whereas the signal of m/z = 77 grows.
his shows that in contrast to the ion chemistry of CF3Si(CH3)3 in
his case Si(CH3)2F+ is formed as a secondary ion in a reaction of
he primary ion Si(CH3)3

+.
Isolation of m/z = 73 yields the same result. Higher pressures

etween 10−7 and 10−6 mbar give the same changes in ion abun-
ances over shorter time periods.

At all pressures Si2(CH3)6F+ (m/z = 165) is the final product of
he ion/molecule reactions of C2F5Si(CH3)3.

In this reaction Si(CH3)3
+ is the primary ion. One reason may be

he considerably elongated F3CF2C–Si-bond in the molecular ion

ompared with the F3C–Si bond in CF3Si(CH3)3

+ that is predicted
y DFT calculations.

Gaussian simulations give further details of the mechanism of
his reaction. Si(CH3)3

+ removes an F− from neutral C2F5Si(CH3)3
ither from the �-oder �-carbon (Scheme 3). This results in two

C
(
o
r
p

Scheme 4. Dissociative rearrangement reactio
(CH3)3SiC2F5 with Si(CH3)3
+.

ossible isomeric structures for C2F4Si(CH3)3
+. Both isomers are

ot stable and the reaction continues to yield Si(CH3)3
+ and

i(CH3)2F+ accompanied by elimination of C2F4 and C2F3CH3
Scheme 4).

According to the calculations the fluoride abstraction proceeds
ia a fluorine-bridged intermediate.

.2.2. Negative ions
Attempts to create the siliconate-anions of C2F5Si(CH3)3

hrough electron attachment were not successful. The spectra
howed only the signal of C2F5

−.

.2.3. Reactions of C2F3Si(CH3)3 with C2H5O− and SF6
Siliconates however could be created by ion/molecule reac-

ions. Analogously to the experiments with CF3Si(CH3)3 ethylnitrite
as used to generate ethanolate anions. Unlike CF3Si(CH3)3, no
uoride addition could be observed but the spectra show only
he signal of the C2F5

−-ion (20). Apparently in the pressure
egion up to p = 1 × 10−7 mbar the ethanolate ion reacts in a sub-
titution reaction with C2F5Si(CH3)3. An addition of C2F5

− is
bserved only at higher pressure yielding an ion at m/z = 311
[(C2F5)2Si(CH3)3]−). At m/z = 211 a siliconate with fluoride bound
o Si ([(C2F5)FSi(CH3)3]−) is found in small amounts as well. Sim-
lar to the siliconates of CF3Si(CH3)3 the conformer with both

2F5

−-groups in axial position is predicted to be more stable
9 kcal/mol) by the results of DFT-calculations. The substitution
f C2F5

− by C2H5O− is more exothermic than the corresponding
eaction of CF3Si(CH3)3 by 7 kcal/mol (19). Presumably the higher
ressure leads to an enhanced collisional cooling of the siliconate

ns of the isomeric (CH3)3SiC2F4
+-ions.
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ig. 2. Relative intensities of the reaction products of (CH3)3SiC2F5 with SF5
− and

F6
− at p = 5.5 × 10−7 mbar.

(C2F5)2Si(CH3)3]−.

CF3Si(CH3)3 + C2H5O− → [CF3Si(CH3)3OC2H5]
−36.8 kcal/mol

→ CF−
3 + C2H5OSi(CH3)3

−24.3 kcal/mol

(19)

C2F5Si(CH3)3 + C2H5O− → [C2F5Si(CH3)3OC2H5]−
−38.6 kcal/mol

→ C2F−
5 + C2H5OSi(CH3)3

−31.25 kcal/mol

(20)

Reactions of C2F5Si(CH3)3 with SF6
− and SF5

− yield similar
esults. Mainly the C2F5

− ion is released from the silane in a
isplacement reaction. [(C2F5)FSi(CH3)3]− is also formed (Fig. 2)
(C2F5)2Si(CH3)3]− is observed only in trace amounts.

. Conclusion

Siliconium ions R3Si+ (R = CH3 or F) are the major fragments

n the mass spectra of (CH3)3SiCF3 and (CH3)3SiC2F5. An F/CH3
xchange occurs via a displacement reaction of the molecular ion
f (CH3)3SiCF3. Clustering of fragment ions with neutral molecules

eads to formation of fluoronium ions [((CH3)3Si)2F]+ but no fluo-
onium ions of the type [((CH3)3−nFnSi)2F]+ are detected.

[
[
[
[
[

al of Mass Spectrometry 278 (2008) 95–100

Pentavalent siliconates can be prepared through dissociative
lectron attachment from CF3Si(CH3)3.

Ion/molecule reactions with ethanolate and fluoride anions pro-
uced from C2H5ONO and SF6 leads to formation of siliconates.
ith SF6

− and SF5
− fluoride transfer reactions are detected. Dis-

lacement reactions are observed as well.
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