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A combined experimental and theoretical approach has been employed to establish the
basicity and proton affinity of SiF4 and the structure of SiF4H1. The kinetics and energetics for
the transfer of a proton between SiF4, N2, and Xe have been explored experimentally in helium
at 0.35 6 0.02 torr and 297 6 3 K with a selected-ion flow tube apparatus. The results of
equilibrium constant measurements are reported that provide a basicity and proton affinity for
SiF4 at 297 6 3 K of 111.4 6 1.0 and 117.7 6 1.2 kcal mol21, respectively. These values are
more than 2.5 kcal mol21 lower than currently recommended values. The basicity order was
determined to be GB(Xe) . GB(SiF4) . GB(N2), while the proton-affinity order was shown to
be PA(Xe) . PA(N2) . PA (SiF4). Ab initio molecular orbital computations at MP4SDTQ(fc)/
6-31111G(3df,3pd) using geometries from B3LYP/6-311G(d,p) indicate a value for
PA(SiF4) 5 118.7 kcal mol21 that is in good agreement with experiment. Also, the most stable
structure of SiF4H1 is shown to correspond to a core SiF3

1 cation solvated by HF with a binding
energy of 43.9 kcal mol21. Support for this structure is found in separate SIFT collision induced
dissociation (CID) measurements that indicate exclusive loss of HF. (J Am Soc Mass
Spectrom 1999, 10, 848–855) © 1999 American Society for Mass Spectrometry

The gas-phase protonation of SiF4 was first re-
ported in 1983 as part of tandem mass spectrom-
eter measurements of ion–molecule reactions oc-

curring in mixtures of silicon tetrafluoride and deuterium
[1]. These early studies were initiated in part to elucidate
the mechanism of the plasma-induced decomposition of
SiF4–H2 mixtures. The observed protonation was a conse-
quence of the reaction of D3

1 with SiF4 [1]. The first, and to
our knowledge only, determination of the proton affinity
of SiF4 was reported shortly thereafter in 1984 [2]. Specif-
ically, Fourier-transform mass spectrometer (FTMS) mea-
surements of the proton-transfer equilibrium (1) provided
a value for PA(SiF4) 5 116 kcal mol21,

SiF4H1 1 N2ª N2H1 1 SiF4 (1)

that is 2 kcal mol21 higher than the value for PA(N2) 5
114 kcal mol21 which was used as a reference. How-
ever, details on the measured equilibrium constant and
the standard entropy change required to calculate DPA
from the standard free-energy change for reaction 1
were not reported [2]. Current tabulations of proton

affinities recommend a value for PA(SiF4) of 120.2 kcal
mol21 with PA(N2) 5 118.2 and 118.0 kcal mol21 [3, 4]
and PA(Xe) 5 118.6 and 119.4 kcal mol21 [3, 4].

We report here results of a combined experimental
and theoretical study that provides an improved value
for PA(SiF4) and also corrects the currently tabulated
relative affinities for the transfer of a proton between
SiF4, N2, and Xe.

SiF4H1 1 Xeª XeH1 1 SiF4 (2)

N2H1 1 Xeª XeH1 1 N2 (3)

The experiments were directed at equilibrium-constant
measurements for reactions 1, 2, and 3 using the select-
ed-ion flow tube (SIFT) technique. The measurements
for reaction 3 were performed to assess internal consis-
tency. The equilibrium constant for this reaction has
been well established previously with measurements
using the flowing-afterglow technique [5] and a stan-
dard free-energy change has been determined using
high-pressure mass spectrometry [6].

The experimental studies are complemented with
state-of-the-art ab initio molecular orbital computations
at various high levels of theory. The computations are
directed toward the evaluation of PA(SiF4) and the
energy and structure of SiF4H1. Finally, selected-ion
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flow tube collision induced dissociation (SIFT-CID)
experiments were performed to provide some experi-
mental insight into the structure of SiF4H1.

Experimental
Measurements of rate coefficients and equilibrium con-
stants were performed with the SIFT technique in the
Ion Chemistry Laboratory at York University [7–9]. In
studies of reactions 1 and 2, SiF4H1 was established
upstream in the flow tube by the following sequence of
ion–molecule reactions:

Ar1 1 H23 ArH1 1 H (4)

ArH1 1 H23 H3
1 1 Ar (5)

H3
1 1 SiF43 SiF4H1 1 H2 (6)

The Ar1 was formed by electron impact on Ar (Air
Products Canada, 99.998%) within a low-pressure ion
source, mass selected and introduced via a Venturi inlet
into a flow of He buffer at a pressure of 0.35 6 0.02 torr.
H2 (Matheson, 99.99% min) and SiF4 (Matheson, . 99.6
mol %) were added sequentially upstream of the reaction
region. The proton-transfer reactions of SiF4H

1 with Xe
and N2 were investigated by adding Xe (Matheson,
99.995% min.) or N2 (Air Products Canada, 99.998%) into
the reaction region downstream. In studies of reaction 3
N2H

1 was established as a dominant ion upstream of the
reaction region by reacting H3

1 with N2 according to
reaction 7.

H3
1 1 N23 N2H1 1 H2 (7)

Rate coefficients and equilibrium constants were deter-
mined in the usual manner. The equilibrium constant K
was obtained from both the ratio of the forward to reverse
rate coefficients, kf/kr, and from equilibrium ion concen-
trations. Briefly, the forward and reverse rate coefficients

were determined by fitting the decay of the reactant ion
with the solution of the differential rate equation for a
reversible reaction. Also, the product to reactant ion–
signal ratio was plotted against the flow of the neutral
forward reactant for various different flows of the
reverse reactant. The equilibrium constant, Ke, is deter-
mined by the slope of the linear portion at high flows
once equilibrium is achieved [9].

Bond connectivities within SiF4H1 were investigated
with multi-CID experiments by raising the sampling
nose-cone voltage from 0 to 280 V while concomitantly
varying the potential of front and rear quadrupole focus-
ing lenses so as not to introduce mass discrimination [10].

Theoretical

Standard ab initio molecular orbital calculations were
performed using the GAUSSIAN 94 program [11]. The
density functional Becke three parameter hybrid method
[12a–m] that includes the Slater (local spin density) ex-
change functional [12a,b, 13] with nonlocal gradient-cor-
rected terms [14] and the Lee–Yang–Parr method which
includes local and nonlocal gradient corrected correlation
functionals, denoted B3LYP, was used to optimize geom-
etries [15, 16]. This method with a basis set of 6-311G(d,p)
[17] will be denoted as B3LYP/6-311G(d,p). The opti-
mized geometries at B3LYP/6-311G(d,p) were character-
ized by harmonic frequency calculations and these
showed all structures to be at minima. The frequency
calculations also yielded the zero-point energies, which
were left unscaled, and thermal corrections. Single-point
calculations were done at fourth-order Møller–Plesset [18]
theory with a frozen core, using two different basis sets,
6-31111G(2df,p) [19] and 6-31111G(3df,3pd) with ge-
ometries from B3LYP/6-311G(d,p) optimizations. These
calculations will be abbreviated to MP4(2df,p) and
MP4(3df,3pd) respectively. Single-point calculations with
a frozen core were also performed at the QCISD(T) level
[20] with a basis set of 6-31111G(3df,3pd), again using

Table 1. Product distributions and rate coefficients measured with the SIFT technique for reactions of SiF4H1 and SiF4 in He at
297 6 3 K and 0.35 6 0.02 torr

Reactants Products BRa kobs
b kcap

c REd

SiF4H1 1 Xe XeH1 1 SiF4 .0.98 5.1 6.2 0.82
SiF3Xe1 1 HF ,0.02

SiF4H1 1 N2 N2H1 1 SiF4 0.80 2.0 6.6 0.30
SiF4N2H1 0.14
SiF3N2

1 1 HF 0.06
N2H1 1 SiF4 SiF4H1 1 N2 0.74 3.8 11.5 0.33

SiF3
1 1 HF 1 N2 0.13

SiF4N2H1 0.10
SiF3N2

1 1 HF 0.03
SiF4H11 SiF4 (SiF4)2H1 2.2
SiF3

1 1 SiF4 Si2F7
1 5.7 8.0 0.71

SiF3N2
1 1 SiF4 Si2F7

1 1 N2 3.4 7.4 0.46

aReaction branching ratio.
bObserved apparent bimolecular rate coefficient in units of 10210 cm3 molecule21 s21 with an uncertainty of 630%.
cTheoretical capture rate coefficient in units of 10210 cm3 molecule21 s21 calculated with the Langevin theory [21].
dReaction efficiency, RE, expressed as a ratio of the experimental rate coefficient, to the theoretical capture rate coefficient, kobs/kcap.
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the geometries optimized at B3LYP/6-311G(d,p). Using
Pople’s notation, this is denoted as QCISD(T)(fc)/6-
31111G(3df,3pd)//B3LYP/6-311G(d,p), which we ab-
breviate to QCI(3df,3pd).

Results and Discussion

The results of the rate-coefficient and equilibrium-con-
stant measurements are summarized in Tables 1 and 2.

N2H1 1 Xe

Measurements of the approach to, and attainment of,
equilibrium for reaction 3 were straightforward. A ratio
of rate coefficients, k3/k23 5 53 6 13, was determined
from a fit to the decay of the N2H1 signal and equilib-
rium–ion ratio plots provided a value for K3 5 55 6
11. The best estimate of the equilibrium constant for
reaction 3 is therefore 54 6 8, which is in good agree-
ment with the best estimate of 58 6 8 determined
previously (using both methods) with the flowing-
afterglow technique [5].

SiF4H1 1 Xe

Figure 1 displays results of measurements for the pro-
ton-transfer reaction 2. Not shown in Figure 1 is the
production of trace quantities (2%) of SiF3Xe1. The
origin of this ion is not certain. It may arise from the
HF-elimination reaction 8 that has been reported to
occur in trace amounts in a Fourier-transform ion-
cyclotron resonance (FT-ICR) spectrometer [22].

SiF4H1 1 Xeª SiF3Xe1 1 HF (8)

Another possible source is the addition reaction 9

SiF3
1 1 Xe 1 He3 SiF3Xe1 1 He (9)

that we have shown in separate experiments to occur
under similar SIFT conditions with a rate coefficient
k9 . 1 3 10211 cm3 molecule21 s21. Trace amounts of
SiF3

1 (1%), also not shown in Figure 1, were observed
among the initial ions shown in Figure 1 (top).

The decay of SiF4H1 shown in Figure 1 (top) is
accompanied by an increase in the XeH1 signal. The
curvature in the SiF4H1 decay with increasing Xe flow
can be attributed to the occurrence of the reverse of

reaction 2. Curve fitting of this decay in three separate
experiments over a range of SiF4 flows from 1.0 3 1018

to 1.9 3 1018 molecules s21 provided a mean value for
the ratio of rate constants, k2/k22 5 25.3 6 4.1. Also
shown in Figure 1 (bottom) is a plot of the ratio of the
XeH1 to the SiF4H1 signal (corrected for mass discrim-
ination) as a function of the Xe flow. The slope of the
line affords a direct determination of the equilibrium

Table 2. Summary of experimental equilibrium results at 297 6 3 K for proton-transfer reactions, B1H1 1 B2 ª B2H1 1 B1

B1 B2 (kf/kr)
a Ke

b Kc

N2 Xe 53 6 13 55 6 11 54.1 6 8.4
SiF4 Xe 25.3 6 4.1 23.4 6 4.2 24.4 6 2.9
SiF4 N2 0.59 6 0.15 0.56 6 0.11 0.57 6 0.09

aObtained from a fit to the decay of B1H1.
bObtained from an ion-signal ratio plot.
cBest estimate of the equilibrium constant.

Figure 1. Top: Ion signal intensities vs Xe flow rate monitored
for the reaction of SiF4H1 with Xe at a flow rate of SiF4 5 (1.9 6
0.3) 3 1018 molecules s21. The solid and open points represent
experimental data. Only the largest isotope of XeH1 was moni-
tored; the XeH1 signal shown has been corrected for the contri-
bution of the other isotopes. The solid line for SiF4H1 is the
computer fit used to determine the forward and reverse rate
coefficients. T 5 297 6 3 K, P 5 0.35 6 0.02 torr. Bottom: The
observed variation in [XeH1]/[SiF4H1] with Xe flow rate showing
the approach to and attainment of equilibrium for the reaction
SiF4H1 1 Xe 5 XeH1 1 SiF4 at a SiF4 flow 5 (1.9 6 0.3) 3 1018

molecules s21. The best straight line through the experimental
data points at high Xe flow yields a value for the equilibrium
constant K 5 25.1. T 5 297 6 3 K, P 5 0.35 6 0.02 torr.
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constant from equilibrium concentrations. The three
experiments yielded a mean value for K2 5 23.4 6 4.2,
which is in agreement, within experimental error, with the
value for k2/k22 determined with the fitting procedure.

SiF4H1 1 N2

Figure 2 (top) shows data obtained for reaction 1. Two
minor reaction channels in addition to proton transfer
were observed. Figure 2 (bottom) shows the determina-
tion of the branching fractions for these two channels.
They correspond to addition (14%), presumably due to
the termolecular association reaction 10, to form what
may be a proton-bound adduct, SiF4 z z H1 z z N2, or
solvated SiF3

1, N2 z z SiF3
1 z z FH, and the bimolecular

elimination of HF (6%) according to reaction 11.

SiF4H1 1 N2 1 He3 SiF4N2H1 1 He (10)

SiF4H1 1 N23 SiF3N2
1 1 HF (11)

Figure 3 (top) shows the observed decline of an SiF4H1

signal with increasing N2 addition at two different
flows of SiF4. The curvature in this decline is due to the
occurrence of the reverse of reaction 1. Fitting this
curvature provided a value for k1/k21 5 0.59 6 0.15.
This value is less than 1 so that the preferred direction

of proton transfer is the reverse of reaction 1. The
equilibrium constant determined from the ion signal
ratio plots [see Figure 3 (bottom)], was K1 5 0.56 6
0.11, which is in good agreement with the value
determined for k1/k21.

N2H1 1 SiF4

Data obtained from a study of the reverse of reaction 1
is shown in Figure 4. N2H1 in this case was generated
from the reaction of N2

1 1 H2. Several other channels
were again observed to compete with the transfer of a
proton. This is indicated in reaction 12. The measured
branching ratio is a/b/c/d 5 0.74/0.13/0.10/0.03.

N2H1 1 SiF43 SiF4H1 1 N2 (12a)

N2H1 1 SiF43 SiF3
1 1 HF 1 N2 (12b)

N2H1 1 SiF4 1 He3 SiF4N2H1 (12c)

Figure 2. Top: Variations in the reactant and product ion signals
monitored for the reaction of SiF4H1 with N2 at a flow rate of
SiF4 5 (7.5 6 0.9) 3 1017 molecules s21. Bottom: A plot of the
relative intensity of the product ions vs flow. T 5 297 6 3 K, P 5
0.35 6 0.02 torr.

Figure 3. Top: Variations in the SiF4H1 signal as a function of N2

flow for the reaction of SiF4H1 1 N2 5 N2H1 1 SiF4 at two
different additions of SiF4 (A 5 7.5 and B 5 0.53 3 1017 mole-
cules s21). The solid points represent experimental data and the
solid lines are computer fits used to determine the forward and
reverse rate coefficients. Bottom: Observed variations in [N2H1]/
[SiF4H1] as a function of N2 flow rate for the same two SiF4

additions. The slopes of the straight lines through the experimen-
tal data points are proportional to the equilibrium constant. An
approach to equilibrium is evident at the lower flow of SiF4 (curve
B). T 5 297 6 3 K, P 5 0.35 6 0.02 torr.
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N2H1 1 SiF43 SiF3N2
1 1 HF (12d)

The total rate coefficient for this reaction measured
from the decline in the N2H1 signal was 3.8 3 10210

cm3 molecule21 s21. Also, a fast secondary reaction,
reaction 13a,

SiF4H1 1 SiF4 1 He3 (SiF4)2H1 1 He (13a)

SiF4H1 1 SiF43 Si2F7
1 1 HF (13b)

leading to the formation of what is likely to be the
protonated dimer of SiF4 and to the Si2F7

1 ion was
observed to compete with the reverse proton transfer
and so prevent the attainment of equilibrium. Never-
theless, the ratio of rate coefficients, k1/k12a 5 0.57, is
consistent with the equilibrium results obtained from
the study of the forward direction of reaction 1. An
effective bimolecular rate coefficient of 2.2 3 10210 cm3

molecule21 s21 was obtained for reaction 13 by fitting
the rise and fall of the SiF4H1 signal in Figure 4. The
secondary reactions 14 and 15 also contribute to the
formation of Si2F7

1.

SiF3
1 1 SiF4 1 He3 Si2F7

1 1 He (14)

SiF3N2
1 1 SiF43 Si2F7

1 1 N2 (15)

This was demonstrated in separate experiments in
which SiF3

1 and SiF3N2
1 were established as dominant

primary ions. The rate coefficients measured for these
reactions are 5.7 3 10210 and 3.4 3 10210 cm3 mole-
cule21 s21, respectively. The nature of the bonding in
SiF3N2

1 is intriguing. This ion previously has been
observed to be formed by the bimolecular reactions of
SiF4

1 with N2 [2] and of N2
1 with SiF4 [2, 23a]. Also,

SiF3N2
1 has been suggested to have the structure of an

adduct ion, SiF3
1–N2, in which the interaction between

the SiF3
1 and N2 is stronger than in SiF3

1–F because N2

has higher polarizability than the F atom [23a]. The
bond dissociation energy for SiF3

1-F was measured to be
only 21.3 6 1.5 kcal mol21 by Armentrout et al. [23b].

Gas-Phase Basicities

The measured equilibrium constants for the proton-
transfer reactions 1–3 are summarized in Table 2. There
is good internal consistency because K1 5 0.57 6 0.09
is equal to K2/K3 5 0.45 6 0.12. Table 3 summarizes
the values for the overall standard free energy changes
of the proton-transfer reactions 1–3 determined from

Figure 4. Left: Variations in the reactant and product ion signals monitored for the reaction of N2H1

with SiF4. N2H1 is produced from the reaction of N2
1 with H2. Right: A plot of the relative intensity

of the product ions vs. flow. T 5 297 6 3 K, P 5 0.35 6 0.02 torr.

Table 3. Derived thermochemical data at 298 K for proton transfer reactions, B1H1 1 B2 ª B2H1 1 B1

B1 B2

DG0

(kcal mol21)
DS0a

(cal mol21 K21)
DH0

(kcal mol21)

N2 Xe 22.36 6 0.10 6.3 20.48 6 0.10
SiF4 Xe 21.89 6 0.07 3.9 20.73 6 0.07
SiF4 N2 0.33 6 0.09 22.4 20.38 6 0.09

aCalculated from the standard entropies of the corresponding half reactions, DS1/2
0 for B 3 BH1 [4].
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the relationship DG0 5 2RT ln K. DG0(3) 5 22.36 6
0.10 kcal mol21 determined in this study agrees with
the value of 22.4 6 0.1 kcal mol21 determined previ-
ously with the flowing-afterglow technique [5] but is
lower than the value of 23.3 kcal mol21 that has been
determined using high-pressure mass spectrometry [6].

Our values for DG0(1), DG0(2) and DG0(3) indicate
the gas-phase basicity order GB(Xe) . GB(SiF4) .
GB(N2) since DG0 5 GB(B2) 2 GB(B1) for reaction 16.

B1H1 1 B2ª B2H1 1 B1 (16)

Absolute values for gas-phase basicity can be assigned
with the choice of a reference value. We have chosen
GB(N2) 5 111.0 kcal mol21 as a reference [4] with an
uncertainty of 6 1.9 kcal mol21. This results in a value
for GB(SiF4) 5 111.3 6 2.0 kcal mol21 based on DG1

0, a
value of 111.5 6 2.1 kcal mol21 based on DG2

0 2 DG3
0

and a best estimate of 111.4 6 1.4 kcal mol21. This is 2.5
kcal mol21 lower than the currently recommended
value of 113.9 kcal mol21 [4].

Gas-Phase Proton Affinities

Proton affinities can be calculated on the basis that
DG16

0 5 DH16
0 2 TDS16

0 and that DH16
0 5 PA(B2) 2

PA(B1). The derived values for DH16
0 are included in

Table 3. The standard entropy changes were calculated
from the entropies of protonation DSp

0 [ S0(BH1) 2
S0(B) [4]. The reported entropies of protonation of N2H1

and XeH1 are derived from theory and that of SiF4H1

was evaluated from the symmetry properties of SiF4

(Td, s 5 12) and SiF4H1 (Cs, s 5 1), where s is the
external symmetry number. The value derived in this
way, 4.9 cal mol21 deg21, is close to the value of 5.25 cal
mol21 deg21 we have obtained from theory at B3LYP/
6-311G(d,p). When PA(N2) 5 118.0 6 1.9 kcal mol21

[4] is chosen as a reference, these results provide a value

for PA(SiF4) 5 117.6 6 2.0 kcal mol21 based on DH1
0, a

value of 117.8 6 2.1 kcal mol21 based on DH2
0 2 DH3

0

and a best estimate of 117.7 6 1.4 kcal mol21. This latter
value is 2.5 kcal mol21 lower than the currently recom-
mended value for PA(SiF4) of 120.2 kcal mol21 [4]. The
currently recommended value is high because it was
based on the value for DH1

0 5 2 kcal mol21 determined
in 1984 using FTMS [2]. Our value for DH1

0, 2 0.38 6
0.09 kcal mol21, is much smaller and negative. Accord-
ing to our results, the order of proton affinities is
PA(Xe) . PA(N2) . PA (SiF4). As indicated earlier,
details on the measured equilibrium constant and the
standard entropy change required to calculate DPA
from the standard free-energy change for reaction 1
were not reported in the previous determination of
DH1

0 5 2 kcal mol21 [2] and so it is not possible to make
a critical comparison.

Theoretical Results

Results obtained for total energies, scaled zero-point
values and thermal corrections for molecules and atoms
in their ground-state electronic configurations, are all
given in Table 4. Optimized structural details are illus-
trated in Figure 5 and thermochemical properties at 298
K are given in Table 5. SiF3

1 is planar with three equal
Si–F bonds of 1.538 Å (D3h symmetry). SiF4 has Td

symmetry with Si–F bonds of 1.579 Å, slightly longer
than those in SiF3

1. The protonation of SiF4 results in an
eclipsed geometry and a dramatic elongation of the Si–F
distance to 1.827 Å for the fluorine to which the proton
is attached. The other Si–F bond lengths are 1.548 Å and
the FSiF angle is 117.2°; both geometric parameters are
similar to those in planar SiF3

1. Thus SiF4H1 is essen-
tially SiF3

1 solvated by a HF molecule, F3Si1 z z HF. This
structure is reminiscent of the structures of analogous
HF-solvated species F2(OH)Si1 z z HF, F(OH)2Si1 z z HF
and (OH)3Si1 z z HF [24], the HF-solvated species

Table 4. Total energies (in hartrees) and zero-point and thermal energies (both in kcal mol21)

B3LYPa ZPEb Thermalc MP4(2df,p)d QCI(3df,3pd)e MP4(3df,3pd)f

SiF3
1 2588.80365 6.0 2.6 2588.06310 2588.07399 2588.08111

SiF4 2689.10852 8.0 3.1 2688.26853 2688.28410 2688.29151
SiF4H1

(eclipsed)
2689.31181 13.7 3.9 2688.46042 2688.48125 2688.48859

SiF4H1

(staggered)
2689.31148g 13.5 3.5 — — —

HF 2100.42746 5.8 1.5 2100.33124 2100.34157 2100.33483
Si (triplet) 2289.37173 — — 2288.92623 2288.92815 2288.92693
F 299.71553 — — 299.61423 299.61780 299.61814
H 20.50027 — — 20.49982 20.49982 20.49982
H2 21.17854 — — 21.16777 21.17253 21.17192

aGeometry optimization at B3LYP/6-311G(d,p).
bZero-point energies from B3LYP/6-311G(d,p) optimization, unscaled.
cThermal corrections from B3LYP/6-311G(d,p) optimization.
dSingle-point calculation at MP4SDTQ(fc)/6-31111G(2df,p) using geometries from B3LYP/6-311G(d,p).
eSingle-point calculation at QCISD(T)(fc)/6-31111G(3df,3pd) using geometries from B3LYP/6-311G(d,p).
fSingle-point calculation at MP4SDTQ(fc)/6-31111G(3df,3pd) using geometries from B3LYP/6-311G(d,p).
gTransition state.
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F2(NH2)Si1 z z HF and F(NH2)2Si1 z z HF [25], and what
may be regarded as H2-solvated species such as SiH5

1,
CH5

1 and GeH5
1 [26]. The staggered conformation of

SiF4H1 was investigated but found to be a transition
state and at B3LYP it is 0.2 kcal mol21 above the
eclipsed conformation using electronic energies. Inclu-
sion of ZPE and thermal corrections resulted in the
transition state being 0.4 kcal mol21 lower in energy
than the eclipsed conformation. Effectively there is no
barrier to rotation at 298 K.

It is possible to obtain accurate DHf values using
high levels of theory [27, 28]. The method we have used
here to calculate the standard enthalpies of formation
has been described in detail previously [28]. Briefly, the
procedure was as follows. The total atomization energy
was calculated from the molecular orbital calculations
using an isogyric reaction involving H atoms and H2 to
balance the spins [29] and then compensating for the

addition of H atoms by using the experimental De for
H2 [30]. Inclusion of ZPE then provided D0 for the
molecules. Experimental enthalpies of formation for
atoms [31] then enabled us to calculate enthalpies of
formation for the molecule. Ions were treated in an
identical manner but with an electron being added into
the atomization reaction. The stationary electron con-
vention was used. At our highest levels of theory the
calculated standard enthalpies of formation for SiF4 and
SiF4H1 show considerable variation. At MP4(3df,3pd)
our calculated value for DHf

0(SiF4) is 2376.6 kcal mol21

and the comparable experimental value is close to 10
kcal mol21 different at 2386.0 kcal mol21 [4]. There are
no experimental values available for comparison of the
standard enthalpy of formation SiF4H1. The proton
affinity of SiF4 at QCI(3df,3pd) and MP4(3df,3pd) is
consistent at 118.7 kcal mol21. Experience with similar
calculations on other chemical systems [32] indicates
that these calculations provide values with uncertain-
ties of at least 62 kcal mol21 when compared with
experimental values.

CID of SiF4H1

The structure of SiF4H1 was explored using our SIFT-
CID technique [10]. Figure 6 shows the CID spectrum of

Figure 5. Optimized structures for HF, SiF3
1, SiF4, and SiF4H1 at

B3LYP/6-311G(d,p).

Table 5. Computed thermochemical properties (in kcal mol21)
at 298 K

B3LYPa
MP4

(2df,p)b
QCI

(3df,3pd)c
MP4

(3df,3pd)d

DHf
0(SiF4) 2354.9 2380.2 2370.9 2376.6

DHf
0(SiF4H1) 2111.7 2130.1 2124.0 2129.7

PA(SiF4) 122.6 115.4 118.7 118.7
D(SiF3

1 z z HF) 49.0 39.8 39.6 43.9

aGeometry optimization at B3LYP/6-311G(d,p).
bSingle-point calculation at MP4SDTQ(fc)/6-31111G(2df,p) using ge-
ometries from B3LYP/6-311G(d,p).
cSingle-point calculation at QCISD(T)(fc)/6-31111G(3df,3pd) using ge-
ometries from B3LYP/6-311G(d,p).
dSingle-point calculation at MP4SDTQ(fc)/6-31111G(3df,3pd) using ge-
ometries from B3LYP/6-311G(d,p).

Figure 6. Multi-collision induced dissociation spectrum of
SiF4H1 in helium buffer gas at 0.35 torr. SiF4H1 is formed by the
reaction of H3

1 with SiF4 at a flow of SiF4 5 2.6 3 1017 molecules
s21.
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SiF4H1 produced from the reaction of H3
1 with SiF4,

reaction 6. The dissociation spectrum is consistent with
the structure computed for SiF4H1: HF loss is clearly
identified. Also, the onset voltage for HF loss is consis-
tent with the computed HF binding energy of 43.9 kcal
mol21 at MP4(3df,3pd) judging from the empirical
correlation we have established between onset voltage
and binding energy [10].

Conclusions

SiF4 is readily and reversibly protonated in the gas
phase. The results of the experimental SIFT measure-
ments and high-level ab initio molecular orbital com-
putations reported in this study indicate that the cur-
rently accepted value for PA(SiF4) is too high by 2.5 kcal
mol21 and is within 1 kcal mol21 of the proton affinities
of Xe and N2. The most stable structure of SiF4H1

corresponds to a solvated SiF3
1 core ion and is similar to

the structures of the related ions SiH5
1, CH5

1 and GeH5
1.
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