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The 0 K onsets (Ey) of a series of trichlorosilane derivatives SiClsR — SiCl;t+ R* (R = Cl, H, CH;, C,Hs,
C,Hj3;, CH,Cl, SiCl;) are measured by threshold photoelectron—photoion coincidence spectroscopy. The well-
known heat of formation of SiCl, is used as an anchor to determine the heat of formation of SiCl;*, which
is, in turn, used as an anchor to determine the heats of formation of the other alkyltrichlorosilanes investigated.
A series of isodesmic reactions at the G3 and CBS-QB3 levels are shown to accurately reproduce the
experimental heats of formation, and this scheme is used to calculate the heat of formation of Si,Cls, from
which the measured E, determines the SiCl;" heat of formation. The measured values then determine the IE
of SiCly" along with the Si—R bond dissociation enthalpies of the six neutral species investigated. The
experimental heats of formation are also used in a series of isodesmic reaction calculations to determine the
heats of formation of SiH;R (R = H, CH3;, C,Hs, C,H;3, CH,CI, SiCl;).

Introduction

Two recent studies'? have reported on the thermochemistry
of halogenated silanes through high-level calculations. There
is interest in the energetics of these molecules because of their
importance in chemical vapor deposition, surface-etching of
semiconductor metals, and chemical hydrogen storage systems.
The theoretical studies aimed to fill a gap where very little
experimental data exist. It is thus of considerable interest to
obtain accurate experimental energies that can be compared to
the calculated results. In particular, there are large discrepancies
between calculated heats of formation and some of the few
experimental values which must be addressed.!

The lack of experimental data is a result of several factors.
Few calorimetry experiments were carried out on these mol-
ecules, and those that were, often appear unreliable due to
uncertainty in the final state of Si. Thermochemical determina-
tions necessarily depend on measuring the energy difference
between reactants and products, thereby connecting an unknown
species to ones that are well-established. However, the sparse-
ness of reliable calorimetric data on similar compounds pre-
vented other commonly employed thermochemical methods,
such as determining equilibrium constants between two reacting
species, from being employed. Finally, in addition to the lack
of reliable anchors, bond energies in many alkyl silanes are
difficult to determine through photoionization or electron impact
because the lowest energy dissociations tend to involve complex
rearrangements,>* and the likely presence of reverse barriers
prevents determining the threshold energies for dissociation.

SiCly is one of the few silanes with a well-determined heat
of formation and, therefore, one of the few reliable anchors for
related compounds. The NIST—JANAF compilation reports the
298 K AH? as —662.8 £ 1.3 kJ mol™! based on a pair of
calorimetry measurements.’ Although we agree with the evalu-
ation of Walsh® that this uncertainty appears overly optimistic,
on the basis of the excellent agreement between the experimental
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value and more recent high-level calculations,! we reject Walsh’s

suggestion of an uncertainty of more than 5 kJ mol™! and adopt

a value of —662.8 £ 2 kJ mol™! for use in the current study.
The lowest energy dissociation channel of SiCl" is

SiCl, — SiCl," — SiCl, "+ CI

Because the heat of formation of the chlorine radical is, of
course, very well-known, accurate measurement of the threshold
for this process determines the heat of formation of SiCls*.
Similar to Si(CH3);%,” this is a rather stable ionic species, and
the ions of many other compounds that include the SiCls
subgroup will also dissociate via

SiCL,R — SiCL,R* — SiCl, "+ R’

Assuming the heat of formation of the radical is known, SiCl;*
can be used as an anchor to determine the heat of formation of
the neutral species. Additionally, if the ionization energy of
SiCl;y" can be determined, then the Si—R bond dissociation
enthalpies of the neutral species are also determined.

Here, we use threshold photoelectron—photoion coincidence
(TPEPICO) spectroscopy to measure the 0 K onsets (Ep) to
dissociation of a series of trichlorosilane derivatives (SiCly,
SiCl;H, SiCl;CH;, SiCl;C,Hs, SiCl;C,Hs, SiCl;CH,CI, SixClg).
Although these are not the species of the most practical interest
(rather, these are species from which reliable thermochemistry
may be derived from the experiment), comparison with the
experimental thermochemistry allows for evaluation of the
accuracy of theoretical methods on these and related molecules.
Additionally, the experimental heats of formation of these
species can be used in isodesmic reaction calculations of the
heats of formation of similar species that are of more interest,
significantly improving the accuracy of whatever theoretical
method is applied in comparison to calculation of atomization
energies.
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Experimental Methods

The TPEPICO apparatus has been described in detail
previously,®™' and only a brief description appears here. Sample
vapor passes into the ionization region of the high-vacuum
chamber through a copper inlet held at a temperature variable
between 215 and 400 K. The sample is ionized by vacuum
ultraviolet radiation originating from a molecular hydrogen
discharge lamp and dispersed by a 1 m normal incidence
monochromator providing photon resolution of about 8 meV
at 10 eV. A 20 V cm™! gradient (40 V cm™! in the case of
SiCl3H) accelerates electrons and ions in opposite directions.
Electrons are accelerated by velocity focusing optics such that
a Channeltron electron multiplier masked by a 1.4 mm diameter
aperture detects only electrons with zero kinetic energy per-
pendicular to the acceleration axis. A second Channeltron sits
off-axis masked by a 2 mm x 6 mm rectangular aperture and
collects a portion of the isotropically distributed energetic
electrons. The off-axis signal is used to subtract the on-axis
signal due to energetic electrons such that the remaining on-
axis signal is composed solely of threshold (zero kinetic energy)
electron events. The ions collected in coincidence with the
threshold electrons are energy-selected in that the ion internal
energy is the sum of the incident photon energy and the initial
thermal energy of the molecule. Ions pass through a time-of-
flight (TOF) mass spectrometer, with “time-zero” indicated by
detection of the coincident electron. The mass spectrometer
consists of two acceleration regions; a 27 cm, field-free drift
region; a deceleration region; and a final 7 cm drift region. The
deceleration voltage serves to separate parent ions and ions
which dissociate in the first field-free drift region. Each resulting
TOF mass spectrum at a given photon energy indicates the
dissociation probability of ions with a well-defined distribution
of internal energies.

Computational Details

All calculations presented here were carried out with the
Gaussian03 quantum chemical software.'! All vibrational fre-
quencies and rotational constants used in data modeling and
thermal energy calculations are those determined from geom-
etries optimized at the B3LYP/6-311++G(d,p) level, and
vibrational frequencies are used unscaled.!” Frequencies used
to describe the “transition state” of barrierless dissociations in
the Rice—Ramsperger—Kassel-Marcus (RRKM) treatment
were estimated by a constrained optimization of the dissociating
species with the breaking bond held at approximately 3 A. The
resulting imaginary frequency is confirmed to closely correspond
to the reaction coordinate by visualizing the mode using
Gaussview software, and the lowest real frequencies are assumed
to be the disappearing transitional modes and are treated as
optimizable parameters in the analysis. The number of disap-
pearing modes depends on the neutral fragment; namely, two
modes for atom loss, four modes for the loss of a diatomic,
and five modes for the loss of a nonlinear polyatomic neutral
fragment. In dissociations that pass through an energetic
maximum, transition states were found using the STQN method
at the B3LYP/6-3114++G(d,p) level, and the critical mode was
confirmed to correspond to the reaction coordinate by visualiza-
tion of the mode using Gaussview software. Calculated harmonic
vibrational frequencies are reported as online Supporting
Information. All reported calculated heats of formation are
derived from isodesmic reaction calculations using electronic
energies evaluated with both the G3'* and CBS-QB3'* model
chemistries.
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Figure 1. Breakdown diagram of SiCly". Open and closed circles are
experimental abundances. Solid lines are the data modeled at the best-
fit E, as described in the text. Dashed lines are the modeled data at the
edges of the uncertainty limits.

Results and Analysis

SiCly. Several previous studies report the appearance energy
of SiCl;™ from SiCl, by either electron impact®* or photoionza-
tion mass spectrometry.'> However, extracting accurate ther-
mochemical values from such measurements is problematic for
two reasons: First, the appearance energy is typically determined
by an extrapolation of the linear portion of the photoionization
curve down to zero, and there tends to be ambiguity in which
portion of the curve is correctly described as linear. Second,
the appearance energy determined is dependent on the temper-
ature of the sample,' shifting to lower energies for warmer
samples, away from the 0 K value that is true thermochemical
threshold. Although a post hoc adjustment based on the average
thermal energy of the molecule at the measured temperature
can nominally convert an appearance energy to the 0 K value,'®
a much more precise determination of E; can be made if the
dissociating ions are energy-selected, as is done in a TPEPICO
measurement.

The breakdown diagram (the relative abundances of the parent
and daughter ions as a function of photon energy) collected for
SiCly at 230 K is shown in Figure 1. The daughter ion peaks in
the TOF spectra for this reaction were symmetric, indicating
that the dissociation occurs fast on the time scale of our
experiment. That is, any ion with sufficient internal energy to
dissociate does so in less than 1077 s. Slower reactions (to be
discussed later) cause dissociation to take place along the ion
flight path (not just at the interaction region), which results in
asymmetric daughter ion TOF distributions. Because the reaction
is fast, the measured abundances are independent of the exact
dissociation rate and are only a function of the photon energy
and the initial internal energy distribution of the SiCl,*. We
have previously shown that the ion internal energy distribution
is generally well-approximated by assuming a faithful transposi-
tion of the neutral thermal energy distribution up to the ionic
manifold.'” As a result, the observed breakdown diagram can
be modeled by integrating the portion of the thermal energy
distribution which, at a given photon energy, lies above the
threshold to dissociation. The best-fit curve is determined by
varying a single parameter (E,) and appears in Figure 1. The
uncertainty in Ey is determined by varying the onset above and
below the best fit until the modeled curve is clearly no longer
an acceptable fit to the data (Figure 1). Thermochemistry derived
from this measurement is discussed below.

SiCL;H. The lowest energy dissociation channel of SiCl;H*
is H loss, which, like the Cl loss from SiCly, produces the SiCl;*
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Figure 2. Experimental TOF spectrum (black circles) of SiCl;H at
11.759 eV photon energy. Ion abundances are derived from the best
fit linear combination (red solid line) of the SiCl;H" (green dashed
line) and SiCl;* (blue dashed line) peak shapes. The multiple peaks
correspond to Cl and Si isotopes, the contributions of which are fixed
at the naturally occurring abundances.

ion. The dissociation is also fast on the time scale of our
experiment, and Ej is roughly determined by the photon energy
at which the parent ion disappears. The analysis is slightly
complicated by the 1 amu difference between the parent and
daughter ions. Peak widths in the TOF spectra are functions of
the translational energy distribution of the ions. Parent ion peaks
appear as the sum of two Gaussians: a narrow peak due to
molecules exiting the inlet needle with kinetic energy prefer-
entially perpendicular to the extraction axis and a broader peak
due to molecules that have collided with the walls of the
spectrometer and rebounded into the interaction region. In most
cases, daughter ion peaks are well-represented by a single
Gaussian because the peak width is dominated by the kinetic
energy release of the dissociation; however, in the case of a H
loss, the hydrogen atom carries away nearly all the kinetic
energy in the dissociation, and the daughter ion peak retains
the two-component shape of the parent ion peak. In this case,
the narrow components of the SiCl;H" and SiCl;* peaks are
resolved, but the broad components are not. Ion abundances
are determined by fitting a linear combination of the parent and
daughter ion peak shapes to each experimental TOF spectrum
(Figure 2), and E, is determined from the resulting breakdown
diagram (Figure 3) as described above. The parent ion abun-
dance never exceeds about 50% because the ion is only weakly
bound, and when the photon energy is equal to the adiabatic
ionization energy of the neutral, a large portion of the thermal
energy distribution already lies above the barrier to dissociation.

The SiCl;H data were collected at both room temperature
and 235 K; however, the data are best modeled by assuming
elevated sample temperatures of 460 and 350 K. For most
molecules, such as SiCly above, the initial ion internal energy
distribution is well-described by a transposition of the neutral
thermal energy distribution. However, if the neutral and ion
geometries are very different, vertical ionization may result in
ion geometries far from the equilibrium structure. These ions
will be preferentially created in vibrationally excited states. This
appears to be the case here because the SiCl;H™ geometry has
an elongated Si—H bond relative to the neutral, whereas the
SiCl; subgroup is approaching a trigonal planar conformation.
These changes in geometry are reflected in significant decreases
in the frequencies of numerous normal modes of the ion relative
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Figure 3. Breakdown diagram of SiCl;H* at nominal temperatures of
235 (blue) and 295 K (red). Open and closed circles are experimental
abundances. Solid line is the data modeled at the best-fit E, and effective
temperatures as described in the text. Dashed lines are the modeled
data at the edges of the uncertainty limits.
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Figure 4. Breakdown diagram of SiCI;CH;". Open and closed circles
are experimental abundances. Solid lines are the data modeled at the
best-fit Ej as described in the text. Dashed lines are the modeled data
at the edges of the uncertainty limits.

to the same modes in the neutral. Optimized geometries and
harmonic frequencies at the B3LYP/6-311++G(d,p) are given
in online Supporting Information. We are unable to quantita-
tively relate the geometry change to the ion internal energy
distribution or even reliably predict from given ion and neutral
geometries whether the ion energy distribution will differ
significantly from that of the neutral. This relationship is
potentially an avenue of interest, but it is beyond the scope of
this paper.

SiCI;CH;. The lowest energy dissociation pathway of
SiCl;CH;3™ is methyl loss, analogous to CI loss from SiCl,",
which also produces SiCl;™. To reduce the thermal internal
energy distribution, these data were collected with the sample
inlet held at 230 K; the breakdown diagram appears in Figure
4. Analysis of the data is identical to that described above for
SiCly. The best fit onset appears in Figure 4, and the thermo-
chemistry derived from this value is discussed below.

A room temperature breakdown diagram was also obtained
using the iPEPICO endstation!” on the VUV beamline at the
Swiss Light Source synchrotron facility to take advantage of
the extended photon energy range. An electron-impact study?
on the compound reported two dissociation pathways: methyl
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Figure 5. Breakdown diagram of SiCl;CH,Cl*. Open and closed
circles are experimental abundances.Solid lines are the data modeled
at the best-fit E, as described in the text. Dashed lines are the modeled
data at the edges of the uncertainty limits.
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Figure 6. Breakdown diagram of SiCl;C,Hs™. Points are experimental
ion abundances for SiCl;C,Hs" (@), SiCl,C,H," (x), and SiCl;* (O).
Curves are best-fit simulations using RRKM (— —) or SSACM with
two (solid black line) or three (red line) adjustable parameters. The
indicated Ej is obtained from the three-parameter SSACM fit.

loss at 11.9 eV and appearance of CH;" (along with SiCls"
coproduct) at 15.0 eV. Because the difference between the onsets
must be equal to the difference in the ionization energies of the
two radical species, measurement of the second onset would
allow for determination of the SiCl;" radical heat of formation.
Unfortunately, only a minor methyl ion channel was observed
as a result of photoionization, at significantly higher energy and
in competition with numerous other channels, preventing
accurate determination of the onset.

SiCl;CH,Cl. Unlike SiCl, and SiCl;CHj;, SiCl;CH,CI has not
been the subject of any prior electron impact or photoionization
studies. We observe that, similar to those two compounds, the
lowest energy dissociation channel is a simple Si—C bond
cleavage to produce SiCl;™ and CH,CI". The breakdown diagram
(collected at 250 K) appears in Figure 5. Analysis of the data
is identical to that described above. The best fit onset appears
in Figure 5, and the thermochemistry derived from this value
is discussed below.

SiCl;C,Hs. Previous electron impact studies on SiCl;C,Hs
report the lowest energy dissociation channel to be Si—C bond
cleavage. However, as shown in the breakdown diagram in
Figure 6, photoionization results in SiCl,C,H,™, the product of
HCI loss, as the lowest energy channel. At a few hundred
millielectronvolts higher photon energy, the SiCl;* daughter
appears and, because the loose transition state of the simple
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Figure 7. Representative experimental (black line) and simulated (red
line) TOF spectra of the dissociation of SiCl;C,Hs" at the indicated
photon energies.

bond cleavage is entropically favored over the tight transition
state associated with HCI loss, quickly grows in to dominate
the product branching. The analysis to determine the E of the
SiCls* channel is different from those discussed above for two
reasons: First, to determine the higher energy onset, the relative
rates of the parallel channels must be properly modeled. Second,
the HCI loss channel occurs slowly on the time scale of our
experiment, as indicated by the highly asymmetric daughter ion
peak apparent in Figure 7, and the metastability of SiCl;C,Hs"
must be considered when modeling the data.

In this case, the solution to one of these problems informs
the other. The dissociation rate of SiCl;C,Hs" is reflected in
the shape of the asymmetric daughter peak as well as in the
abundance of the “drift” peak (the result of ions dissociating in
the field-free drift region before the final deceleration region).
By finding a best-fit model of the TOF spectra using statistical
theory, the rate of HCI loss is directly measured over several
orders of magnitude (roughly between 10* and 107 s!) and can
be reliably extrapolated to higher energies. The measured
relative abundance of SiCls* to SiCl,C,H4" indicates the relative
rates of the two channels and defines the rate of the SiCls+
channel at ion internal energies where SiCl;* product is detected
(because our detection limit is ~1% abundance, this is roughly
at and above the internal energy where the SICl;* rate reaches
1% of the HCl loss rate). Unfortunately, determining the higher
energy onset still requires extrapolation of the SiCl;™ rate curve
down to threshold.

As is typical for a bimolecular elimination, the HCI loss
channel passes through an energetic barrier along the reaction
coordinate. Because of the barrier, the HCI loss product ion
will not necessarily be observed at its thermochemical threshold
to dissociation so that the derived E, is only an upper limit for
the thermochemical threshold. Because this channel passes over
an energetic maximum and therefore has a well-defined transi-
tion state geometry, the rate should be well-described using
RRKM theory.!® Excellent fits to the TOF spectra (Figure 7)
are found by modeling the dissociation using RRKM theory
with the transition state defined by the calculated harmonic
vibrational frequencies and optimizing the barrier to dissociation.
The good fits, in which only the assumed E| is varied, indicate
that the portion of the rate curve measurable by our experiment
is correctly reproduced in the modeling. Similar fits are found
whether or not the modeling includes a tunneling rate as
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described using an Eckart barrier.'® Importantly, the extrapolated
high energy portion of the rate curve (the region that is important
to determining the higher energy onset) is largely independent
of whether tunneling is included in the modeling.

The second onset is a simple bond cleavage and proceeds
with no reverse barrier. As such, it does not have a well-defined
transition state. Nonetheless, we have previously modeled the
rate of this type of dissociation using RRKM theory by treating
the vibrational frequencies of the transitional modes (reactant
vibrations which become orbital motions of the products) as
optimizable parameters in calculating the number of states of
the transition state. In this case, RRKM provides a perfect fit
to the experimental data (Figure 6), suggesting an E, of 11.764
4 0.04 eV. However, due to the competitive shift of the higher
energy channel, the experiment provides information about of
the higher energy channel only at rates exceeding about k(E)
=4 x 10° s~!. Although the lower energy portion of the rate
curve, which is critical to accurately determining E,, can be
extrapolated using RRKM theory, RRKM theory has been
shown to incorrectly model reaction rates of barrierless ionic
dissociations near threshold, even while it correctly models the
higher energy rates.!>*

More appropriate versions of statistical theory, variational
transition state theory,”?? or the statistical adiabatic channel
model (SACM),?*?* are arduous to apply to a system with this
complexity, to the point of being intractable. Instead, we use a
simplified version of SACM (SSACM)* previously shown to
correctly extrapolate the rates of barrierless ionic dissociations
down to threshold.!*?° The best-fit simulation of the data using
SSACM appears in Figure 6 and suggests an Ej that is 90 meV
higher than does RRKM. SSACM provides an excellent fit at
low energies but deviates significantly from the experimental
data at higher energies. The explanation for this deviation and
a solution to it requires a description of SSACM; a brief
summary of the model follows and a more detailed explanation
can be found elsewhere.!'*20-°

SSACM posits that the rate of a barrierless ionic dissociation
will deviate from the rate predicted by orbiting transition state
phase space theory (PST)* only due to anisotropy of the
potential surface along the reaction coordinate. The restriction
of product orbital motion due to increased anisotropy is
approximated by introducing a “rigidity factor” (fiq) into the
calculation of the PST number of states such that

NSSACM = (pconserved)*(NPST rigid)

where Ngsacwm 1S the SSACM number of states, Npgr is the PST
number of states of the orbital motion of the products, pconserved
is the density of states of the conserved modes, and the asterisk
(*) indicates a convolution. The functional form of fiq iS not
derived but, rather, is chosen to fit accurately calculated or
measured k(E) functions over a large energy range and to
extrapolate to the PST limit as £ — 0. We have previously
employed a simple exponential'®

f' d(E) — e(—(E—EO)/C])
rigi

where E is the internal energy of the dissociating ion and cl is
an optimizable parameter nominally dependent on the isotropic
polarizability of the neutral product fragment. This form of
Jrigid(E), which is essentially a first-order correction to PST,
approaches zero as the ion internal energy increases, and above
some energys, frisia becomes so small that the transitional modes
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Figure 8. Energy-specific rate curves for the dissociation of SiCl;C,Hs"
for HCI loss (thick, black line labeled as k1) and for Si—C bond
cleavage modeled either by RRKM (dashed line), two-parameter
SSACM (thin black line), or three-parameter SSACM (red line).

make zero contribution to the number of states. This is clearly
not physical and explains why the SSACM rate curve under-
estimates the true rate curve at higher ion internal energies; it
is ignoring any contribution from 5 out of 27 modes.

This effect can be mitigated by placing a nonzero lower limit
on frigia, such as®

Siwma(E) = eTETERD) 4 (] — o TETEoel)
rigi

where both cl and c2 are treated as optimizable parameters. In
this case, introducing a third parameter (in addition to cl and
Ey) does not significantly increase the flexibility of the model,
and E| can still be well and uniquely defined. A good fit to the
data (even at only low ion internal energies) can be found only
for values of ¢2 < 0.002, and E, varies by only 25 meV
throughout this range. The best fit, found when cl = 5.6 meV,
c2 =0.001, and Ey = 11.873 £ 0.06 eV, is shown in Figure 6.
The dissociation rate curve defined by this three-parameter
model is shown in Figure 8; note that at low energies, it agrees
with the two-parameter SSACM model, and at higher energies,
it agrees with the RRKM model. In general, we would not find
a model with so many adjustable parameters reliable.”” Here,
we are effectively relying on two-parameter SSACM to define
the rate curve at lower energies (and therefore, Ej), RRKM to
define the curve at higher energies, and the three-parameter fit
as a switching function between them.

We emphasize that although RRKM provides an excellent
description of the experimental data, derivation of E; here
requires an extrapolation to dissociation rates unobservable by
the experiment, and RRKM has been shown to be unreliable
for this extrapolation.'® The excellent RRKM fit to the data is
then deceptive as to the accuracy of the derived E,. We rely on
SSACM here, despite its clear deficiencies at higher internal
energies because it has been shown to correctly extrapolate
barrierless ionic dissociation rate curves down to threshold. The
RRKM results are presented to show the extent to which the
derived competitive shift depends on the rate theory employed.

SiCl;C,H;. The dissociation of internally excited SiCl;C,Hs™
is very similar to that of SiCl;C,Hs™. The lowest energy channel
is HCl loss, and at higher energies, the Si—C bond cleaves to
produce SiCl;*. The analysis is similar to that described above
for SiCI;C,Hs*. RRKM theory fits the data well and suggests a
competitive shift of the higher energy channel 150 meV larger
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Figure 9. Breakdown diagram of SiCl;C,H;™. Points are experimental
ion abundances for SiCl;C,H;" (@), SiCL,C,H," (%), and SiCls* (O).
Curves are best-fit simulations using RRKM (— —) or SSACM with
two (solid black line) or three (red line) adjustable parameters. The
indicated Ej is for the vinyl loss channel reaction modeled by the three-
parameter SSACM fit.
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Figure 10. Representative experimental (black line) and simulated (red
line) TOF spectra of the dissociation of SiCl;C,H;" at the indicated
photon energies.

than does SSACM. Two-parameter SSACM provides a good
fit to the data only at lower ion internal energies, whereas a
three-parameter SSACM model fits the full range of the data.
The best fit (Figures 9 and 10) is found when c1 = 10 meV, c2
= 0.006, and E, = 12.278 £ 0.05 eV. The rate curves of the
competing dissociations are shown in Figure 11.

It is not immediately clear in HCI loss from either SiCl;C,H;™
or SiCl;C,Hs" whether the channel is a product of 1, 2 or 1, 3
elimination. In both cases, the product of 1, 2 elimination is
the more stable at the G3 level of calculation, and both
elimination pathways are endothermic. Additionally, we are
unable to locate a transition state to 1, 3 elimination on the
potential surface and assume that the channel proceeds by 1, 2
elimination. The geometry of the four-center transition state for
the 1, 2 elimination is very similar to that calculated for HX
loss in a number of other systems.?8 7% It is unclear whys, if the
1, 2 elimination occurs, no HCI loss is seen in either SiCl;CHj3
or SiCl;CH,Cl. The immediate assumption would be that the
formation of a primary radical causes these channels to be
energetically unfavorable; however, calculations at the G3 level
suggest that both the final product state and the transition state

J. Phys. Chem. A, Vol. 113, No. 34, 2009 9463

10"
k1 SiCl,C,H,* + HCl (k1

SICl3* + CHy" (k2)

SiClyCoHs* >

T T T
15 2.0 25
lop internal energy (eV)

Figure 11. Energy-specific rate curves for the dissociation of
SiCl;C,H;" for HCI loss (thick, black line, k1) and for Si—C bond
cleavage modeled either by RRKM (— —), two-parameter SSACM (thin
black line), or three-parameter SSACM (red line).
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Figure 12. Breakdown diagram of Si,Cls". Points are experimental
ion abundances for Si,Cls" (@), SiCl," (x), and SiCls" (O). Curves
are best-fit simulations using RRKM (— —) or SSACM with two (solid
black line) or three (red line) adjustable parameters.

to 1, 2 elimination are lower in energy relative to the dissociating
ion in both SiCl;CH;" and SiCl;CH,CI than in SiCl;C,H;" or
SiCL;CoHs™,

Si,Clg. Two previous electron impact studies** of Si>Clg report
Si—Si bond cleavage as the lowest energy channel. As shown
in the breakdown diagram (Figure 12), the lowest energy
channel as a result of photoionization is a rearrangement to form
SiCl,™ and SiCly. Only at somewhat higher energies does the
Si—Si bond break to yield SiCl;"and SiCls". Although mecha-
nistically distinct from the HCl loss in SiCl;C,Hs and SiCl;C,H3,
the analysis of the data is nearly identical. The rate of the slow
rearrangement is determined from the shape of the asymmetric
daughter peak in the TOF spectra (Figure 13) using RRKM
theory. E, of the higher energy channel is determined by
modeling the rate of the simple bond cleavage using either two-
or three-parameter SSACM (both yield the same onset to well
within uncertainty). Modeling the higher energy channel rate
using RRKM theory provides a perfect fit to the data; however,
again it suggests a larger competitive shift than does SSACM.

The best-fit rate curves of the Si,Cls"dissociation appear in
Figure 14. As in the SiCl;C,Hs" and SiCl;C,H;" dissociations,
RRKM theory correctly models the rate curve at higher ion
internal energies, whereas two-parameter SSACM models the
rate curve at lower ion internal energies and three-parameter
SSACM over a wider range of energies, although still imper-
fectly at higher energies. The best three-parameter fit is found
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Figure 13. Representative experimental (black line) and simulated (red
line) TOF spectra of the dissociation of Si,Cls™ at the indicated photon
energies.
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Figure 14. Energy-specific rate curves for the dissociation of Si,Clg*
for rearrangement to form SiCl,™ (thick black line) and for Si—Si bond
cleavage modeled by RRKM (— —), two-parameter SSACM (thin black
line), or three-parameter SSACM (red line).

TABLE 1: Ancillary Heats of Formation (kJ mol ')

species AHY 0 K¢ Hiosx — Hok AHY 298 K

SiCly —660.1 18.9 —662.8 £+ 2.0°
CH5’ 149.9¢ 10.5¢ 146.7 £ 0.3¢
CH.CI’ 123.7 11.7 121.3 £ 4.2¢
C,Hs' 132.3¢ 11.7¢ 120.7 & 1.0¢
C,Hy’ 298.9 10.6 2954 4+ 1.7

¢ Uncertainties in the 0 K values are the same as the 298 K
values unless otherwise noted. ”The average value taken from
Wang and He, Chase, and Walsh.!>¢ ¢ From Bodi et al.** ¢ From
Ruscic et al.*® ¢ From Lazarou et al. and DeMore et al.’***” / From
Parthiban and Martin, and Kaiser and Wallington.?$*

when Ey = 11.333 £0.06 eV, c1 = 3.5 meV, and c2 = 0.0002.
Thermochemistry derived from the measured onset is discussed
below.

Thermochemistry

Because the heats of formation of SiCl, and CI° are well-
known (Table 1), the E, for SiCl, dissociation determines the 0
K heat of formation of SiCl;" (Table 2). This value can be
converted to the 298 K heat of formation (AH{»sx = 435.6 &
2.0 kJ mol™!) by the standard thermochemical cycle (by

Shuman et al.

convention, the e is treated as remaining at 0 K). An evaluation
of older experimental determinations suggested 427 £ 13 kJ
mol~!,3! which is, within the experimental uncertainty, equal
to our value, but the latter is far more precise. An older
calculation at the CCSD(T)/AVQZ level reports 421 kJ mol ™!,
significantly off the current result, but a recent G3(CC)
calculation (439.3 kJ mol™!) is in excellent agreement.!

Using SiCls™ as an anchor, the Ey’s measured for SiCl;H,
SiCl;CH;, SiCl;CH,CI, SiCl;C,Hs, and SiCl;C,H; each yield
the heat of formation of the neutral species (Table 2). Of these
compounds, prior experimental heats of formation exist only
for SiCl3H and SiCl;CHjs. The NIST—JANAF compilation’
reports the SiCl;H 298 K heat of formation as —496.2 4+ 4.2 kJ
mol !, and Walsh® suggests an evaluated number of —499 + 7
kJ mol~!, both in excellent agreement with our experimental
value of —494.4 + 2.3 kJ mol™!. On the other hand,
NIST—JANAF reports the SiCl;CH3 AH} 05k as —529 kJ mol ™!,
nearly 50 kJ mol~! more positive than the value reported here.’
These are the first reliable heats of formation for most of these
species and provide a means to evaluate calculated results. We
have calculated the heats of formation of each of these species
by employing isodesmic reactions and two common model
chemistries, G3 and CBS-QB3 (Table 3). The values derived
using the two model chemistries are in excellent agreement with
one another (differing by less than 3 kJ mol™! in all cases), and
their averaged value is in excellent agreement with the
experimental values (differing by just —3.1 (SiCl3CH,Cl),
—2.1(SiCI;CH3), 2.6 (SiCl3C,Hs), 3.4 (SiCl;C,H;), and 5.8
(SiCl;H) kJ mol™!). We note that if the Ey’s derived using
RRKM theory for the SiCl;C,Hs and SiCl,C,Hj systems were
accurate, the calculated heats of formation would be 9 and 11
kJ mol™! too positive, respectively. This supports our initial
assumption that, although RRKM theory is able to correctly
model the dissociation rate throughout the experimental region,
the extrapolation to lower ion internal energies overestimates
the competitive shift.

The Si,Clg system poses a problem because neither the heat
of formation of Si,Clg nor SiCl;" is well-known. Instead, we
rely on a calculated value of the Si,Clg heat of formation using
the same scheme of isodesmic reactions that accurately repro-
duces the experimental heats of formation of the other SiCl;R
derivatives (Table 3). Using the average of two isodesmic
reactions, each calculated by G3 and CBS-QB3, we suggest
that Slzcl(, AH?_QK =—979 £+ 6 kJ mol_l, AngggK = —980 +
6 kJ mol~!. Assigning uncertainties to calculated values is a
somewhat subjective task. The reported uncertainty assumes an
uncertainty of 10 kJ mol™! in each G3 and CBS-QB3 calculated
isodesmic heat of reaction and treats both the two model
chemistries and the two isodesmic reactions as independent of
each other, yielding four determinations of the heat of formation
of Si,Cls. The number appears reasonable in consideration of
the high accuracy with which the same scheme reproduces the
experimental heats of formation of similar compounds. With
the Si,Clg heat of formation defined, the measured E\, determines
the heat of formation of the SiCl; radical to be AHYjx = —322
+ 8 kI mol™!, AHY0sx = —323 & 8 kJ mol™!. This value is
significantly different from the NIST—JANAF result (—390 £+
17)° and also in somewhat poor agreement with the value
suggested by Walsh (—335 = 8 kJ mol!).® However, the Walsh
value is based on accepting SiClsH AH 05 = —499.1 & 7 kJ
mol~!. Adopting the more accurate heat of formation determined
here adjusts the Walsh SiCl;" heat of formation to —330 £ 8
kJ mol™!, mitigating the discrepancy. Theoretical determinations
of the SiCl;" heat of formation range between —315 and 320 kJ
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TABLE 2: Heats of Formation Derived from SiCI;R — SiCl;" + R® Ey’s

AH? 0 K AHY 298 K
species reaction products measured onset (eV) (kJ mol™1) Hyosx — Hox (kJ mol™) AHY? 298 K (lit.)
SiCls* SiCl* + CI° 12.615 + 0.005 437.1 £2.0 15.6 4356 £2.0 439.34, 427 & 134, 421°¢
SiCl;H SiCls* + H* 11.852 +0.010 —489.6 £ 2.3 16.3 —494.4 +£223 —488.59, —496.2 4 4.2¢,
—499.2 £ 7°
SiCl;CH; SiCl;* + CH5' 11.945 + 0.005 —566.5 £ 2.2 21.3 —575.8+£2.2 —5294
SiCl;CH,C1 SiCl;* + CH,CI' 11.618 + 0.008 —560.3 £5.6 23.9 —5674+£5.6
SiCl;C,Hs SiCl;* + C,Hs' 11.873 £ 0.06 —576.2 £ 6.1 25.0 —591.5+6.1
SiCl;C,H; SiCl;* + C,Hy’ 12.278 + 0.05 —448.7+ 5.4 24.2 —4563+54
SiCls* SiCl;* + SiCly* 11.333 £+ 0.06 —320 £ 8 16.2 —321 +£8 —330£8,°—390 £ 17,7

—326 &+ 12%, —317.3¢

@ Calculation by Wang and He.' ” Evaluation by Weber and Armentrout.’! ¢ From Basuchlicher and Partridge.’> ¢ From NIST—JANAF.

¢ From Walsh.®

TABLE 3: Heats of Formation of SiCl;R by Isodesmic Reaction Calculations® (kJ mol ')

AH,
species reaction G3 CBS-QB3 AHY P deviation from exp®

SiCl;CH; 4SiCl;CH; — Si(CH3)4 + 3SiCly 86.0 88.1 —567.9 —1.7
SiCl;H SiCI3H + SiH;Cl — SiCl, + SiHy —8.9 —6.5 —483.2 6.8

SiCI3H + (2/3)SiH3CH; — SiH3Cl + (2/3)SiCl1;CH; —10.7 —10.6 —486.7 3.3
SiClI;CH,C1 SiCI;CH,CI + (3/4)SiH, — (3/4)SiCl, + SiH;CH,Cl 21.7 20.3 —565.5 —4.6

SiCl;CH,Cl + SiCIH; — SiCl, + SiH;CH,Cl 12.8 13.8 —561.1 —0.2
SiCl;C,Hs SiCl;C,Hs + CH, — SiCl;CH; + C,Hg 6.9 6.4 —574.5 2.4
SiCl3C,H; SiCl;C,H; + CH, — SiCl;CH; + C,Hy 7.4 7.2 —446.1 34
Si,Clg Si,Clg + (3/2)SiH, — Si,Hg + (3/2)SiCly 18.9 21.0 —984.1

Si,Cls + (3/2)Si(CHz)s — Six(CHy)s -+ (3/2)SiCl, 25.0 282 —974.2

@ Detailed results of calculations and ancillary heats of formation available as online Supporting Information. ® Determined using the
averaged AH, of the two model chemistries. ¢ Calculated AHY compared to experimental values from Table 2.

TABLE 4: Si—R Bond Dissociation Energies of SiC3R
BDE 0 K BDE 298 K*

SiClb—R (kI mol™")  (kJ mol™") lit. BDE 298 K
SiCL—Cl 458 + 8 461 462 4+ 9,0 465.7 + 4.2¢
SiCl,—H 38449 391 382 + 54395 & 5
SiCl;—CHj 394+ 8 399
SiCLi—CH,Cl 362 + 8 366
SiCL—C,Hs 387 + 10 391
SiCl—C,H; 42649 428
SiCL—SiCl; 33449 334

¢ Uncertainties in the 298 K values are the same as the 0 K
values unless otherwise noted. * From Walsh.*’ ¢ From Hildenbrand
et al.*! ¢ From Walsh.*

mol~!,! in reasonable agreement with the value reported here.
Adopting this heat of formation sets the adiabatic IE of SiCl;"
at 7.87 £ 0.08 eV. The bond dissociation enthalpy (BDE) of
each of the neutral species investigated here is equal to the
difference of the respective E, and the IE of SiCls'; the derived
BDE values appear in Table 4.

The experimentally determined heats of formation of the
trichlorosilane species may be used in isodesmic reaction
calculations to accurately determine the heats of formation of
saturated alkyl silanes of interest in chemical hydrogen storage
systems.> The isodesmic reactions and resulting heats of
formation appear in Table 5. The heats of formation of three of
the compounds—SiH,, SiH;CHj;, and SiH;CH,Cl—may be
compared to the values of Dixon et al.” and Martin et al.*
calculated using higher level ab initio methods, and are in
reasonable agreement.

Summary

The 0 K onsets of SiCI3R — SiCl;t + R* (R = Cl, H, CHj,
CH,Cl, C,Hs, C,Hj, SiCls) have been measured by TPEPICO
spectroscopy. From these onsets, the heats of formation of

TABLE 5: Heats of Formation (kJ mol ') of SiH;R by
Isodesmic Reaction Calculations SiH;R + SiCly — SiChLR +
SiCl3;H

AH,
CBS- H298K -
SpCCiCS G3 QB3 AHOfY()k H()K AHRzggk lit. AH(f)_zggk
SiHy 8.9 6.5 19.2 105 30.7 37.7¢

SiH;CH; —189 —202 —19.2 135 —354 —28.9
SiH;CH,Cl —12.8 —13.8 —20.1 14.8 —353 —35.6
SiH;C,Hs  —24.7 —259 —24.1 16.6 —46.6
SiH;C,H;  —17.0 —17.7 955 152 79.9
SiH;SiCl; —09 —19 5407 24.1 531.9

@ Calculated by Karton and Martin.** ? Calculated by Grant and
Dixon.?

SiCl;™, SiCl;H, SiCl;CHs, SiCl;CH,Cl, SiCl,C,Hs, and SiCl;C,H;
were derived. A series of isodesmic reactions calculated using
the G3 and CBS-QB3 model chemistries were shown to ac-
curately reproduce the experimental thermochemistry, and this
scheme was used to determine to heat of formation of Si,Cls.
Using the calculated Si,Cls heat of formation and experimentally
determined onset, the heat of formation of SiCl;" was determined.
From this value, the adiabatic ionization energy of SiCl;" along
with the Si—R bond dissociation enthalpies of the six neutral
molecules investigated were derived. Finally, the heats of forma-
tion of the analogous series of SiH;R were calculated using
isodesmic reactions.
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