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The reactions of silyl and silyl-d3 radicals with nitric oxide, SiH3 + NO f SiH3NO (1) and SiD3 + NO f
SiD3NO (2), have been studied using pulsed excimer laser photolysis coupled with time-resolved photoionization
mass spectrometry over the temperature range 301-817 K. The rate constants were measured in the ranges
0.75× 1016 e [He] e 32.0× 1016molecules cm-3 and 301e Te 611 K. Both reactions are in the pressure
falloff regions considerably far from the true low-pressure limit. RRKM fittings using the Troe factorization
approach yielded the low-pressure limit and high-pressure limit rate constants:k1,tri ) (3.12( 0.12)× 10-29(T/
298)-2.96(0.09 cm6 molecule-2 s-1, k2,tri ) (9.02( 0.40)× 10-29(T/298)-3.36(0.11 cm6 molecule-2 s-1, k1,inf )
(3.9( 1.1)× 10-11(T/298)-1 cm3 molecule-1 s-1, andk2,inf ) (5.0( 1.3)× 10-11(T/298)-1 cm3 molecule-1

s-1. Equilibrium constants were measured in the temperature range 711-817 K. The standard enthalpies of
reactions 1 and 2 were determined using the third law method. The bond energies determined are DH°0(H3Si-
NO) ) 153.7( 5.7 kJ mol-1, DH°298(H3Si-NO) ) 158.9( 5.7 kJ mol-1, DH°0(D3Si-NO) ) 156.1( 5.7
kJ mol-1, and DH°298(D3Si-NO) ) 160.8( 5.7 kJ mol-1. This value of DH°0(H3Si-NO) is ca. 30 kJ
mol-1 higher than previous estimates.Ab initio structural parameters were used to calculate the thermodynamic
functions of SiH3, SiD3, SiH3NO, and SiD3NO. Both the singlet and the low-lying triplet states were taken
into account for the adduct molecules. The calculated thermodynamic functions were used to obtain the
standard entropies of the reactions 1 and 2:∆S°298(rxn 1)) 143.1 J mol-1 K-1 and∆S°298(rxn 2)) 146.0
J mol-1 K-1. The rate constants of the reaction SiH3NO + NO f products (3) were measured in the
temperature range 301-611 K: k3 ) (2.95( 0.38)× 10-13(T/298)-1.59(0.29 cm3 molecule-1 s-1.

Introduction

Silicon-centered transient species are the key intermediates
in the silicon and silicon-containing thin film chemical vapor
deposition (CVD) processes.1,2 CVD produced thin films of
silicon nitride are used in microelectronics3,4 as well as
protective coatings.5,6 Detailed mechanistic models of CVD
processes1,2 require knowledge of a large body of elementary
gas-phase and gas-surface reaction rate constants as well as
thermodynamic properties.
Direct kinetic studies of reactions of small silicon hydride

radicals have been recently reviewed.7 These studies provided
a significant body of rate constant data as well as (Via the
equilibrium constant determination) the Si-H and Si-N bond
energies in SiH4,8 Si(CH3)3H9, and Si(CH3)3NO.10

There is significant uncertainty in the magnitude of the
silicon-nitrogen bond energy in nitrososilane, SiH3NO. Sug-
awaraet al.11 measured the rate constant of the elementary
reaction

at ambient temperature and reported the third-order kinetics and
the termolecular rate constantk1 ) (8.2 ( 0.9)× 10-30 cm6

molecule-2 s-1 (N2, 3-11 Torr). The study by Loh and
Jasinski12 at a single buffer gas density (9.5 Torr, He) confirmed
the absolute value of the rate constant of reaction 1.

In the earlier studies by Nayet al.13 and Kamaratos and
Lampe,14 where NO was employed as a scavenger of silyl
radicals, SiH3ON was suggested as a product of reaction 1.
Silylnitrosyl, SiH3NO, suggested as a product of this reaction
by Sugawaraet al.,11 was confirmed byab initio calculations
of Marshall.15

There have been attempts to evaluate the Si-N bond energy
in SiH3NO based on the absolute value of the rate constant of
reaction 1.15,16 Chasovnikovet al.16 using estimated structural
parameters for SiH3NO concluded that the silicon-nitrogen
bond in nitrososilane is relatively weak, 134-188 kJ mol-1.
Marshall,15 usingab initio structural parameters, and assuming
the true low-pressure limit for the rate constant reported by
Sugawaraet al.,11 estimated H3Si-NO intrinsic bond energy
as 117 kJ mol-1. This value substantially (ca. 30 kJ mol-1)
differs from the ab initio BAC (BAC ) bond additivity
corrections) value calculated by Melius and Allendorf,10 150
kJ mol-1 (DH°298). Theab initio-BAC result for the Si(CH3)3-
NO bond enthalpy at 298 K (191 kJ mol-1) is, however, in
excellent agreement with the experimental value (190 kJ
mol-1).10 The controversy can be summarized as follows: either
reaction 1 is in its true low-pressure limit at ambient temperature
and pressures below 10 Torr and the theoretical results (ab
initio-BAC) significantly overpredict the Si-N bond energy
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in SiH3NO, or the theoretical results are correct and reaction 1
is in the pressure falloff, far from the true low-pressure limit.
For these reasons, we decided to reinvestigate the kinetics

of reaction 1 over a wide range of pressures and temperatures.
We also decided to confirm our findings by the additional study
of SiD3 + NO (reaction 2):

Additional kinetic information on the reaction of the adduct,
Si(CH3)3NO, with nitric oxide (reaction 3) was also obtained
in the course of these experiments using different experimental
conditions than those used to study reactions 1 and 2:

The results of these latter experiments are also presented.

Experimental Section

The apparatus17 and procedures used in the rate constant and
equilibrium constant measurements10,18 have been described
previously. Briefly, gas flowing through the 1.05 i.d. heatable
tubular quartz reactor contained the radical precursor (see below)
NO in varying amounts and an inert carrier gas (He). Reaction
was initiated by pulsed, unfocused 248 nm radiation from a
Lambda Physik 201 MSC laser directed along the axis of the
tubular reactor. The repetition rate of the laser pulses was
adjusted so that the flow velocities used (4-6 m s-1) were
adequate to completely replace gases in the reactor between
laser pulses.
Gas emerging from a small sampling orifice in the wall of

the reactor is formed into a molecular beam by a conical
skimmer and analyzed continuously using photoionization
quadrupole mass spectrometry. Vacuum-UV radiation from
atomic resonance lamps was used for photoionization.
The experiments were done using SiH3I ((1.7-32) × 1012

molecules cm-3) and SiD3I ((10-15)× 1012 molecules cm-3)
as the SiH3 and SiD3 radical precursors.12 The quantum yield
of SiH3 radicals at 248 nm was measured by Loh and Jasinski
as 0.2.12

The decay of the radicals was monitored in time-resolved
experiments in the absence and presence of NO (using varied
concentrations) to obtain reaction rate constants. Experiments
were conducted under pseudo-first-order conditions ([NO].
[SiH3]0, [SiD3]0).
The initial concentrations of SiH3 and SiD3 were kept low

((3.8-79)× 109 and (25-41)× 109 molecules cm-3, respec-
tively) to assure that radical-radical recombination was a
negligible competing process.
Under the typical experimental conditions used, the silyl

radicals, SiH3 and SiD3, were lost only by the reactions of
interest (1, 2) and by a kinetically first-order heterogeneous loss
processes (4, 5):

At low temperatures (301-611 K), the dissociation of the
adducts formed in reactions 1 and 2, SiH3NO and SiD3NO, is
unimportant, and the observed SiH3(D3) decay curves are single-
exponential.
Only reactions 1 and 4 (2 and 5) were responsible for the

observed radical decays:It(SiH3) ) I0(SiH3) exp(-k′t), where
k′ ) k1[NO] + k4. The dependence of the measured exponential

decay constant (k′) on the concentration of NO added yielded
the rate constantk1.
At higher temperatures (711-811 K) SiH3NO dissociation

(reaction-1) plays a role, and additional kinetic processes
involving the consumption of the adduct must be taken into
account. The loss of the adduct occurs by reaction 3 as well as
by a heterogeneous loss process, reaction 6:

The experimental SiH3 decay is expected to be a double-
exponential function in this case. A standard procedure was
used to calculate the equilibrium constant from the parameters
of the double-exponential function fitted to the experimentally
measured SiH3 and SiD3 radicals temporal profiles.19,20

Silylic radicals have rather large wall loss rate constants
(120-300 s-1 in a 1.05 cm i.d. reactor) even when highly inert
wall coatings, such as poly(tetrafluoroethylene) or Halocarbon
Wax, are used.10,21 In an uncoated reactor, the wall loss rate
constant of silyl radicals (>1000 s-1 21,22) becomes too large
to permit kinetic measurements. The halogenated materials
(Teflon, 852-200) and Halocarbon Wax (Halocarbon Wax Corp.,
Hackensack, NJ) used as coatings in previous studies are stable
to 280 °C (Teflon) and could not be used in the equilibrium
study. To reduce the wall loss rate constant to an acceptable
level (150-300 s-1 in 1.05 cm reactor), a poly(dimethylsilox-
ane) (PDMS) with an average molecular weight of 100 00023

and a boron oxide coating10 were used. A PDMS coating was
used over the temperature range 300-611 K and a boron oxide
coating over the 300-950 K range. Boron oxide (B2O3) is
liquid at temperatures above 460°C with a very low vapor
pressure (boiling point isca. 1860 °C24). The procedure of
preparation of B2O3 coating is described elsewhere.10 The boron
oxide coating has approximately the same wall activity toward
SiH3 and Si(CH3)3 recombination as the coatings with the
halogenated materials mentioned above but can be used at least
up to 950 K. (This is the highest temperature tested in the
current and previous10 studies, the actual temperature limit for
this coating is unknown.)
Most of the experiments were conducted using a 1.05 cm

i.d. reactor coated with boron oxide. A few series of experi-
ments were performed using PDMS as a wall coating in order
to confirm that proper account was taken of the heterogeneous
reactions.
The SiH3 and SiD3 radicals were detected atm/z ) 31 and

34, respectively (parent peaks), using a Cl resonance lamp with
a CaF2 window as the photoionization source (hν ) 8.9-9.2
eV; ionization potential of SiH3 ) 8 eV25). The products of
reactions 1 and 2, SiH3NO and SiD3NO, were detected at their
parent peaks (m/z ) 61 and 64, respectively), using a H
resonance lamp with a MgF2 window (hν ) 10.2 eV; ionization
potentials of SiH3NO and SiD3NO are unknown).
Helium (HP) was obtained from Matheson. Nitric oxide,

obtained from Aldrich, with an initial purity 98.5%, was distilled
(7-9 times) to reduce the amount of NO2 to a 0.003-0.02%
level. The amount of nitrogen dioxide was measured mass
spectrometrically. Direct measurements of [NO2] were possible
at concentrations higher than 0.01%; lower levels were deter-
mined by freezing the NO2 in the flowing gas at liquid nitrogen
temperature for 10 min with subsequent warming of the trap
and measurement of the time-integrated ion signal of the
evaporating NO2.10

SiH3I and SiD3I, courteously provided by Dr. David B. Beach
(IBM, Yorktown Heights, NY), were purified by trap-to-trap
vacuum distillation.

SiD3 + NOf SiD3NO (2)

SiH3NO+ NOf products (3)

SiH3 f heterogeneous loss (4)

SiD3 f heterogeneous loss (5)

SiH3NOf heterogeneous loss (6)
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Experimental Results

Kinetics and Thermochemistry of SiH3 + NO f SiH3NO
and SiD3 + NO f SiD3NO Reactions. Figure 1 displays a
typical single-exponential SiH3 decay profile and plots of the
pseudo-first-order rate constants as a function of the concentra-
tion of added NO at different bath gas (He) densities. The slopes
of the latter yield the rate constants of reaction 1. The second-
order rate constants of reactions 1 and 2 obtained in this way at
different densities of the bath gas (He) are shown in Figure 2.
The experimental conditions of these experiments and the results
obtained are given in Table 1 and Table 2. Single-exponential
decays were observed up to 611 K. The rate constants obtained
by the global fits of the double-exponential kinetics in the 711-
817 K temperature range together with the values obtained by
the extrapolation of the low-temperature data are also listed in
Tables 1 and 2.
Other photolytical pathways in photodissociation of SiH3I

(such as SiH3I + hν f SiH2 + HI and SiH3I + hν f SiHI +
H2) may lead to possible mechanistic complications. An
interference of the products of these undesirable species could
be expected only if the silyl radical is regeneratedVia I atom
abstraction from SiH3I in secondary reactions of free radicals,
or other transient species, with the precursor molecule, SiH3I,
on the time scale of the measurements. No explicit kinetic
treatment of this problem is currently possible due to the lack
of data on the products of the reactions of SiH2 and SiHI with
NO, as well as on the rate constants of reactions of these
products with SiH3I.7 Kinetically, these processes could be
revealed by varying the precursor concentration. No systematic
changes of the measured rate constants with the precursor
concentration have been found (see, for example, Table 1;
temperature 506( 3 K).
Above 611 K, double-exponential decays were observed

(Figure 3, insert). Double-exponential decays were recorded
over the temperature range 711-817 K. At higher temperatures
the lifetime of the short-lived exponent is too short and the
amplitude is too small; therefore, only the lifetime of the long-
lived component can be determined.

At these higher temperatures, the mechanism of the reaction,
neglecting radical-radical second-order processes, consists of
the reactions 1,-1, 3, 4, and 6. The solution of the set of two
linear differential equations describing this set of reactions is a
double-exponential decay:19,20

The parameters of the double-exponential decay (A1, A2, λ1,
λ2) are each known functions of the four combinations of the
rate constants of the reactions in the mechanism and the NO
concentration (k4, k1′, k-1, andk3′): k4 is the rate constant of
the radical wall loss process;k1′ ) k1[NO] is the pseudo-first-
order rate constant of the forward reaction 1;k-1 is the first-
order rate constant of the reverse reaction-1; k3′ ) k3[NO] +
k6 is the pseudo-first-order rate constant of all processes leading
to disappearance of the adduct, excluding process-1. The
fitting of the experimental decay curves by the double-
exponential function (7) provides three parameters:λ1, λ2, and
the ratioA1/A2. The fourth parameter,k4, is determined in a
separate experiment in which no NO is added. The four
experimentally determined parameters were used to calculate
k1′, k-1, andk3′ for each experimental condition used: temper-
ature, buffer gas density, and concentration of NO. The
equilibrium constants of reaction 1 were determined using eq
8:

The equilibrium constantKC was converted into the thermo-
dynamic equilibrium constantK ) (PSiH3NO/P°)(PSiH3/P°)-1(PNO/

Figure 1. Example of silyl radical decay kinetics in the the presence
of NO recorded atm/z) 31 (insert). The pseudo-first-order decay rate
constant plotted vs NO concentration at different densities of the buffer
gas (He) atT ) 506 K. The experimental point corresponding to the
displayed kinetics is indicated by the square. Experimental conditions:
[SiH3I] ) 3.15× 1013 molecules cm-3, λ ) 248 nm, [He]) 15.6×
1016 molecules cm-3, [NO] ) 1.86× 1015 molecules cm-3, T ) 507
K, Cl lamp with CaF2 window, B2O3 wall coating.

Figure 2. Buffer gas density dependences of the rate constants of SiH3

+ NOf SiH3NO (top) and SiD3 + NOf SiD3NO (bottom) reactions
at different temperatures. The solid triangle point represents the
experimental result of Loh and Jasinski.12 The solid lines drawn through
the experimental points are the results of the global fits using the Troe
factorization approach (see text for details).

[R] ) [R]0{A1 exp(-λ1t) + A2 exp(-λ2t)} (7)

KC ) k1/k-1 ) (k1′/[NO])/k-1 (8)

SiH3 (SiD3) + NO Kinetics and Thermochemistry J. Phys. Chem. A, Vol. 101, No. 27, 19974931



P°)-1 (standard state: ideal gas atP° ) 1 bar). The standard
enthalpy of reaction 1,∆H°298, was determined from the slope
of the modified van’t Hoff plot26,27

where∆S°298 is the standard entropy of reaction 1.
The corrections for reactions 1 and 2 were calculated using

the thermodynamic functions of SiH3NO, SiD3NO, SiH3, SiD3,
and NO. Tabulated thermochemical data for NO were used.28

The thermodynamic functions of SiH3NO and SiH3 were
calculated using the theoretical (ab initio + bond additivity
corrections) structural parameters, vibrational frequencies, and,
for the adduct molecules, the energy splittings between the two
low-lying (singlet and triplet) electronic states (Melius and
Allendorf10). The thermodynamic functions of SiD3NO and
SiD3 were calculated using the calculated sets of the vibrational
frequencies and the moments of inertia for external and internal
rotations. The vibrational frequencies were determined using
the known frequencies for SiH3NO and SiH3, the matrices of
the normal mode vectors obtained in theab initio calculations,10

and the mass matrices. While more accurate thermodynamic
functions of SiH3, which account for anharmonicity of the
inversion vibrational mode, are available,29 the thermodynamic
functions calculated in this work were used for the current
thermochemical calculations for consistency.
The equilibrium constants for reactions 1 and 2 as well as

the calculated corrections are given in Table 3. Two types of
fits were used to obtain equilibrium constants from the
experimental radical decay profilesssingle profile fits and
“global” fits. The two exponentials in the experimental double-

TABLE 1: Rate Constants for SiH3 + NO f SiH3NO

T/Ka
[He]/
1016 b

[SiH3I]/
1012 b

[SiH3]0/
109 b,c coatingd k1/10-13 e

306 9.00 1.67 5.0 PDMS 10.2( 2.5
306 9.00 1.83 3.8 PDMS 9.20( 3.10
303 16.0 1.83 5.0 B2O3 20.0( 3.2
301 32.0 2.40 5.2 PDMS 29.8( 4.2
401 0.748 26.2 79 B2O3 1.44( 0.12
400 3.75 9.53 29 B2O3 3.82( 0.39
397 15.9 15.6 47 B2O3 9.19( 0.50
505 0.760 6.18 9.3 B2O3 0.555( 0.080
505 0.798 26.6 80 B2O3 0.704( 0.020
505 0.817 25.5 77 B2O3 0.745( 0.027
505 3.74 25.6 77 B2O3 1.58( 0.05
506 7.71 16.4 3.0 B2O3 2.66( 0.08
506 7.80 9.33 28 B2O3 2.22( 0.10
507 15.6 31.5 32 B2O3 4.56( 0.04
507 15.8 9.27 28.0 B2O3 5.65( 0.74
611 3.79 6.26 9.4 B2O3 0.778( 0.032
607 7.58 4.1 12.0 PDMS 0.97( 0.11
608 8.76 2.23 6.7 PDMS 1.47( 0.15
611 15.6 3.95 12 PDMS 2.32( 0.23
605 15.7 6.62 9.9 B2O3 1.86( 0.06

From the Double-Exponential Kineticsf

711 8.77 1.78 5.3 PDMS 0.45( 0.08 (0.83)g

715 15.7 7.05 10.6 B2O3 1.02( 0.04 (1.31)
730 30.7 10.6 111 PDMS 0.65( 0.07 (2.07)
765 8.73 4.46 13.4 PDMS 0.54( 0.07 (0.64)
769 15.6 7.05 10.6 B2O3 0.48( 0.04 (1.01)
812 3.78 0.87 1.3 B2O3 0.23( 0.03 (0.25)
817 15.6 7.14 10.7 B2O3 0.62( 0.12 (0.82)

a Temperature uncertainty(3 K. bConcentrations in molecules cm-3.
c Initial concentrations of SiH3 radicals calculated using the yield of
SiH3 in photodissociation of SiH3I at 248 nm, 0.2 (ref 12), and
photodecomposition of SiH3I (typical decomposition fractions in the
experiments were 1.0-1.7%, without attenuation of laser radiation they
were measured directly, and when attenuated radiation was used the
attenuation factor was estimated from the SiH3 radical signal amplitude).
d PDMS) poly(dimethylsiloxane), mean molecular mass) 100 000;
B2O3 ) boron oxide.eThe rate constants in cm3 molecule-1 s-1. The
errors are one standard deviation of the linear regressions of the plots
of k′ Vs [NO] and represent the statistical scatter of the experimental
points only.f From the global fit (see text).g The values in parentheses
are obtained by the extrapolation of the low-temperature data.

ln(K) + correction) ∆S°298/R- ∆H°298/RT (9)

correction) -∆(δS°T,298)/R+ ∆(δH°T,298)/RT (10)

δS°T,298) S°T - S°298; δH°T,298) H°T - H°298 (11)

TABLE 2: Rate Constants for SiD3 + NO f SiD3NOa

T/Kb [He]/1016 c k2/10-13 d,e

302 3.83 13.1( 1.30
400 3.86 6.64( 0.45
400 7.85 9.41( 0.16
397 16.0 16.9( 0.53
505 0.80 1.26( 0.13
505 3.79 2.90( 0.08
506 7.77 4.52( 0.10
507 15.6 7.40( 0.29
605 3.81 1.49( 0.06
607 7.79 2.19( 0.06
611 15.6 3.54( 0.06

From the Double-Exponential Kineticsf

711 8.00 1.03( 0.28 (1.33)g

a Experimental conditions: reactor, 1.05 cm i.d.; wall coating, B2O3;
SiD3 radical precursor, SiD3I, [SiD3I] ) (1.0-1.5)× 1013 molecules
cm-3; wavelength, 248 nm; initial SiD3 radical concentration, [SiD3]0
) (2.5-4.1) × 1010 molecules cm-3 (estimated using the assumed
quantum yield of SiD3 radical from SiD3I equal to that of SiH3 from
SiH3I at 248 nm, 0.2 (ref 12), the precursor concentrations and the
photodecomposition fractions).b Temperature uncertainty(3 K. cCon-
centration in molecules cm-3. dRate constants in cm3 molecule-1 s-1.
eErrors are(1 standard deviations and reflect statistical accuracy
(scatter of points) only.f [SiD3I] ) 0.59× 1013molecules cm-3, [SiD3]0
) 8.6× 1010 molecules cm-3. g The value in parentheses is obtained
by the extrapolation of the low-temperature data.

Figure 3. Modified van’t Hoff plots of the equilibrium constants of
the reactions SiH3 + NO a SiH3NO (circles) and SiD3 + NO a
SiD3NO (triangles). The lines represent the third law fittings. The points
at 1/T) 0 used in the third law fit were calculated from thermodynamic
functions of the reagents and product molecules (SiH3, SiD3, NO, SiH3-
NO, and SiD3NO). Insert, top: an example of a double-exponential
radical decay kinetics recorded at 769 K. Experimental conditions:
[SiH3I] ) 7.05× 1012 molecules cm-3, λ ) 248 nm, [He]) 15.6×
1016 molecules cm-3, [NO] ) 7.11× 1015 molecules cm-3, T ) 769
K, Cl lamp with CaF2 window, B2O3 wall coating. The dotted line is
the result of a single-exponential fit to the experimental points att >
4 ms. Insert, bottom: an enlarged portion of the main plot.
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exponential profiles are not well separated in the current
experiments due to the following reasons. First, the reactions
under study (1 or 2) are essentially in the pressure falloff region
at the experimental conditions used, and large concentrations
of NO are required to provide a reaction rate comparable to the
rate of radical decay on the reactor wall. At these high
concentrations of NO, reaction 3 (and its deuterium-substituted
analog) contributes significantly to the radical decay kinetics.
Second, the isotope peak of NO (15N16O+) overlaps with the
parent ion of SiH3 at m/z ) 31 and gives a considerable
contribution to the “base line” signal, which reduces the signal/
noise ratio of the ion signal temporal profiles. Only a limited
number of the experimental profiles allowed separation of the
two exponentials. To improve the reliability of the extracted
parameters, a global fit of a set of kinetic profiles obtained at
the same experimental conditions with variable concentration
of NO added was attempted. The procedure is illustrated on
the set of kinetic profiles recorded at 715 K (Table 3). Seven
kinetic profiles were recorded with NO added and two without
NO (to determine the wall decay constant). Only four of the
seven profiles were suitable for the double-exponential fitting.
In each case fourindependentfitting parameters were used (A1,
A2, λ1, andλ2 for each temporal profile); therefore, the total
number of the fitting parameters was 16, with experimental

information from four profiles. In theglobal fit, all seven
experimental profiles were fitted to the fitting function that
contains only 11 fitting parameters (seven initial amplitudes,
k1, k-1, k3, andk6). Due to thereductionin the number of the
fitting parameters as well as utilization ofadditional experi-
mental information from the three extra profiles (which is
discarded in the usual approach), the standard deviation of the
global fit was improved compared to the single profile fits. The
equilibrium data obtained using the global fitting procedure
together with the results of the single profile fits are given in
the Table 3. It should be noted, however, that, in spite of a
significant improvement in the standard deviation of the resulting
equilibrium constants at individual temperatures, the quality
(scatter of points) of the modified van’t Hoff plot was not
improved by the global fit procedure.
The rate constants of reactions 1-3 obtained in the fits of

the double-exponential kinetics are listed in Tables 1-3. In
the most reliable cases rate constants agree with the values
obtained by the extrapolation of the low-temperature data within
20-30%. Rate constants of reaction 3 obtained in the fittings,
as shown in Figure 6, are in good agreement with extrapolation
from low-temperature measurements.
Modified van’t Hoff plots of the equilibrium constants of

reactions 1 and 2 are shown in Figure 3. The lines drawn
through the experimental points in Figure 3 are the third law
fits using the calculated standard entropy of the reactions 1 and
2:

The third law procedure uses these calculated reaction entropies
as the ordinate intercepts of the modified van’t Hoff plots
(intercept) ∆S°298/R) and provides the following standard
enthalpies of reactions 1 and 2 from the slopes of the lines
through the corrected equilibrium constants and the intercepts:

The errors are one standard deviations of the fits plus the errors
due to the accuracy of the gas flow, pressure measurements,
and the temperature uncertainty.
The accuracies of∆H°298 of reactions 1 and 2 determined

by the third law method were estimated as follows. The
accuracy of the equilibrium constants measured in the middle
part of the temperature range studied (711-817 K) is determined
by their statistical scatter, by the errors of the gas flow
measurements, and by the temperature uncertainty. The stan-
dard deviations of the fits due to the scatter of experimental
points are(2.3 and(3.9 kJ mol-1 for reactions 1 and 2,
respectively. The combined error introduced intoKp by the
small uncertainties of pressure and flow measurements and the
temperature uncertainty ((3 K) is estimated as 22%, leading
to the errors in the standard enthalpies of the reactions(1.4 kJ
mol-1.
The intercept of the modified van’t Hoff plot is obtained from

the calculated standard entropy of reaction 1. In general,
theoretical calculations provide reliable structural parameters,
and the accuracy of the calculated thermodynamic functions
depends mainly on the accuracy of calculated vibrational

TABLE 3: Equilibrium Constants for the Reactions SiH3 +
NO a SiH3NO and SiD3 + NO a SiD3NO

T/Ka
[He]/
1016 b

[NO]/
1015 b kw/s-1 c ln(K)d ln(K)e correctionf

SiH3 + NOa SiH3NO
711 8.77 1.35g 182 9.51 9.07( 0.81h -0.16

2.02g 9.78
715 15.66 0.95 179 9.01 8.58( 0.14 -0.16

1.03
2.23 9.72
3.86 9.84
5.52
5.76 9.74
6.64

730 30.68 1.98g 300 8.53 8.53( 0.12 -0.18
765 8.73 2.41g 207 8.04 7.98( 0.25 -0.20

4.93g 7.76
769 15.60 3.17 178 7.70 8.02( 0.39 -0.21

7.11 7.87
812 3.78 1.93 180 6.47( 0.23 -0.24

3.54
5.15 7.21
6.35 6.46
6.62 6.68
8.64 6.57

817 15.59 1.08 207 7.18( 0.25 -0.25
1.86 6.32
4.17 6.83
7.01 7.01
8.70 6.85
9.38 6.88
10.38

SiD3 + NOa SiD3NO
711 8.00 1.94 446 9.30 -0.24
711 8.00 5.67 446 10.38 -0.24

a Temperature uncertainty(3 K. bConcentration in molecules cm-3.
c The rate constant of wall decay (k4 for SiH3 radical, k5 for SiD3

radical).d The equilibrium constant obtained by fitting of individual
kinetics by a double-exponential function.K ) (PSiH3NO/P°)(PSiH3/
P°)-1(PNO/P°)-1 is dimensionless thermodynamic equilibrium constant
(standard state, ideal gas atP° ) 1 bar).eThe equilibrium constant
obtained by a global fitting of all experimental profiles at the same
temperature (see text for details).f See text for definition.g Poly(di-
methylsiloxane) (PDMS) wall coating, in all other experiments B2O3

was used.h The error is one standard deviation of the fit and reflects
statistical accuracy only.

∆S°298(rxn 1)) -143.1 J mol-1 K-1 (calculated) (12)

∆S°298(rxn 2)) -146.0 J mol-1 K-1 (calculated) (13)

∆H°298(rxn 1)) -158.9( 5.7 kJ mol-1

(third law procedure) (14)

∆H°298(rxn 2)) -160.5( 7.3 kJ mol-1

(third law procedure) (15)
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frequencies, especially of the low-frequency torsional modes.
An empirical correction (ca. -11%) was applied to the
calculated frequencies. The simultaneous change of all frequen-
cies (including torsional) of SiH3 radical and SiH3NO molecule
by one-half of this correction ((6%) leads to a change of the
standard enthalpy of reaction 1, as determined by the third-law
procedure, of(1.0 kJ mol-1. The torsional potential barrier
(ca. 1.9 kJ mol-1) in our calculations was obtained from the
torsional frequency assuming 3-fold sinusoidal potential. The
ab initio value is somewhat different,ca. 4 kJ mol-1.15 Change
of the torsional barrier from 1.9 to 4 kJ mol-1 leads to the
standard enthalpy change of 0.6 kJ mol-1. A possible error of
(0.4 kJ mol-1 was estimated due to an uncertainty in the
singlet-triplet splitting in SiH3NO. The final estimate of the
accuracy of the third-law determinations ((5.7 kJ mol-1 for
reaction 1) was obtained by summing all errors considered
above.
The second-law procedure which utilizes only the slope of

the data in the modified van’t Hoff plot was not used due to
the scatter of experimental points (Figure 3).
Additional proofs on the existence of equilibrium in reaction

1 at temperatures 611-817 K were obtained by observing the
dependence of the long-lived exponential’s lifetime on the
concentration of NO at high temperatures. Figure 4 shows the
dependencies ofλ2 (the decay parameter of the long-lived
exponential) on the concentration of NO at two different buffer
gas densities (He) at 815 K. An interesting feature of these
dependencies is the initial decrease ofλ2 with the concentration
at low NO concentrations. The decay parameters of the short-
lived and long-lived exponentials are determined by expression
16:19,20

The pseudo-first-order rate constants were previously defined.
The minus sign corresponds to the decay parameter of the long-
lived exponential,λ2. This expression predicts an initial
decrease ofλ2 (increase of SiH3 lifetime at long times) with
NO concentration, due to the lower rate of consumption of SiH3,

when it is bound in SiH3NO compared to the rate of wall
recombination of free SiH3 radical. This behavior is observed
experimentally and is well reproduced by simulation ofλ2 using
expression 16. The dashed lines in Figure 4 represent the results
of a simultaneous fit of both curves using the mechanism which
consists of reactions 1,-1, 3, and 6. The extrapolated value
of the ratio of the rate constants of reaction 1 at these two
different buffer gas densities (3.41 at 815 K) was used as a
fixed parameter. The bond energy, the rate constant of reaction
1, and the rate constant of reaction 3 were used as the fitting
parameters. The value of the bond energy obtained using this
procedure, DH°0(H3Si-NO) ) 153.2 kJ mol-1, is in excellent
agreement with the value obtained from the equilibrium constant
measurements. The values ofk1 andk3 at 815 K obtained in
the fit are in good agreement with those obtained by extrapola-
tion of the low-temperature data.

Kinetics of the Reaction SiH3NO + NO f Products. The
adduct (SiH3NO) formation and decay caused by reactions 1,
3, and 6 were also recorded and studied. A typical SiH3NO
signal is shown in Figure 5 (insert). The rise and decay times
are well-separated, and measuring the dependence of the decay
time on the concentration of NO added permits the determination
of the rate constant of reaction 3. The rate constants determined
from the rise times are in good agreement with those obtained
in the SiH3 radical decay kinetic measurements. This fact allows
an unambiguous assignment of the decay time of SiH3NO
kinetic profiles to reactions 3 and 6. Plots of the pseudo-first-
order rate constantsVs [NO] are shown in Figure 5. The rate
constants of reaction 3, determined from the slopes of the
straight lines drawn through the data as shown in Figure 5, are
given in Table 4. The rate constants obtained by the global
fits of the double-exponential kinetics are also shown for
comparison. The rate constant has a negative temperature
dependence (Figure 6). In the temperature range studied (301-
611 K) the temperature dependence is

Figure 4. Parameter of the long-lived exponential (λ2) of SiH3 radical
measured as a function of NO concentration at 815 K at two different
buffer gas densities ([He]) 3.78× 1016molecules cm-3 for the lower
curve and 15.6× 1016molecules cm-3 for the upper curve). The dashed
line show the fitting results (see text). Insert: enlarged portion of the
upper curve at low concentrations of NO.

λ1,2) (k4 + k′1 + k-1 + k′3)/2(

{((k4 + k′1 - k-1 - k′3)/2)
2 + k′1k-1}

1/2 (16)

Figure 5. Pseudo-first-order rate constant of reaction SiH3NO + NO
f products vs NO concentration at different temperatures. Insert: an
example of the SiH3NO rise and decay kinetics. The experimental point
corresponding to the displayed kinetics is indicated by the square.
Experimental conditions: [SiH3I] ) 1.94× 1012 molecules cm-3, λ )
248 nm, [He]) 15.7× 1016 molecules cm-3, [NO] ) 1.44× 1015

molecules cm-3, T ) 611 K, H lamp with MgF2 window, B2O3 wall
coating.
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No buffer gas density dependence of the rate constant of
reaction 3 was found at 505 K by varying the He density by a
factor of 4.1 (Table 4).

RRKM Analysis of Reactions 1 and 2

Simple estimates show that reactions 1 and 2 are nessesarily
in the pressure falloff regions if the limiting high-pressure rate
constants do not differ significantly from those typical for
association reactions of free radicals with oxygen and nitric
oxide.10,30-37 Assuming that the high-pressure rate constant of
reaction 1 isca. (1-3)× 10-11 cm3 molecule-1 s-1,10,30-37 and
the value reported by Sugawaraet al.11 (8.2 × 10-30 cm6

molecule-2 s-1, 300 K) is the true low-pressure limit value, for
the buffer gas density of 32× 1016molecules cm-3 one obtains
k0 ) 2.6 × 10-12 cm3 molecule-1 s-1. Therefore, the
dimensionless parameterx) k0/kinf is estimated as 0.26-0.086.
Simple falloff estimates show that deviations from the true low-
pressure limit of a factor ofca. 2-3 can be expected at these

values ofk0/kinf. In turn, it means that the true low-pressure
limit rate constant is factor of 2-3 higher. Then thex values
are 2-3 times higher, and even larger deviations are anticipated.
The Troe factorization approach was used to calculate the

low-pressure limit38 and pressure falloff curves39 for k1 andk2.
Both the ground singlet state and the low-lying excited triplet
electronic state of SiH3NO10 were taken into account. The
importance of bound triplet states for dissociation-recombina-
tion reactions has been discussed by Smith32 and Davieset al.30

The two limiting cases when the unknown rate of collision-
induced and collisionless transitions between the states is not
required for the falloff calculations were discussed in our
previous paper on Si(CH3)3 + NO recombination reaction.10 In
the first limiting case, the rate of collisionless and collision-
induced transition between the electronic states is much smaller
than the rate of collisional deactivation within the electronic
states. Here the electronic states may be treated separately. In
the second limiting case (interstate mixing is much faster than
collisional relaxation within the states), the joint manifold of
the rovibrational states can be used in the RRKM calculations.
Since the rate of singlet-triplet transitions in the SiH3NO
molecule is unknown, and the collisional relaxation of highly
vibrationally excited molecules is fast, the first model was used
in the falloff calculations. Both electronic states are considered
to contribute independently to the recombination rate, with the
two contributions having separate buffer gas pressure falloff
dependencies.
The rate constant of recombination reaction 1 (or 2) is

represented as

wherekSrec,inf andkTrec,inf are the high-pressure limit recombina-
tion constants into the singlet and triplet states,F1(x1) andF2-
(x2) are the broadening pressure falloff factors for the singlet
and triplet states, andx1 and x2 are the dimensionless buffer
gas density parameters:

In these expressions,âc is the weak collision efficiency,ktriS,sc
andktriT,scare the low-pressure limit strong collision third-order
recombination rate constants into the singlet and triplet states,
and [M] is the buffer gas density.
In the calculations below two general assumptions have been

made: the collision efficiencies for the triplet and singlet states
are assumed to be equal, and the high-pressure recombination
rate into the triplet state is assumed to be 3 times larger than
the rate constant of recombination into the singlet state:

The latter assumption is equivalent to the assumption of the
same structure and properties of the “transition states” for the
recombination into the triplet and singlet states and reflects the
statistical weights of these states.
In the falloff calculations the total high-pressure recombina-

tion rate constant,krec,inf, and the weak collision efficiency,âc,
served as fitting parameters. The low-pressure limit rate
constants were calculated based on the structures, vibrational
frequencies, and the triplet-singlet splitting provided by the
ab initio-BAC calculations.10 The strong collision rate constant
of recombination in the low-pressure limit is expressed as38

TABLE 4: Rate Constants for SiH3NO + NO f Productsa

T/Kb [He]/1016 c k3/10-13 d,e

303 16.0 2.92( 0.68
397 16.1 1.62( 0.11
505 3.81 1.44( 0.15
507 15.8 1.45( 0.08
611 15.7 0.82( 0.12

From the Double-Exponential Kinetics
711 8.77 0.55( 0.35
715 15.7 1.38( 0.46
730 30.7 0.45( 0.09
765 8.73 0.81( 0.17
769 15.6 1.00( 0.30
812 3.78 0.74( 0.14
817 15.6 0.69( 0.13

a Experimental conditions: reactor, 1.05 cm i.d.; wall coating, B2O3;
SiH3 radical precursor, SiH3I, [SiH3I] ) (1.8-2.56)× 1012 molecules
cm-3; wavelength, 248 nm; the precursor photodecomposition fraction,
1.1-2.2%; initial SiH3 radical concentration, [SiH3]0 ) (0.4-1.1)×
1010molecules cm-3 (estimated using the quantum yield of SiH3 radical
from SiH3I at 248 nm, 0.2 (ref 12), the precursor concentrations, and
the photodecomposition fractions).b Temperature uncertainty(3 K.
cConcentration in molecules cm-3. dRate constants in cm3 molecule-1

s-1. eErrors are(1 standard deviations and reflect statistical accuracy
(scatter of points) only.

Figure 6. Temperature dependence of the rate constant of SiH3NO +
NO reaction in log-log coordinates. Solid circles: direct measurements
at 300-611 K. Only these points were used for regression (solid line).
Open circles: extracted from the double-exponential kinetics.

k3 ) (2.95( 0.38)× 10-13(T/298)-1.59(0.29

cm3 molecule-1 s-1 (17)

krec) kSrec,inf(x1/(1+ x1))F1(x1) + kTrec,inf(x2/(1+ x2))F2(x2)
(18)

x1 ) âcktri
S,sc[M]/ kSrec,inf x2 ) âcktri

T,sc[M]/ kTrec,inf (19)

kTrec,inf) 3kSrec,inf (20)
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with the usual meaning of the symbols.ZLJ is the Lennard-
Jones collision number,Fvib,h(E0) is the vibrational density of
states of the SiH3NO molecule at the threshold energy for
dissociation,E0, in the harmonic oscillator approximation, and
Qvib,h is the vibrational partition function of the SiH3NO
molecule in the harmonic approximation.FE, Fanh, Fextrot, and
Fintrothind are correction factors accounting for the energy
dependence of the vibrational density of states, for the effect
of the anharmonicity of vibrations, and for the influence of the
centrifugal barrier and for hindered internal rotors. In calculat-
ing these parameters, the torsional motion of the molecule was
treated as a free internal rotor. Corrections for hindrance were

made in Fintrothind.38 The experimentally determined “well
depth”,E0, for the singlet state was used (E0(singlet)) -∆H°0,
assuming the absence of an additional barrier). For the triplet
state, the singlet state value minus the theoretically calculated
triplet-singlet splitting10 was used. The scaled vibrational
frequencies, molecular structures, moments of inertia for external
and internal rotations, and triplet-singlet splitting were obtained
from the theoretical (ab initio + BAC) calculations.10 The
barriers for the hindered rotors were determined from the scaled
calculated torsional frequencies and reduced moments of inertia
assuming a three-cycle sinusoidal potential for the internal
rotations. The Lennard-Jones collision number40was calculated
using the parametersσ(He)) 2.55 Å, ε(He)) 10 K, σ(SiH3-
NO)) 4.69 Å, andε(SiH3NO)) 294 K. The collision diameter
of SiH3NO was estimated using the relationshipσ ) 1.18Vb1/3,41

Vb estimated as a sum of Le Bas atomic increments (VC ) 14.8,

TABLE 5: Calculated Thermodynamic Functions of
SiH3NO (Standard State 1 bar≡ 105 Pa)

T, K S°, J mol-1 K-1 H°T - H°0, kJ mol-1 Cp°, J mol-1 K-1

150 246.73 6.0556 46.075
200 260.77 8.5035 52.311
250 273.26 11.308 59.907
298.15 284.47 14.374 67.463
300 284.89 14.499 67.747
350 295.89 18.070 75.021
400 306.33 21.989 81.353
450 316.23 26.198 86.681
500 325.60 30.648 91.096
550 334.46 35.299 94.763
600 342.84 40.119 97.856
650 350.78 45.082 100.50
700 358.31 50.166 102.79
750 365.47 55.357 104.80
800 372.29 60.640 106.59
850 378.80 66.008 108.19
900 385.03 71.451 109.64
950 390.99 76.963 110.94
1000 396.71 82.538 112.13
1100 407.50 93.854 114.20
1200 417.51 105.37 115.93
1300 426.86 117.05 117.40
1400 435.61 128.86 118.64
1500 443.83 140.79 119.70
1600 451.59 152.81 120.63
1700 458.92 164.93 121.42
1800 465.88 177.11 122.11
1900 472.50 189.36 122.72
2000 478.81 201.67 123.25

a SiH3NO molecular parameters: Molecular mass 60.998. SiH3NO,
singlet state (cis): frequencies (cm-1, see footnoteb): 307, 563, 585,
711, 908, 919, 923, 1705, 2158, 2165, 2171; main moments of inertia
(see footnotec) 1.928× 10-46, 1.396× 10-45, 1.490× 10-45 kg m2;
symmetry number for external rotation,σext ) 1; one hindered rotor
with the reduced moment of inertia (see footnotec) 5.307× 10-47 kg
m2 and barrier for internal rotation 1.90 kJ mol-1, respectively (see
footnoted); symmetry number for internal rotor,σintrot ) 3; electronic
degeneracy) 1. SiH3NO, triplet state (trans): frequencies (cm-1, see
footnoteb): 214, 624, 638, 686, 926, 928, 935, 1674, 2162, 2163,
2187; main moments of inertia (see footnotec) 1.605× 10-46, 1.479
× 10-45, and 1.542× 10-45 kg m2; symmetry number for external
rotations,σext ) 1; one hindered rotor with the reduced moment of
inertia (see footnotec) 4.269× 10-47 kg m2 and barrier for internal
rotation (see footnoted) 2.46 kJ mol-1, respectively; symmetry numbers
for internal rotor,σintrot ) 3; electronic degeneracy) 3. Triplet-singlet
splitting) 12.54 kJ mol-1. b Frequencies calculated at the HF/6-31G*
level and scaled (scaling factor 0.893).10 cMoments of inertia of
external and internal rotation calculated using molecular structure
optimized at the same level of theory. Reduced moments of inertia
calculated according to Pitzer and Gwinn.46 d Barriers calculated from
torsional frequencies and assumed three-cycle sinusoidal potential for
internal rotations. Contributions to thermodynamic functions for
hindered rotors obtained by linear interpolation of tables.46

ktri
sc ) ZLJ(Fvib,h(E0)kT/Qvib,h)FEFanhFrotFintrothind×

(QSiH3NO
/QSiH3

QNO) (21)

TABLE 6: Calculated Thermodynamic Functions of
SiD3NO (Standard State 1 bar≡ 105 Pa)a

T, K S°, J mol-1 K-1 H°T - H°0, kJ mol-1 Cp°, J mol-1 K-1

150 252.19 6.2180 49.800
200 267.73 8.9278 58.656
250 281.82 12.091 67.886
298.15 294.50 15.562 76.271
300 294.97 15.704 76.577
350 307.38 19.736 84.345
400 319.08 24.128 90.980
450 330.13 28.821 96.477
500 340.53 33.764 100.97
550 350.33 38.908 104.60
600 359.56 44.215 107.56
650 368.27 49.653 109.97
700 376.49 55.202 111.98
750 384.27 60.841 113.65
800 391.65 66.556 115.08
850 398.67 72.338 116.29
900 405.34 78.177 117.35
950 411.71 84.068 118.27
1000 417.80 90.009 119.08
1100 429.23 102.00 120.45
1200 439.76 114.11 121.54
1300 449.53 126.32 122.43
1400 458.63 138.61 123.18
1500 467.15 150.96 123.80
1600 475.16 163.38 124.33
1700 482.71 175.84 124.79
1800 489.85 188.35 125.18
1900 496.63 200.89 125.52
2000 503.07 213.46 125.82

a SiD3NO molecular parameters: Molecular mass 64.017. SiD3NO,
singlet state (cis): frequencies (cm-1, see footnoteb): 277, 444, 482,
617, 663, 667, 712, 1534, 1563, 1567, 1706; main moments of inertia
(see footnotec) 2.894× 10-46, 1.552× 10-45, 1.645× 10-45 kg m2;
symmetry number for external rotation,σext ) 1; one hindered rotor
with the reduced moment of inertia (see footnotec) 6.197× 10-47 kg
m2 and barrier for internal rotation 1.57 kJ mol-1, respectively (see
footnoted); symmetry number for internal rotor,σintrot ) 3; electronic
degeneracy) 1. SiD3NO, triplet state (trans): frequencies (cm-1, see
footnoteb): 204, 483, 514, 615, 669, 674, 699, 1540, 1562, 1584,
1674; main moments of inertia (see footnotec) 2.571× 10-46, 1.639
× 10-45, and 1.701× 10-45 kg m2; symmetry number for external
rotations,σext ) 1; one hindered rotor with the reduced moment of
inertia (see footnotec) 5.724× 10-47 kg m2 and barrier for internal
rotation (see footnoted) 2.48 kJ mol-1, respectively; symmetry numbers
for internal rotor,σintrot ) 3; electronic degeneracy) 3. Triplet-singlet
splitting) 12.31 kJ mol-1. b Frequencies calculated at the HF/6-31G*
level and scaled (scaling factor 0.893).10 cMoments of inertia of
external and internal rotation calculated using molecular structure
optimized at the same level of theory. Reduced moments of inertia
calculated according to Pitzer and Gwinn.46 d Barriers calculated from
torsional frequencies and assumed three-cycle sinusoidal potential for
internal rotations. Contributions to thermodynamic functions for
hindered rotors obtained by linear interpolation of tables46
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VH ) 3.7, VO ) 7.4, VN ) 10.5, all from ref 41, andVSi )
33.742). The Lennard-Jones potential well depth for SiH3 was
estimated using the relationshipsε/K ) 1.21Tb; Tb(SiH3NO)=
243 K as it is for SiH3Cl.
The calculatedZLJ for 298e T e 1000 K is

The rate constants of recombination into the triplet and singlet
states are given by expression 21 with the parameters densities
of states and the partition functions corresponding to the triplet
and singlet states and with the threshold energiesE0(singlet))
E0 ) -∆H°0 andE0(triplet) ) E0 - ∆ET-S, ∆ET-S being the
triplet-singlet splitting.
Standard expressions were used to calculate the general

broadening factorsF1(x1), F2(x2)43 andFcent,1, Fcent,239 that enter
expression 18. Since the calculations showed that the param-
etersFcentdiffer by less than 2% for the singlet and triplet states
over the range 301-611 K, a singleFcent parameter (average)
was used in the falloff calculations. Finally, eq 18 was used to
fit the experimental data in the temperature range 301-611 K
using âc and the total high-pressure rate constant as fitting
parameters. The weak collision efficiency was assumed to be
independent of temperature. Parametern, the parameter of the
temperature dependence of the high-pressure recombination rate
constant, expression 23, was fixed atn ) -1.

Two separate fits have been performed for reactions 1 and 2.
All temperature dependencies were fitted simultaneously. The
fit of the falloff data for reaction 1 usingE0 ) 153.7 kJ mol-1

yielded the weak collision efficiency factorâc ) 0.153 and the
high-pressure limit rate constany of reaction 1,k1,inf ) (3.9(
1.1)× 10-11 cm3molecule-1 s-1. The fit of the data for reaction
2 usingE0 ) 153.7+ 2.4) 156.1 kJ mol-1 (2.4 kJ mol-1 is
calculated using the difference in zero-point vibrational energies
for reactions 1 and 2) resulted in the weak collision efficiency
âc ) 0.146 and the high-pressure limit rate constant of reaction
2, k2,inf ) (5.0( 1.3)× 10-11 cm3 molecule-1 s-1. There is a
very good agreement between the weak collision efficiencies
produced by the fits of the sets of data for reactions 1 and 2.
The absolute value ofâc as well as the high-pressure limit rate
constants is quite typical for this type of reaction.10,30-37,44

The pressure falloff curves fitted to the experimental points
using the procedure described above are shown by solid lines
in Figure 2. The parametrizations of the rate constants of

reactions 1 and 2 are the following (301-611 K).

The falloff curves themselves can be used as an additional
test on the value of the bond energy in SiH3-NO. The
parameter that is the most coupled to the bond energy is the
weak collision efficiency parameter. UsingE0 as a fitting
parameter withâc between 0.1 and 0.2 leads toE0 ) 148-163
kJ mol-1. (The higher value inE0 corresponds to the lower
value inâc.)

Thermodynamic Functions

The thermodynamic functions of the reactants and products
of reactions 1 and 2 were calculated usingab initio structures
and scaled (factor 0.893) vibrational frequencies (HF/6-31G*).10

These results are summarized in Tables 5 and 6 and in
coefficients of NASA polynomials45 in Table 7. The torsional
motion in SiH3NO (SiD3NO) was treated as a hindered internal
rotation with a three-cycle sinusoidal potential. The barriers
were calculated from the torsional frequencies under the
assumption of a 3-fold sinusoidal potential. The reduced
moments of inertia for the internal rotation and the contributions
to the thermodynamic functions were calculated using the
approach and tables of Pitzer and Gwinn.46 The parameters
used in the calculations are listed in the footnotes to the tables.
The JANAF28 data were used to obtain the coefficients of the
NASA polynomials for NO.

Discussion

Both reactions 1 and 2 are in the pressure falloff region
significantly far from the true low-pressure limit. The pressure

TABLE 7: Coefficients of NASA Polynomialsa,b for NO, SiH3, SiD3, SiH3NO (Singlet), SiH3NO (Triplet), SiH 3NO, SiD3NO
(Singlet), SiD3NO (Triplet), and SiD3NO

molecule a1 a2× 103 a3× 106 a4× 109 a5× 1012 a6 a7

NOc 4.2287 -4.7511c 11.376 -9.7243 2.9582 -26.771 2.2459
SiH3

d 2.8526 7.3944 -1.4390 -1.1159 0.40400 90.311 7.6980
SiD3

e 2.3846 13.493 -10.007 3.41640 -0.43716 107.27 10.431
SiH3NO f (singlet) 2.5614 21.365 -16.144 6.0613 -0.90821 121.43 13.811
SiH3NO f (triplet) 2.6750 20.756 -15.231 5.5230 -0.79829 133.16 14.452
SiH3NO f 0.83770 33.322 -33.817 16.032 -2.8585 272.11 20.891
SiD3NOg (singlet) 2.5266 26.827 -24.425 10.605 -1.7731 92.957 13.906
SiD3NOg (triplet) 2.8588 25.444 -22.444 9.4432 -1.5345 74.830 13.536
SiD3NOg 1.0885 37.697 -40.510 19.605 -3.5156 201.16 19.641

a Polynomial representation of thermodynamic functions:45 C°P(T)/R ) a1 + a2T + a3T2 + a4T3 + a5T4; (H°(T) - H°(0))/RT) a1 + a2T/2 +
a3T2/3 + a4T3/4 + a5T4/5 + a6/T; S°(T)/R) a1 ln(T) + a2T + a3T2/2 + a4T3/3 + a5T4/4 + a7. b Temperature range 250-2000 K, except for NO.
c Temperature range 250-1000 K, data from ref 28 were used for fitting.d SiH3 parameters: mass 31.000; frequencies (cm-1): 781, 906(2), 2111,
2128(2); main moments of inertia 5.889× 10-47, 5.889× 10-47, 9.889× 10-47 kg m2; σext ) 3; gel ) 2. eSiD3 parameters: mass 34.019; frequencies
(cm-1): 577, 654(2); 1501, 1537(2); main moments of inertia 1.160× 10-46, 1.160× 10-46, and 1.976× 10-46 kg m2; σext ) 3; gel ) 2. f See
footnotes to Table 5.g See footnotes to Table 6.

ZLJ(SiH3NO-He)) 4.83× 10-10(T/298)0.35 (22)

krec,inf) krec,inf,298(T/298)
n (23)

k1,tri ) (3.12( 0.12)× 10-29(T/298)-2.96(0.09

cm6 molecule-2 s-1 (24)

k1,inf ) (3.9( 1.1)× 10-11(T/298)-1 cm3 molecule-1 s-1

(25)

Fcent,1) 1.28 exp(-389/T) - 0.62+ exp(-T/331) (26)

k2,tri ) (9.02( 0.40)× 10-29(T/298)-3.36(0.11

cm6 molecule-2 s-1 (27)

k2,inf ) (5.0( 1.3)× 10-11(T/298)-1 cm3 molecule-1 s-1

(28)

Fcent,2) 1.26 exp(-305/T) - 0.60+ exp(-T/271) (29)
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dependence of the rate constants of reactions 1 and 2 is
consistent with the SiH3-NO bond energy obtained in the
equilibrium measurements. This value (DH°298(H3Si-NO) )
158.9( 4.0 kJ mol-1) is in fair agreement with theab initio-
BAC theoretical calculations (DH°298(H3Si-NO) ) 149.9 kJ
mol-1. The discrepancy (9 kJ mol-1), however, is much smaller
than the discrepancy between the theoretical value and the
previous estimates (ca. 30 kJ mol-1) and can be assigned to
the joint experimental uncertainty of the current experimental
measurements and the accuracy of the BAC approach in
application to Si-containing compounds.47

The bond energy in silylnitrosyl (158.9 kJ mol-1) can be
compared with the bond energy in trimethylsilylnitrosyl (190.2
kJ mol-1 10). Therefore, substitution of hydrogen atoms by
methyl groups leads to strengthening of the Si-N bond. The
strengthening effect of methylation on Si-H bond has previ-
ously been observed and rationalized in terms of relative
electronegativities of Si and C atoms9,48
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