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The reactions of silyl and silyds radicals with nitric oxide, Sikl+ NO — SiH;NO (1) and SiQ + NO —

SiD3NO (2), have been studied using pulsed excimer laser photolysis coupled with time-resolved photoionization
mass spectrometry over the temperature range-8QY K. The rate constants were measured in the ranges
0.75x 10' < [He] < 32.0x 10" molecules cm®and 301< T < 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 conskagts: (3.12+ 0.12) x 1072(T/
298)2-96:0.09 ¢ molecule? s, koyi = (9.02+ 0.40) x 1072%(T/298) 3368011 ¢ molecule? 572, Ky jnf =

3.9+ 1.1) x 10°14T/298) cn?® molecule® s71, andk jn; = (5.0 % 1.3) x 107*(T/298)* cm® molecule?

s 1. Equilibrium constants were measured in the temperature range8AT1K. The standard enthalpies of
reactions 1 and 2 were determined using the third law method. The bond energies determinet(teSbH

NO) = 153.74 5.7 kJ mot?, DH0¢(H3Si—NO) = 158.9+ 5.7 kJ mot?, DH°y(D3Si—NO) = 156.1+ 5.7

kJ mol?, and DH0gD3Si—NO) = 160.8 4+ 5.7 kJ mof?®. This value of DHy(H3Si—NO) is ca. 30 kJ

mol~* higher than previous estimateAb initio structural parameters were used to calculate the thermodynamic
functions of SiH, SiDs, SiH;NO, and SiIDNO. 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 andAB,0¢(rxn 1) = 143.1 J mot! K1 and AS xe¢(rxn 2) = 146.0

J mol! K-1. The rate constants of the reaction @i + NO — products (3) were measured in the
temperature range 365611 K: ks = (2.95+ 0.38) x 10713(T/298) 1-5%0-29 cm® molecule® s

Introduction molecule? s 1 (N, 3—11 Torr). The study by Loh and
ot . . .
Silicon-centered transient species are the key intermedia‘res‘ms'nSk:E atasingle buffer gas density (9.5 Torr, He) confirmed

in the silicon and silicon-containing thin film chemical vapor the absolute value of the rate constant of reaction 1.
deposition (CVD) processég€. CVD produced thin films of In the earlier studies by Nagt al'® and Kamaratos and
silicon nitride are used in microelectronidsas well as Lampe!* where NO was employed as a scavenger of silyl
protective coating®® Detailed mechanistic models of CVD  radicals, SiHON was suggested as a product of reaction 1.
processes’ require knowledge of a large body of elementary — Silylnitrosyl, SiHsNO, suggested as a product of this reaction
gas-phase and gasurface reaction rate constants as well as py Sugawareet al. ! was confirmed byab initio calculations
thermodynamic properties. of Marshalli5

Direct kinetic studies of reactions of small silicon hydride
radicals have been recently reviewed hese studies provided
a significant body of rate constant data as well ais the

There have been attempts to evaluate theNSbond energy
in SiH3NO based on the absolute value of the rate constant of

equilibrium constant determination) the-S# and Si-N bond reaction 1!>16 Chasovnikowet al.6 using estimated structural
energies in Sik® Si(CHs)sH?, and Si(CH)sNO.10 parameters for SigNO concluded that the silicemitrogen
There is significant uncertainty in the magnitude of the bond in nitrososilane is relatively weak, 13488 kJ mot™.
silicon—nitrogen bond energy in nitrososilane, SNO. Sug- Marshall!® usingab initio structural parameters, and assuming
awaraet al!l measured the rate constant of the elementary the true low-pressure limit for the rate constant reported by
reaction Sugawareet al.,!! estimated HSi—NO intrinsic bond energy
) ) as 117 kJ mol. This value substantiallyc. 30 kJ mot?)
SiH; + NO — SiH;NO (1) differs from the ab initio BAC (BAC = bond additivity

) . o corrections) value calculated by Melius and Allend®rf,50
at ambient temperature and reported the third-order kinetics anko molt (DH°,g9. Theab initio—BAC result for the Si(Ch)a—

— 30
the termolecular rate constak = (8.2 + 0.9) x 107%¢ cnf NO bond enthalpy at 298 K (191 kJ md) is, however, in

T Current address: Department of Chemistry, University of California excellent agreement with the experlmgntal value (199 kJ
at Berkeley, CA 94720. mol~1).19 The controversy can be summarized as follows: either

# Present address: Department of Physical Chemistry, University of reaction 1 is in its true low-pressure limit at ambient temperature
Heésﬁnekcl’egﬂsirgw“nkatu 1C, SF-00170 Helsinki, Finland. and pressures below 10 Torr and the theoretical resalis (

€ Abstract published ilAdvance ACS Abstractsune 1, 1997. initio—BAC) significantly overpredict the SiN bond energy
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4930 J. Phys. Chem. A, Vol. 101, No. 27, 1997 Krasnoperov et al.

in SiH3NO, or the theoretical results are correct and reaction 1 decay constank() on the concentration of NO added yielded
is in the pressure falloff, far from the true low-pressure limit. the rate constark;.

For these reasons, we decided to reinvestigate the kinetics At higher temperatures (73811 K) SiHtkNO dissociation
of reaction 1 over a wide range of pressures and temperatures(reaction —1) plays a role, and additional kinetic processes
We also decided to confirm our findings by the additional study involving the consumption of the adduct must be taken into
of SiD3z + NO (reaction 2): account. The loss of the adduct occurs by reaction 3 as well as

by a heterogeneous loss process, reaction 6:
SiD; + NO — SiD;NO (2)
SiH;NO — heterogeneous loss (6)
Additional kinetic information on the reaction of the adduct,

Si(CHs)sNO, with nitric oxide (reaction 3) was also obtained  The experimental Sifidecay is expected to be a double-
in the course of these experiments using different experimental exponential function in this case. A standard procedure was

conditions than those used to study reactions 1 and 2: used to calculate the equilibrium constant from the parameters
. of the double-exponential function fitted to the experimentally
SiH;NO + NO — products (3)  measured Sikland SiD radicals temporal profile¥20

Silylic radicals have rather large wall loss rate constants

The results of these latter experiments are also presented.  (120-300 s'in a 1.05 cm i.d. reactor) even when highly inert

) ) wall coatings, such as poly(tetrafluoroethylene) or Halocarbon
Experimental Section Wax, are used®2! In an uncoated reactor, the wall loss rate

The apparatdg and procedures used in the rate constant and constant of silyl radicalsX1000 s* #-2) becomes too large

equilibrium constant measuremelits have been described t0 permit kinetic measurements. The halogenated materials
previously. Briefly, gas flowing through the 1.05 i.d. heatable (Teflon, 852-200) and Halocarbon Wax (Halocarbon Wax Corp.,
tubular quartz reactor contained the radical precursor (see below)Hackensack, NJ) used as coatings in previous studies are stable
NO in varying amounts and an inert carrier gas (He). Reaction to 280°C (Teflon) and could not be used in the equilibrium
was initiated by pulsed, unfocused 248 nm radiation from a study. To reduce the wall loss rate constant to an acceptable
Lambda Physik 201 MSC laser directed along the axis of the level (150-300 st in 1.05 cm reactor), a poly(dimethylsilox-
tubular reactor. The repetition rate of the laser pulses was ane) (PDMS) with an average molecular weight of 100900

adjusted so that the flow velocities used-@ m s) were and a boron oxide coatifwere used. A PDMS coating was
adequate to completely replace gases in the reactor between!sed over the temperature range 3601 K and a boron oxide
laser pulses. coating over the 300950 K range. Boron oxide (8s) is

Gas emerging from a small sampling orifice in the wall of liquid at temperatures above 46CQ with a very low vapor
the reactor is formed into a molecular beam by a conical Pressure (boiling point iga. 1860 °C?%). The procedure of
skimmer and analyzed continuously using photoionization Preparation of BOs coating is described elsewhéfeThe boron
quadrupole mass spectrometry. Vacuum-UV radiation from OXide coating has approximately the same wall activity toward

atomic resonance lamps was used for photoionization. SiHs and Si(CH)s recombination as the coatings with the
The experiments were done using i(1.7—32) x 102 halogenated materials mentioned above but can be used at least
molecules cm3) and Siyl ((10—15) x 102 molecules cm?) up to 950 K. (This is the highest temperature tested in the

as the SiH and Si radical precursor® The quantum yield current and previoud8 studies, the actual temperature limit for
of SiHs radicals at 248 nm was measured by Loh and Jasinski this coating is unknown.)
as 0.212 Most of the experiments were conducted using a 1.05 cm
The decay of the radicals was monitored in time-resolved i.d. reactor coated with boron oxide. A few series of experi-
experiments in the absence and presence of NO (using variedments were performed using PDMS as a wall coating in order
concentrations) to obtain reaction rate constants. Experimentsto confirm that proper account was taken of the heterogeneous
were conducted under pseudo-first-order conditions ([RO] reactions.
[SiH3]o, [SiD3]o). The SiH and SiDy radicals were detected a¥z = 31 and
The initial concentrations of SiHand Sil}y were kept low 34, respectively (parent peaks), using a Cl resonance lamp with
((3.8-79) x 1(° and (25-41) x 10° molecules cm3, respec- a Cak, window as the photoionization sourdev(= 8.9-9.2
tively) to assure that radicakadical recombination was a eV, ionization potential of Sikl= 8 eV?. The products of
negligible competing process. reactions 1 and 2, SO and SIBNO, were detected at their
Under the typical experimental conditions used, the silyl parent peaksnfz = 61 and 64, respectively), using a H
radicals, SiH and SiDy, were lost only by the reactions of resonance lamp with a Mgivindow (hv = 10.2 eV; ionization
interest (1, 2) and by a kinetically first-order heterogeneous loss potentials of SiHNO and SiNO are unknown).

processes (4, 5): Helium (HP) was obtained from Matheson. Nitric oxide,
obtained from Aldrich, with an initial purity 98.5%, was distilled
SiH; — heterogeneous loss (4) (79 times) to reduce the amount of M@ a 0.003-0.02%
level. The amount of nitrogen dioxide was measured mass
SiD; — heterogeneous loss (5) spectrometrically. Direct measurements of fil@ere possible

at concentrations higher than 0.01%; lower levels were deter-
At low temperatures (301611 K), the dissociation of the ~ mined by freezing the N&in the flowing gas at liquid nitrogen

adducts formed in reactions 1 and 2, g\ and SIRNO, is temperature for 10 min with subsequent warming of the trap
unimportant, and the observed ${Bs) decay curves are single- and measurement of the time-integrated ion signal of the
exponential. evaporating N@1°

Only reactions 1 and 4 (2 and 5) were responsible for the  SiHzl and SiDyl, courteously provided by Dr. David B. Beach
observed radical decay$i(SiHs) = 1o(SiHs) exp(—k't), where (IBM, Yorktown Heights, NY), were purified by trap-to-trap
k' = ki{NO] + ks. The dependence of the measured exponential vacuum distillation.
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Figure 1. Example of silyl radical decay kinetics in the the presence 5?0
of NO recorded ain/z = 31 (insert). The pseudo-first-order decay rate %
constant plotted vs NO concentration at different densities of the buffer LB
gas (He) aff = 506 K. The experimental point corresponding to the g
displayed kinetics is indicated by the square. Experimental conditions: ﬂ" ‘0
[SiHsl] = 3.15 x 10" molecules cm?®, A = 248 nm, [He]= 15.6 x -
10'® molecules cm?, [NO] = 1.86 x 10'® molecules cm?, T = 507 3
K, ClI lamp with Cak window, B,Os; wall coating. -
Experimental Results o -
0 1 2
Kinetics and Thermochemistry of SiHs + NO — SiH3zNO [He] / 10" molecule em™

and SiD; + NO — SiD;NO Reactions. Figure 1 displays a  Figure 2. Buffer gas density dependences of the rate constants af SiH

typical single-exponential Siidecay profile and plots of the 4+ NO— SiH;NO (top) and SiR + NO — SiDsNO (bottom) reactions

pseudo-first-order rate constants as a function of the concentra-at different temperatures. The solid triangle point represents the

tion of added NO at different bath gas (He) densities. The slopes experimental result of Loh and Jasin&ki he solid lines drawn through

of the latter yield the rate constants of reaction 1. The second-the experimental points are the results of the global fits using the Troe
. L . factorization approach (see text for details).

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. At these higher temperatures, the mechanism of the reaction,
The experimental conditions of these experiments and the resultsneg|ecting radicatradical second-order processes, consists of
obtained are given in Table 1 and Table 2. Single-exponential the reactions 1-1, 3, 4, and 6. The solution of the set of two
decays were observed up to 611 K. The rate constants obtainedinear differential equations describing this set of reactions is a
by the global fits of the double-exponential kinetics inthe 711 double-exponential decd§:20

817 K temperature range together with the values obtained by

the extrapolation of the low-temperature data are also listed in [R] = [R]{ A, exp(=4,t) + A, exp(=4,t)} (7)
Tables 1 and 2. .
Other photolytical pathways in photodissociation of $iH The parameters of the double-exponential deday Ay, 1.,

(such as Sikl + hv — SiH, + HI and Siksl + hv — SiHI + A») are each known functions of the four combinations of the
Hz) may lead to possible mechanistic complications. An rate constants of the reactions in the mechanism and the NO
interference of the products of these undesirable species couldfoncentration, ki', k-, andks): ks is the rate constant of

be expected only if the silyl radical is regeneraiéal | atom the radical wall loss proceski’ = ki[NO] IS the p_seudo-_flrst-
abstraction from Sikl in secondary reactions of free radicals, orger rate constant Off Lhe forward reac_t|onk:ll.1_|s thNe OfwsJ:—

or other transient species, with the precursor moleculezlSiH order rate constant of the reverse reactidll ks’ = kNO] .
on the time scale of the measurements. No explicit kinetic kﬁ'S.the pseudo-first-order rate constant qf all processes leading
treatment of this problem is currently possible due to the lack ;_(:t_msapfetﬁrance Of. the t""?dgd’ excluding %roc?hm (-Jll-hebl

of data on the products of the reactions of gahd SiHI with iting of the expenmental decay curves Dy .e ouble-
NO, as well as on the rate constants of reactions of theseexpongntlal function (7) provides three pgrametelrgxlg, qnd
products with SiHl.” Kinetically, these processes could be the ratioAy/Ay. The fourth parametek, is determined in a

. . . separate experiment in which no NO is added. The four
revealed by varying the precursor concentration. No systematic

changes of the measured rate constants with the precursoreXpe“menta”y determined parameters were used to calculate

concentration have been found (see, for example, Table 1;k1’ k-1, andks’ for each gxperlmental cond|t|qn used: temper-
ature, buffer gas density, and concentration of NO. The
temperature 50& 3 K).

] equilibrium constants of reaction 1 were determined using eq
Above 611 K, double-exponential decays were observed g.

(Figure 3, insert). Double-exponential decays were recorded

over the temperature range 71817 K. At higher temperatures Ke = ki/k_; = (k'/[[NO]/K_, (8)
the lifetime of the short-lived exponent is too short and the

amplitude is too small; therefore, only the lifetime of the long- The equilibrium constanKc was converted into the thermo-
lived component can be determined. dynamic equilibrium constamt = (Psjnumno/P°)(Psins/P°) (Pno/
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TABLE 1: Rate Constants for SiHs; + NO — SiH3NO TABLE 2: Rate Constants for SiD; + NO — SiDsNO?2
[He)/  [SiH3l)/  [SiHa]o/ TIKb [He]/108 ¢ ko/10-13de
6b 2b b, i 13
T/K2 10 10 1°Pe  coating ki/10713¢ 302 383 13.1¢ 1.30
306 9.00 1.67 50 PDMS 10225 400 3.86 6.64F 0.45
306 9.00 1.83 3.8 PDMS 9.283.10 400 7.85 9.4H 0.16
303 16.0 1.83 50 B3 20.0£3.2 397 16.0 16.9+ 0.53
301 32.0 2.40 52 PDMS 2984.2 505 0.80 1.26+ 0.13
401 0.748 26.2 79 B3 1.44+0.12 505 3.79 2.90+ 0.08
400 3.75 9.53 29 D3 3.82+0.39 506 777 452+ 0.10
397 159 15.6 a7 D 9.19+ 0.50 507 15.6 7.40 0.29
505 0.760  6.18 93 B 0.555+ 0.080 605 381 1.49¢ 0.06
505 0.798 26.6 80 B 0.704+ 0.020 607 7.79 2.19 0.06
505 0.817 255 7 B 0.745+ 0.027 611 15.6 3541 0.06
74 25. 77 1.58+ 0.
ggg ?71 122 30 %z Z.ggi 882 From the Double-Exponential Kinetiés
506 7.80 933 28 B;  2.22+0.10 711 8.00 1.03:0.28 (1.33)
507 156 315 32 BDs 4.56+ 0.04 a Experimental conditions: reactor, 1.05 cm i.d.; wall coating)
507 158 9.27 28.0 1 5.65+0.74 SiD; radical precursor, Si, [SiDsl] = (1.0-1.5) x 10' molecules
611 3.79 6.26 9.4 B3 0.7784+ 0.032 cm 3, wavelength, 248 nm; initial SiPradical concentration, [Sik
607  7.58 4.1 120 PDMS 0.970.11 = (2.5-4.1) x 10 molecules cm® (estimated using the assumed
608 8.76 2.23 6.7 PDMS 1.4%0.15 quantum yield of SiR radical from SiRI equal to that of Sik from
611 156 3.95 12 PDMS 2.320.23 SiHsl at 248 nm, 0.2 (ref 12), the precursor concentrations and the
605 15.7 6.62 9.9 s 1.86+ 0.06 photodecomposition fractions) Temperature uncertaint3 K. ¢ Con-
From the Double-Exponential Kinetiés centration in molecules cm. ¢ Rate constants in chmolecule* s™,
711 8.77 1.78 53 PDMS 0.45 0.08 (0.83Y eErrors aret+1 standard deviations and reflect statistical accuracy
715 15.7 7.05 10.6 £ 1.024 0.04 (1.31) (scatter of points) only.[SiDsl] = 0.59 x 10" molecules cm?, [SiD3]o
730 307 10.6 111 PDMS 0.650.07 (2.07) = 8.6 x 10'° molecules cm®. 9 The value in parentheses is obtained
765 873 4.46 134 PDMS 0.540.07 (0.64) by the extrapolation of the low-temperature data.
769 15.6 7.05 10.6 3 0.48+ 0.04 (1.01) 15 : : ' ' r T T
812 3.78 0.87 1.3 B 0.23+ 0.03 (0.25) T
817 156 7.14 10.7  £; 0.62+ 0.12 (0.82) r=reek |,
10 F :
2 Temperature uncertainty3 K.  Concentrations in molecules cfn sk,
¢ Initial concentrations of Sikiradicals calculated using the yield of m/z £ 31
SiHs in photodissociation of Sigl at 248 nm, 0.2 (ref 12), and 51 ]
photodecomposition of St (typical decomposition fractions in the WV 3000

experiments were 1:01.7%, without attenuation of laser radiation they
were measured directly, and when attenuated radiation was used the
attenuation factor was estimated from the Sitlical signal amplitude).

0 2 4 & 8 1012

time / ms

In(K) + correction
©
1

4 PDMS = poly(dimethylsiloxane), mean molecular mas<.00 000; -5 € 10F 304 Law v/
B,03 = boron oxide  The rate constants in édimolecule* s*. The T of y
errors are one standard deviation of the linear regressions of the plots _10 § ok (<} h
of K vs [NO] and represent the statistical scatter of the experimental o
points only.f From the global fit (see texty. The values in parentheses r7E
are obtained by the extrapolation of the low-temperature data. -15 Z s ]

q 5 1 aalog 1
P°)~1 (standard state: ideal gasRft = 1 bar). The standard 20 . ! ! R S A
enthalpy of reaction 1AH°,95 was determined from the slope 0.0 0.2 04 06 0B 1.0 1.2 1.4 1.6
of the modified van't Hoff ploté-2” 1000K / T

L _ o Figure 3. Modified van’t Hoff plots of the equilibrium constants of
In(K) + correction= AS’,odR — AHofRT ©) the reactions Sikl+ NO = SiH;NO (circles) and Sip + NO =

) SiD3NO (triangles). The lines represent the third law fittings. The points
correction= —A(0S’1 599/R + A(OH 1 269/RT  (10) at 1T = 0 used in the third law fit were calculated from thermodynamic
functions of the reagents and product molecules {S#Ds;, NO, SiHs-
o =S — . SH° =He°. — H° 11 NO, and SiRNO). Insert, top: an example of a double-exponential
7,298 T 298 T.298 T 208 (11) radical decay kinetics recorded at 769 K. Experimental conditions:

. . [SiH3l] = 7.05 x 102 molecules cm®, A = 248 nm, [He]= 15.6 x
whereAS’zg5 iS the standard entropy of reaction 1. 10" molecules cmd, [NO] = 7.11 x 10 molecules cm3, T = 769

The corrections for reactions 1 and 2 were calculated using ¢ Jamp with Caf window, B,O; wall coating. The dotted line is
the thermodynamic functions of SiNO, SiD;NO, SiHg, SiDs, the result of a single-exponential fit to the experimental points=at
and NO. Tabulated thermochemical data for NO were @%ed. 4 ms. Insert, bottom: an enlarged portion of the main plot.

The thermodynamic functions of SiINO and SiH were

calculated using the theoreticadly initio + bond additivity and the mass matrices. While more accurate thermodynamic
corrections) structural parameters, vibrational frequencies, and,functions of SiH, which account for anharmonicity of the
for the adduct molecules, the energy splittings between the two inversion vibrational mode, are availaBfthe thermodynamic
low-lying (singlet and triplet) electronic states (Melius and functions calculated in this work were used for the current
Allendorfl9. The thermodynamic functions of SiRO and thermochemical calculations for consistency.

SiD; were calculated using the calculated sets of the vibrational The equilibrium constants for reactions 1 and 2 as well as
frequencies and the moments of inertia for external and internal the calculated corrections are given in Table 3. Two types of
rotations. The vibrational frequencies were determined using fits were used to obtain equilibrium constants from the
the known frequencies for SNO and SiH, the matrices of experimental radical decay profitesingle profile fits and
the normal mode vectors obtained in #iginitio calculations® “global” fits. The two exponentials in the experimental double-
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TABLE 3: Equilibrium Constants for the Reactions SiH3z + information from four profiles. In theglobal fit, all seven
NO = SiHzNO and SiD; + NO = SiD;NO experimental profiles were fitted to the fitting function that
[Hel/ [NOY/ contains only 11 fitting parameters (seven initial amplitudes,
T/Ka 101b  105P Kky/st¢ In(K)d In(K)e correctionf ki, k-1, ks, andks). Due to thereductionin the number of the
SiH; + NO = SiHsNO fitting parameters as well as utilization afiditional experi-
711 877 1.3% 182 951 9.0& 081 -0.16 mental information from the three extra profiles (which is
2.02 9.78 discarded in the usual approach), the standard deviation of the
715 1566 095 179 9.01 838014  —-0.16 global fit was improved compared to the single profile fits. The
%gg 972 equilibrium_ data obtained using _the globgl fi'gting pro_cedu_re
3.86 9.84 together with the results of the single profile fits are given in
5.52 the Table 3. It should be noted, however, that, in spite of a
5.76 9.74 significant improvement in the standard deviation of the resulting
6.64 equilibrium constants at individual temperatures, the quality
;gg 33‘?2 %;g? 283 g:gi ?:gé‘t 8:%2 :8:%3 _(scatter of points) of th(_a modified van't Hoff plot was not
4.93 776 improved by the global fit procedure.
769 15.60 3.17 178 7.70 8.220.39 —0.21 The rate constants of reactions-3 obtained in the fits of
7.11 7.87 the double-exponential kinetics are listed in Tables31 In
812 378 193 180 64023 024 the most reliable cases rate constants agree with the values
gig 291 obtained by the extrapolation of the low-temperature data within
6:35 6:46 20—30%. Rate constants of reaction 3 obtained in the fittings,
6.62 6.68 as shown in Figure 6, are in good agreement with extrapolation
8.64 6.57 from low-temperature measurements.
817 1559 1.08 207 7.180.25 —0.25 Modified van't Hoff plots of the equilibrium constants of
1.86 6.32 reactions 1 and 2 are shown in Figure 3. The lines drawn
?:éz S:gi through the experimental points in Figure 3 are the third law
8.70 6.85 fits using the calculated standard entropy of the reactions 1 and
9.38 6.88 2:
10.38
SiDs + NO = SiD:NO AS ,ofrxn 1) = —143.1 Imol* K™ (calculated) (12)
711 8.00 194 446 9.30 —-0.24
711800 567 446 1038 —0.24 AS ,ofrxn 2)= —146.0J mol' K™ (calculated) (13)
aTemperature uncertaint#3 K. ® Concentration in molecules cf
°The rate constant of wall decayu(for SiH; radical, ks for SiDs The third law procedure uses these calculated reaction entropies

radical).? The equilibrium constant obtained by fitting of individual : - e )
kinetics by a double-exponential functiork = (Psio/P*)(Psid as the ordinate intercepts of the modified van't Hoff plots

P°)1(Pyo/P°) L is dimensionless thermodynamic equilibrium constant (INtercept= AS’26¢R) and provides the following standard
(standard state, ideal gasRt = 1 bar).© The equilibrium constant ~ €nthalpies of reactions 1 and 2 from the slopes of the lines

obtained by a global fitting of all experimental profiles at the same through the corrected equilibrium constants and the intercepts:
temperature (see text for detailsBee text for definition? Poly(di-

methylsiloxane) (PDMS) wall coating, in all other experiment©B o _ 1
was used! The error is one standard deviation of the fit and reflects AH5ofrxn 1y= —158.9+ 5.7 kJ m.oT
statistical accuracy only. (third law procedure) (14)

exponential profiles are not well separated in the current AH,edrxn 2)= —160.54 7.3 kJ mol *

experiments due to the following reasons. First, the reactions (third law procedure) (15)
under study (1 or 2) are essentially in the pressure falloff region

at the experimental conditions used, and large concentrationsThe errors are one standard deviations of the fits plus the errors
of NO are required to provide a reaction rate comparable to the due to the accuracy of the gas flow, pressure measurements,
rate of radical decay on the reactor wall. At these high and the temperature uncertainty.

concentrations of NO, reaction 3 (and its deuterium-substituted The accuracies oAH°,gg Of reactions 1 and 2 determined
analog) contributes significantly to the radical decay kinetics. by the third law method were estimated as follows. The
Second, the isotope peak of N&PN16O™) overlaps with the accuracy of the equilibrium constants measured in the middle
parent ion of SiH at mz = 31 and gives a considerable part of the temperature range studied (#817 K) is determined
contribution to the “base line” signal, which reduces the signal/ by their statistical scatter, by the errors of the gas flow
noise ratio of the ion signal temporal profiles. Only a limited measurements, and by the temperature uncertainty. The stan-
number of the experimental profiles allowed separation of the dard deviations of the fits due to the scatter of experimental
two exponentials. To improve the reliability of the extracted points are4+2.3 and+3.9 kJ mof? for reactions 1 and 2,
parameters, a global fit of a set of kinetic profiles obtained at respectively. The combined error introduced iftp by the

the same experimental conditions with variable concentration small uncertainties of pressure and flow measurements and the
of NO added was attempted. The procedure is illustrated on temperature uncertaintyt@ K) is estimated as 22%, leading
the set of kinetic profiles recorded at 715 K (Table 3). Seven to the errors in the standard enthalpies of the reactiehg kJ
kinetic profiles were recorded with NO added and two without mol=2.

NO (to determine the wall decay constant). Only four of the  The intercept of the modified van't Hoff plot is obtained from
seven profiles were suitable for the double-exponential fitting. the calculated standard entropy of reaction 1. In general,
In each case foundependentitting parameters were usef( theoretical calculations provide reliable structural parameters,
Ay, A1, and A, for each temporal profile); therefore, the total and the accuracy of the calculated thermodynamic functions
number of the fitting parameters was 16, with experimental depends mainly on the accuracy of calculated vibrational
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Figure 4. Parameter of the long-lived exponentiaf)(of SiH; radical ] 1 2 a 4 5 6
measured as a function of NO concentration at 815 K at two different 15 -3
buffer gas densities ([He¥ 3.78 x 10 molecules cm? for the lower [NO] / 10" molecule cm

curve and 15.6« 10'° molecules cm® for the upper curve). The dashed  Figure 5. Pseudo-first-order rate constant of reaction $8i8 + NO

line show the fitting results (see text). Insert: enlarged portion of the — products vs NO concentration at different temperatures. Insert: an

upper curve at low concentrations of NO. example of the SitNO rise and decay kinetics. The experimental point
corresponding to the displayed kinetics is indicated by the square.

frequencies, especially of the low-frequency torsional modes. Experimental conditions: [Sig = 1.94 x 10*? molecules cm?, A =

An empirical correction ¢ —11%) was applied to the 248 nm, [He]= 157 x 10 molecules cm?, [NO] = 1.44 x 10°

calculated frequencies. The simultaneous change of all frequen-ggzgﬁ;'es cm’, T = 611 K, H lamp with Mgk window, B,0; wall

cies (including torsional) of Sigrradical and SiHNO molecule '

by one-half of this correction#6%) leads to a change of the o ] )

standard enthalpy of reaction 1, as determined by the third-law When it is bound in SikNO compared to the rate of wall

procedure, of£1.0 kJ motL. The torsional potential barrier recom_blnatlon of frge Siklradical. This behawor. is obSt_arved

(ca. 1.9 kJ mot?) in our calculations was obtained from the experimentally and is well reproduced by simulatiorgtising

torsional frequency assuming 3-fold sinusoidal potential. The expression 16. The dashed lines in Figure 4 represent the results

ab initio value is somewhat differenta. 4 kJ mot.15 Change of a simultaneous fit of both curves using the mechanism which

of the torsional barrier from 1.9 to 4 kJ mdlleads to the  consists of reactions k1, 3, and 6. The extrapolated value

standard enthalpy change of 0.6 kJ ol A possible error of ~ of the ratio of the rate constants of reaction 1 at these two

+0.4 kJ mot! was estimated due to an uncertainty in the different buffer gas densities (3.41 at 815 K) was used as a

singlet-triplet splitting in SiENO. The final estimate of the  fixed parameter. The bond energy, the rate constant of reaction

accuracy of the third-law determinations%.7 kJ mot? for 1, and the rate constant of reaction 3 were used as the fitting
reaction 1) was obtained by summing all errors considered parameters. The value of the bond energy obtained using this
above. procedure, DFy(H3Si—NO) = 153.2 kJ mot?, is in excellent

The second-law procedure which utilizes only the slope of agreement with the value obtained from the equilibrium constant
the data in the modified van't Hoff plot was not used due to measurements. The valueslafandks at 815 K obtained in
the scatter of experimental points (Figure 3). the fit are in good agreement with those obtained by extrapola-
Additional proofs on the existence of equilibrium in reaction tion of the low-temperature data.
1 at temperatures 63817 K were obtained by observing the Kinetics of the Reaction SilkNO + NO — Products. The
dependence of the long-lived exponential’s lifetime on the gdquct (SIHNO) formation and decay caused by reactions 1,
concentratipn of NO at high temperatures. Figure 4 shoyvs the3 and 6 were also recorded and studied. A typicalsSidl
dependencies of, (the decay parameter of the long-lived jgnal is shown in Figure 5 (insert). The rise and decay times
exponenu.all) on the concentration qf NO at.two different buffer .o well-separated, and measuring the dependence of the decay
gas densities (He) at 815 K. An interesting feature of these (e on the concentration of NO added permits the determination

dtelpen('j\le(r)]mes IS trt1e ![!"t'al d_?;:]regsel@wuh the ctoncer;t{rz]atlor;] ‘ of the rate constant of reaction 3. The rate constants determined
atlow concentrations. € decay parameters of the SNort-¢, ) 6 rise times are in good agreement with those obtained

lived and long-lived exponentials are determined by expression in the SiH; radical decay kinetic measurements. This fact allows

19,20

16: an unambiguous assignment of the decay time of3IS®I

_ kinetic profiles to reactions 3 and 6. Plots of the pseudo-first-

A2= (ke + Ky ko T K2+ order rate constantss [NO] are shown in Figure 5. The rate
{((k,+ K, — kg — K22+ Kk} (16) constants of reaction 3, determined from the slopes of the

straight lines drawn through the data as shown in Figure 5, are

The pseudo-first-order rate constants were previously defined.given in Table 4. The rate constants obtained by the global

The minus sign corresponds to the decay parameter of the long-fits of the double-exponential kinetics are also shown for

lived exponential,A,. This expression predicts an initial comparison. The rate constant has a negative temperature

decrease ofl, (increase of Sikllifetime at long times) with dependence (Figure 6). In the temperature range studiee-(301

NO concentration, due to the lower rate of consumption oSiH 611 K) the temperature dependence is
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TABLE 4: Rate Constants for SiH;NO + NO — Products? values ofky/kins. In turn, it means that the true low-pressure
TIKb [He]/106 ¢ ky/10-13de limit rate constant is factor of-23 higher. Then thex values
are 2-3 times higher, and even larger deviations are anticipated.
303 16.0 2.92+ 0.68 .
397 161 162t 0.11 The Troe factorization approach was used to calculate the
505 3.81 1.44f 0.15 low-pressure limi® and pressure falloff curvéfor k; andko.
507 15.8 1.45+ 0.08 Both the ground singlet state and the low-lying excited triplet
611 15.7 0.82:0.12 electronic state of SigNO® were taken into account. The
From the Double-Exponential Kinetics importance of bound triplet states for dissociatisacombina-
711 8.77 0.55t 0.35 tion reactions has been discussed by S#?aihd Daviest al.3°
715 15.7 1.380.46 The two limiting cases when the unknown rate of collision-
;gg 33:33 8:3% 8:(1)3 induced and collisionless transitions between the states is not
769 15.6 1.0t 0.30 required for the falloff calculations were discussed in our
812 3.78 0.74- 0.14 previous paper on Si(CH + NO recombination reactio¥.In
817 15.6 0.69: 0.13 the first limiting case, the rate of collisionless and collision-
2 Experimental conditions: reactor, 1.05 cm i.d.; wall coating)B induced transition between the electronic states is much smaller

SiH, radical precursor, Si#t, [SiHsl] = (1.8—2.56) x 1012 molecules than the rate of collisional deactivation within the electronic
cm~3; wavelength, 248 nm; the precursor photodecomposition fraction, states. Here the electronic states may be treated separately. In
1.1-2.2%; initial Sik radical concentration, [Siffb = (0.4-1.1) x the second limiting case (interstate mixing is much faster than
10'?molecules cm? (estimated using the quantum yield of Sitddical collisional relaxation within the states), the joint manifold of

from Sitbl at 248 nm, 0.2 (ref 12), the precursor concentrations, and o yibrational states can be used in the RRKM calculations
the photodecomposition fractiong)Temperature uncertainty3 K. ’

¢ Concentration in molecules crh 9 Rate constants in chmolecule! Since the rate of singletriplet transitions in the SigNO
sL. e Errors aret1 standard deviations and reflect statistical accuracy Molecule is unknown, and the collisional relaxation of highly
(scatter of points) only. vibrationally excited molecules is fast, the first model was used
in the falloff calculations. Both electronic states are considered
g [ ' T T ] to contribute independently to the recombination rate, with the
- .l SiH,NO + NO | two contributions having separate buffer gas pressure falloff
<" dependencies.
= 3 The rate constant of recombination reaction 1 (or 2) is
- represented as
-]
]
”E krec = ksrec,im(xll(l + Xl))Fl(Xl) + kTrec,im(le(1 + XZ))FZ(XZ)
Y (18)
o 0.8
g 8;2 wherekSec inf andKrec inf are the high-pressure limit recombina-
L 05 tion constants into the singlet and triplet stategx;) andF,-
0.4 (x2) are the broadening pressure falloff factors for the singlet
0.3 . . . . A and triplet states, ang; and x, are the dimensionless buffer
300 400 500 600 700 8OO gas density parameters:
Temperature / K
Figure 6. Temperature dependence of the rate constant ofN&IH+ X, = ﬁckms*sc[M]/ ksrec,inf X, = ﬁcka'so[M]/ kTrec’inf (19)

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. In these expressiong. is the weak collision efficiencyk;®*°
andkgi"scare the low-pressure limit strong collision third-order
ks = (2.95+ 0.38) x 10 *(T/298) 1902 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
No buffer gas density dependence of the rate constant of Made: the collision efficiencies for the triplet and singlet states

reaction 3 was found at 505 K by varying the He density by a are assumed to be equal, and the high-pressure recombination
factor of 4.1 (Table 4). rate into the triplet state is assumed to be 3 times larger than

the rate constant of recombination into the singlet state:

cm® molecule*s™ (17)

RRKM Analysis of Reactions 1 and 2

Simple estimates show that reactions 1 and 2 are nessesarily kTrec,inf_ 3ksrec,mf (20)
in the pressure falloff regions if the limiting high-pressure rate
constants do not differ significantly from those typical for The latter assumption is equivalent to the assumption of the
association reactions of free radicals with oxygen and nitric same structure and properties of the “transition states” for the
oxide1030-37 Assuming that the high-pressure rate constant of recombination into the triplet and singlet states and reflects the
reaction 1 ixca. (1—3) x 1071 cm?® molecule’? s71,1030-37 gnd statistical weights of these states.
the value reported by Sugawae all! (8.2 x 1073 cmf In the falloff calculations the total high-pressure recombina-
molecule? s71, 300 K) is the true low-pressure limit value, for  tion rate constankec,in, and the weak collision efficiency,,
the buffer gas density of 32 106 molecules cm® one obtains served as fitting parameters. The low-pressure limit rate
ko = 2.6 x 10712 cm® molecule! s1. Therefore, the constants were calculated based on the structures, vibrational
dimensionless parameter= ky/kiqs is estimated as 0.260.086. frequencies, and the triplesinglet splitting provided by the
Simple falloff estimates show that deviations from the true low- ab initio—BAC calculations® The strong collision rate constant
pressure limit of a factor ofa. 2—3 can be expected at these of recombination in the low-pressure limit is expresset as
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TABLE 5: Calculated Thermodynamic Functions of
SiH3NO (Standard State 1 bar= 1 Pa)

Krasnoperov et al.

TABLE 6: Calculated Thermodynamic Functions of
SiD;NO (Standard State 1 bar= 1 Pay

TK $,IJmoftK™t H°r—H%,kImol! Cy°, JmoftK™1 T, K  &,JmoFtK=t H°r—H°%, kImof! Cy°, JmoltK-1!
150 246.73 6.0556 46.075 150 252.19 6.2180 49.800
200 260.77 8.5035 52.311 200 267.73 8.9278 58.656
250 273.26 11.308 59.907 250 281.82 12.091 67.886
298.15 284.47 14.374 67.463 298.15 294.50 15.562 76.271
300 284.89 14.499 67.747 300 294.97 15.704 76.577
350 295.89 18.070 75.021 350 307.38 19.736 84.345
400 306.33 21.989 81.353 400 319.08 24.128 90.980
450 316.23 26.198 86.681 450 330.13 28.821 96.477
500 325.60 30.648 91.096 500 340.53 33.764 100.97
550 334.46 35.299 94.763 550 350.33 38.908 104.60
600 342.84 40.119 97.856 600 359.56 44.215 107.56
650 350.78 45.082 100.50 650 368.27 49.653 109.97
700 358.31 50.166 102.79 700 376.49 56.202 111.98
750 365.47 55.357 104.80 750 384.27 60.841 113.65
800 372.29 60.640 106.59 800 391.65 66.556 115.08
850 378.80 66.008 108.19 850 398.67 72.338 116.29
900 385.03 71.451 109.64 900 405.34 78.177 117.35
950 390.99 76.963 110.94 950 411.71 84.068 118.27
1000 396.71 82.538 112.13 1000 417.80 90.009 119.08
1100 407.50 93.854 114.20 1100 429.23 102.00 120.45
1200 417.51 105.37 115.93 1200 439.76 114.11 121.54
1300 426.86 117.05 117.40 1300 449.53 126.32 122.43
1400 435.61 128.86 118.64 1400 458.63 138.61 123.18
1500 443.83 140.79 119.70 1500 467.15 150.96 123.80
1600 451.59 152.81 120.63 1600 475.16 163.38 124.33
1700 458.92 164.93 121.42 1700 482.71 175.84 124.79
1800 465.88 177.11 122.11 1800 489.85 188.35 125.18
1900 472.50 189.36 122.72 1900 496.63 200.89 125.52
2000 478.81 201.67 123.25 2000 503.07 213.46 125.82

a SiHzNO molecular parameters: Molecular mass 60.998. ;IS
singlet state (cis): frequencies (chmsee footnotd): 307, 563, 585,

a SiDsNO molecular parameters: Molecular mass 64.017. ;1S
singlet state (cis): frequencies (chsee footnotd): 277, 444, 482,

711, 908, 919, 923, 1705, 2158, 2165, 2171; main moments of inertia 617, 663, 667, 712, 1534, 1563, 1567, 1706; main moments of inertia

(see footnote) 1.928 x 1076, 1.396x 10745, 1.490x 1075 kg nv;
symmetry number for external rotatiooex: = 1; one hindered rotor
with the reduced moment of inertia (see footnot&.307 x 1047 kg

m? and barrier for internal rotation 1.90 kJ mé|l respectively (see
footnoted); symmetry number for internal rotovinre: = 3; electronic
degeneracy= 1. SiHsNO, triplet state (trans): frequencies (Chnsee
footnoteb): 214, 624, 638, 686, 926, 928, 935, 1674, 2162, 2163,
2187; main moments of inertia (see footnojel.605 x 10746, 1.479

x 1075, and 1.542x 107*% kg n?; symmetry number for external
rotations,gexx = 1; one hindered rotor with the reduced moment of
inertia (see footnote) 4.269 x 1074 kg m? and barrier for internal
rotation (see footnotd) 2.46 kJ mot?, respectively; symmetry numbers
for internal rotor oinrot = 3; electronic degeneracy 3. Triplet—singlet
splitting = 12.54 kJ mot. ® Frequencies calculated at the HF/6-31G*
level and scaled (scaling factor 0.898).c Moments of inertia of

(see footnote) 2.894 x 10746, 1.552x 1075, 1.645x 107 kg nv;
symmetry number for external rotations; = 1; one hindered rotor
with the reduced moment of inertia (see footnok&.197 x 1047 kg

m? and barrier for internal rotation 1.57 kJ mgl respectively (see
footnoted); symmetry number for internal rotoinee = 3; electronic
degeneracy= 1. SiD:NO, triplet state (trans): frequencies (Chsee
footnoteb): 204, 483, 514, 615, 669, 674, 699, 1540, 1562, 1584,
1674; main moments of inertia (see footne)e2.571 x 10746, 1.639

x 1075, and 1.701x 107% kg n? symmetry number for external
rotations,cex = 1; one hindered rotor with the reduced moment of
inertia (see footnote) 5.724 x 104" kg nm? and barrier for internal
rotation (see footnotd) 2.48 kJ mat?, respectively; symmetry numbers
for internal rotor ginrot = 3; electronic degeneracey 3. Triplet—singlet
splitting = 12.31 kJ mot™.  Frequencies calculated at the HF/6-31G*
level and scaled (scaling factor 0.898).° Moments of inertia of

external and internal rotation calculated using molecular structure external and internal rotation calculated using molecular structure
optimized at the same level of theory. Reduced moments of inertia optimized at the same level of theory. Reduced moments of inertia

calculated according to Pitzer and Gwittnd Barriers calculated from

calculated according to Pitzer and Gwittnd Barriers calculated from

torsional frequencies and assumed three-cycle sinusoidal potential fortorsional frequencies and assumed three-cycle sinusoidal potential for

internal rotations. Contributions to thermodynamic functions for
hindered rotors obtained by linear interpolation of talifes.

kﬁ'f = ZLJ(pvib,h(EO)kT/Qvib,h)FEFaanrotFintrothind X
(QSiH3NO/ QSiHSQNo) (21)

with the usual meaning of the symbolZ, ; is the Lennard-
Jones collision numbepyivn(Eo) is the vibrational density of
states of the SitNO molecule at the threshold energy for
dissociationEy, in the harmonic oscillator approximation, and
Quib,h is the vibrational partition function of the SiNO
molecule in the harmonic approximatiofftg, Fanh Fextror and
Fintrothing @re correction factors accounting for the energy

internal rotations. Contributions to thermodynamic functions for
hindered rotors obtained by linear interpolation of tatfles

made in Finyothing®® The experimentally determined “well
depth”, Eo, for the singlet state was useh(singlet)= —AH®,
assuming the absence of an additional barrier). For the triplet
state, the singlet state value minus the theoretically calculated
triplet—singlet splitting® was used. The scaled vibrational
frequencies, molecular structures, moments of inertia for external
and internal rotations, and triptesinglet splitting were obtained
from the theoretical gb initio + BAC) calculations'® 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

dependence of the vibrational density of states, for the effect rotations. The Lennard-Jones collision numbesas calculated

of the anharmonicity of vibrations, and for the influence of the
centrifugal barrier and for hindered internal rotors. In calculat-

using the parameterg(He) = 2.55 A, e(He) = 10 K, o(SiHs-
NO) = 4.69 A, and:(SiHsNO) = 294 K. The collision diameter

ing these parameters, the torsional motion of the molecule wasof SiHsNO was estimated using the relationshig= 1.18v,Y341
treated as a free internal rotor. Corrections for hindrance were V, estimated as a sum of Le Bas atomic incremevigs< 14.8,
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TABLE 7: Coefficients of NASA Polynomials*t for NO, SiH3, SiDs, SiHzNO (Singlet), SiHkNO (Triplet), SiH 3NO, SiDsNO
(Singlet), SiD;NO (Triplet), and SiD3NO

molecule a ap x 10° ag x 10° as x 10° as x 102 as ay
NO* 4.2287 —4.751F 11.376 —9.7243 2.9582 —26.771 2.2459
SiHy? 2.8526 7.3944 —1.4390 —1.1159 0.40400 90.311 7.6980
SiDs® 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
SiHzNO f (triplet) 2.6750 20.756 —15.231 5.5230 —0.79829 133.16 14.452
SiH;NOf 0.83770 33.322 —33.817 16.032 —2.8585 272.11 20.891
SiDsNO¥? (singlet) 2.5266 26.827 —24.425 10.605 —-1.7731 92.957 13.906
SiD3NO¥ (triplet) 2.8588 25.444 —22.444 9.4432 —1.5345 74.830 13.536
SiD;NQ¢ 1.0885 37.697 —40.510 19.605 —3.5156 201.16 19.641

a Polynomial representation of thermodynamic functin€°p(T)/R = a; + a;T + asT? + a4T% + asT% (H°(T) — H°(0))/RT = ay + a;T/2 +
agT4/3 + as T34 + asT¥/5 + ad/T; S(T)/R = a1 In(T) + aT + agT¥2 + a4 T9/3 + asT44 + a;. ® Temperature range 25@000 K, except for NO.
¢ Temperature range 25000 K, data from ref 28 were used for fittingSiH; parameters: mass 31.000; frequencies (¢m781, 906(2), 2111,
2128(2); main moments of inertia 5.88910747, 5.889x 10747, 9.889x 10747 kg M?; gext = 3; G = 2. © SiDz parameters: mass 34.019; frequencies
(cm™Y): 577, 654(2); 1501, 1537(2); main moments of inertia 1.36Q07%, 1.160 x 10746, and 1.976x 107 kg n¥; oext = 3; gu = 2. See
footnotes to Table 5! See footnotes to Table 6.

V4 = 3.7,Vo = 7.4, Vy = 10.5, all from ref 41, and/s; = reactions 1 and 2 are the following (30611 K).
33.79. The Lennard-Jones potential well depth for Sikas
estimated using the relationshig = 1.21Ty; Tp(SiHsNO) = Ky i = (3.124 0.12) x 107 2(T/298) >0

243 K as it is for SiHCI.

6 —2 1
The calculated?, ; for 298 < T < 1000 K is cm” molecule s = (24)

Ky inf = (3.9 1.1) x 10 *{(T/298) * cm® moleculé*s™*
Z, (SiH,NO—He) = 4.83x 10 (172980 (22) Lt o5

The rate constants of recombination into the triplet and singlet F
states are given by expression 21 with the parameters densities
of states and the partition functions corresponding to the triplet k, i = (9.02= 0.40) x 10 2(T/298) 336:0-11
and singlet states and with the threshold energigsinglet)= ’ 6 P
Eo = —AH° and E(triplet) = Ey — AEr_s, AEr_s being the cm’ molecule “s ~ (27)
triplet—singlet splitting. 1 . 3 I
Standard expressions were used to calculate the generalKyjns = (5.0% 1.3) x 10 "(T/298) = cm” molecule”s
broadening factorBi(xi), F2(X2)* andFeent 3 Feent 2° that enter (28)
expression 18. Since the calculations showed that the param-
etersFeendiffer by less than 2% for the singlet and triplet states ~ Feent 2= 1.26 eXp{-305/T) — 0.60+ exp(~=T/271)  (29)
over the range 301611 K, a singleFc.n; parameter (average)
was used in the falloff calculations. Finally, eq 18 was used to ~ The falloff curves themselves can be used as an additional
fit the experimental data in the temperature range-38111 K test on the value of the bond energy in &HNO. The
using 8. and the total high-pressure rate constant as fitting Parameter that is the most coupled to the bond energy is the
parameters. The weak collision efficiency was assumed to beweak collision efficiency parameter. Usirgp as a fitting
independent of temperature. Parametghe parameter of the ~ parameter withBc between 0.1 and 0.2 leadsg = 148-163
temperature dependence of the high-pressure recombination ratkJ mofr®. (The higher value irg, corresponds to the lower
constant, expression 23, was fixednat —1. value infc.)

1.28 exp{-389/T) — 0.62+ exp(~T/331) (26)

cent,1:

Thermodynamic Functions
krec,inf: krec,inf,ZQ&T/298T (23) . .
The thermodynamic functions of the reactants and products

Two separate fits have been performed for reactions 1 and o of reactions 1 and 2 were calculated usatginitio structures
1 1 1 *
All temperature dependencies were fitted simultaneously. The 2nd scaled (factor 0.893) vibrational frequencies (HF/6-326*).

fit of the falloff data for reaction 1 usingo = 153.7 kJ mot? Thes_e. results are summanz.ed n Tables 5 and 6. and in
yielded the weak collision efficiency fact@e = 0.153 and the ~ Coefficients of NASA polynomiafS in Table 7. The torsional
high-pressure limit rate constany of reactiorkis = (3.9 & motion in SINO (SIDNO) was treated as a hindered internal
1.1)x 10 cnmP molecule®s L. The fit of the data for reaction rotation with a three-cycle smus_0|dal potent|al._ The barriers
2 usingEp = 153.7+ 2.4 = 156.1 kJ mot! (2.4 kJ mot is were calculated from the torsional frequencies under the

calculated using the difference in zero-point vibrational energies SSumption of a 3-fold sinusoidal potential. The reduced
for reactions 1 and 2) resulted in the weak collision efficiency moments of inertia for the internal rotation and the contributions

Bc = 0.146 and the high-pressure limit rate constant of reaction to the thermodynamic functions were calculated using the
2, Koinf = (5.0 1.3) x 10~ cm® moleculel s™L. There is a approach and tables of Pitzer and Gw#inThe parameters

very good agreement between the weak collision efficiencies used in the %alculations are listed in the footnote_s to the tables.
produced by the fits of the sets of data for reactions 1 and 2. 1he JANAF® data were used to obtain the coefficients of the
The absolute value ¢f; as well as the high-pressure limit rate  NVASA polynomials for NO.
constants is quite typical for this type of reacti§i§-37.44

The pressure falloff curves fitted to the experimental points
using the procedure described above are shown by solid lines Both reactions 1 and 2 are in the pressure falloff region
in Figure 2. The parametrizations of the rate constants of significantly far from the true low-pressure limit. The pressure

Discussion
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dependence of the rate constants of reactions 1 and 2 is

consistent with the Sig-NO bond energy obtained in the
equilibrium measurements. This value (BbiH3Si—NO) =
158.94 4.0 kJ mot?) is in fair agreement with thab initio—
BAC theoretical calculations (DHgg(H3Si—NO) = 149.9 kJ
mol~1. The discrepancy (9 kJ md), however, is much smaller

Krasnoperov et al.
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previous estimatescé 30 kJ mofl) and can be assigned to
the joint experimental uncertainty of the current experimental
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application to Si-containing compountfs.

The bond energy in silylnitrosyl (158.9 kJ mé) can be
compared with the bond energy in trimethylsilylnitrosyl (190.2
kJ mol1 19, Therefore, substitution of hydrogen atoms by
methyl groups leads to strengthening of the-Bibond. The
strengthening effect of methylation on-Sil bond has previ-
ously been observed and rationalized in terms of relative
electronegativities of Si and C atoPf8
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