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Proton Affinity and Heat of Formation of Silylene 
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Using the techniques of Fourier transform ion cyclotron resonance spectroscopy, we determined the proton affinity of silylene 
to be 201 f 3 kcalmol-' from a study of the kinetics and thermochemistry of proton transfer from SiH3+ to a series of n-donor 
bases with well-established gas-phase base strengths. This value leads to = 69 f 3 kcal.mol-l, which is 11 
kcal-mol-' higher than the previously accepted value (Walsh, R. Acc. Chem. Res. 1981,14, 246-252), but in excellent agreement 
with the recent theoretically recommended value of 68.1 kcalmol-I (Ho, P.; Coltrin, M. E.; Binkely, J. S.; Melius, C.F. J .  
Phys. Chem. 1985, 89, 4647-4654). 

The thermochemical properties of the reactive molecule silylene 
are of fundamental interest in organometallic chemistry and also 
of importance in understanding the process of silicon chemical 
vapor deposition (CVD).] Although the heat of formation of 
silylene has been studied experimentally, there is considerable 
discrepancy among the various published values. For example, 
the value of AHfo298 (SiH2) = 58 kcalmol-I recommended by 
Walsh2 (based on pyrolysis measurements of silane ~ p e c i e s ) ~  is 
considerably below the more questionable value of 8 1 kcal-mol-I 
obtained from the mass spectrometric study of silylarsine by 
Saalfeld and M ~ D o w e l l . ~  However, the higher value is supported 
by arguments offered by Robertson et al.5 in their recent studies 
of silane pyrolysis. Ho et aL6 obtained a heat of formation of SiH2 
of 68.1 kcal-mol-] by a b  initio calculation a t  the MP4/6-31G** 
level. This is corroborated by the value of 67.9 kcal-mol-] esti- 
mated  from t h e  most recent theoretical calculation 
(MP4SPTQ/6-31G* level) reported by Luke et al.' 

T o  more firmly define an experimental value for the heat of 
formation of silylene, we have used the techniques of Fourier 
transform ion cyclotron resonance spectroscopya to examine 
proton-transfer reactions of SiH3+ (reaction 1) with a series of 

SiH3+ + B - SiH, + BH' 

n-donor bases B with known gas-phase b a s i c i t i e ~ ~ . ' ~  (proton af- 
finities). The proton affinity of SiH2 determined in this fashion 
yields AHfo(SiH2) with the use of eq 2. This experimental 

AHfo(SiH2) = PA(SiH2) + AHf0(SiH3+) - AHfo(H+) ( 2 )  

methodology has successfully yielded heats of formation of hal- 
ocarbenes] l and other reactive moleculesI2 in previous studies. 

Silane ionized by electron impact with an electron energy of 
14 eV provides a convenient source of SiH3+ ions. The most 
abundant primary ions are SiH2+ and SiH3+,I3 the former being 
converted to the latter by reaction 3 ( k  = 6.2 X cm3. 
 molecule-'-^-').'^ The symmetrical hydride-transfer reaction of 

SiH2+ + SiH4 - SiH,' + SiH3 (3) 

SiH3+ with silane is also very fast.I4 The silyl cation reacts very 
slowly with silane to yield Si2H5+.l5 Various oxygen-, nitrogen-, 
and sulfur-containing n-donor bases were chosen as neutral 
reactants, covering a range of base strengths and expected re- 
activities. The Fourier transform ICR spectrometer used in these 
studies comprises a 1-in. cubic ce11I6 in a 15-in. electromagnet 
(operated typically a t  1 T )  with an Ionspec FTMS-2000 data 
system. Pressures were measured with a Schulz-Phelps ion gauge 
calibrated against an MKS Baratron (Model 390 HA-0001) 
capacitance manometer. Experiments were carried out with 1 : 1 
SiH4-B mixtures with a total pressure in the range (1-2) X 
torr and an electron energy of 14 eV. Although other reactions 
are noted below, this study focused on the proton-transfer reaction 
of SiH3+ with the neutral bases. Ion ejection pulses were used 
to remove all ions except SiH3+ from the ICR cell shortly after 
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the electron beam pulse.'' The results are summarized in Table 
I .  

As reported by Lampe et a1.,la SiH3+ reacts sequentially with 
D 2 0  to yield a protonated silanone (H2SiODf), HSi(OD)2+, and 
Si(OD)3+. The primary reaction products with C D 2 0 D  are 
H2SiOCD3+, H2SiODf,  and a deuteride-transfer product 
CD,OD+. The protonated silanone was also observed as a major 
product in the reaction of SiH3+ with CH3CH0 and (CD3)2C0.  
In the reaction of SiH3+ with aliphatic nitriles, the formation of 
RCNSiH+ ( R  = CH,, c-C3H5) is predominant, with hydrogen 
being eliminated from the silicon center.I9 SiH3+ reacts with 
C H 3 0 C H 3  exclusively via a hydride-transfer reaction. Hydride 
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TABLE I: Observed Reactions and Rate Constants for the Reactions 

SiH,+ + B - products 

B PA" products prod distrb k,,,,,' kmod 
D20 166.5' H2SiOD+ + HD 1 .o 2.1 i 0.2 19.7 
CD3OD 181.9' H2SiOCD3+ + HD 0.44 6.4 i 0.7 16.5 

C D 2 0 D +  + SiH3D 0.38 

C H 3 C H 0  186.6 H2SiOH+ + C,H, 1 .o 9.9 i 0.8 21.4 
CH,CN 188.4 CH3CNSiH+ + H2 >0.99 15.5 i 1.5 29.3 
(CH3)20 192.1 C H 3 0 C H 2 +  + SiH, 1 .oo 5.4 f 0.5 14.7 
c - C ~ H ~ C N  195.4 C,H5CNSiH+ + H 2  0.65 22.8 f 2.2 22.8 

C3H5+ + SiH3CN 0.13 
( C D d K O  196.7' H2SiOD+ + C,H, 0.80 20.7 i 1 . 1  21 .5  

H2SiOD+ + CD,H 0.18 

C3H5SiH2+ + H C S  0.22 

CD,CO+ + SiH3CD3 0.20 
(CZD5)20 200.2' C,D50C2D,+ + SiH,D f 15.2 f 1.6 15.3 

C2D50CD2+ + SiH,CD, 
C2D50SiH2+ + CD3CD2H 
C2D50H2+ + HSiCD2CD, 

HSSiH,' + C2H5 0.14 
(CzH5)zCO 201.4 (C2H5),COH+ + SiH, 0.56 14.4 i 1.3 20.3 

H2SiOH+ + C,HIo 0.24 

(n-Pr)20 202.3 (C3H, )20H+ + SiHz 0.42 
C3H7+ + H3SiOC3H, 0.44 

C311,0Hz+ + HSiC,H, 0.07 
N H3 204 NH4+ + SiH, 0.74 6.0 f 0.5 17.6 

H2SiNH2+ + H1 0.26 

(CH3)2S 200.6 CH3SCH2+ + SiH, 0.86 17.2 i 1.5 15.8 

(CzH9)2COSiH3+ 0.20 

C3H,OC3H6+ + SiH3D 0.07 

17.5 15.0 f 1.4 

"All proton affinity values from ref IO.  In  units of kcal-mol-'. *Product distribution normalized to unity for reactant ions. ' I n  units of 
cm3.molecule~'.s~'. Ion-polar molecule collision rate constant obtained by using the average-dipole-orientation theory: Su, T.; Bowers, M. T. Inr. 
J .  Mass Spectrorn. Ion Phys. 1973, 12, 347-416. 'Proton affinity of the deuterated molecule is slightly lower. /The reaction sequence is too 
complicated to get a product distribution. Double resonance experiments indicate that nearly all of the secondary product ions undergo proton 
transfer to the neutral diethyl ether. 

transfer and more complex processes occur in the reaction with 
C2DsOC2DS. With (CH,),S, hydride-transfer is also a dominant 
reaction channel. Although a small amount of (CH3)2SH+ is 
observed in this system, ion ejection experiments confirm that it 
results from a complex sequence of reactions and it is not a direct 
proton-transfer product involving SiH3'. The above molecules 
all have proton affinities below 200.6 f 3 kcal.mol-'.20 With 
stronger bases, proton transfer is -n  important reaction channel. 
For example, the predominant reaction (-56% of the product 
distribution) of SiH3+ with 3-pentanone is a proton transfer, with 
a rate constant of 8.0 X cm3.molecule-' S C ' .  In the case of 
(n-Pr),O and NH,, proton transfer also occurs predominantly. 

There are several factors2' contributing to the uncertainty in 
deriving of a value of AH,0(SiH2) from these experiments. These 
include (i) the near impossibility of pinpointing from such ex- 
periments (in which other fast reactions compete with proton 
transfer) the precise transition point a t  which proton transfer from 
SiH,' is thermoneutral; (2) the difficulties associated with the 
assignment of absolute values to the proton affinity scale,1° and 
(3) the uncertainties in the heat of formation of SiH,+.22 The 
results shown in Figure 1 strongly suggest that PA((CH3),S) < 
PA(SiH2) < PA((C2Hs)2CO). Using a value of 204 f 3 kcal. 
mol-' for PA(NH3) leads to a value for PA(SiH2) of 201 f 3 
kcal.mol-I. Using a value of 234.1 kcal-mol-' for AHro(SiH3+)22 
and 365.7 kcal,mol-' for AHfo(H+)23 in eq 2 yields AHf0(SiH2) 

(20) PA((CH,),S) = 200.6 f 3 kcal.mol-',; with AHfo2&iH2) = 58 

(21) Ausloos, P.; Lias, S. G. J .  Am. Chem. SOC. 1978, ZOO, 4594-4595. 
(22) AHf0298(SiH3) = 46.4 kcal-mol-! (ref 2), IP,(SiH3) = 8.14 eV (Dyke, 

J. M.; Jonathan, N.: Morris, A,; Ridha, A,; Winter, M. J. Chem. Phys. 1983, 
81, 481-488. This corresponds to AHr0298(SiH3+) = 234.1 kcal-mol-', which 
is in good agreement with unpublished results of the photoionization mass 
spectrometric studies of Coderman and Beauchamp (235.1 kcal.mol-') 
(Corderman, R. R. Ph.D. Thesis, California Institute of Technology, 1977) 
and the recent photoionization study of Ding et al. (237.1 * 0 6 kcal.mol-I) 
(ref 25). 

(23) AHP,,,(H) = 52.103 kcal-mol-' and IP(H) = 13.598 eV from Moore. 
C.E. Natl. Stand. ReJ Data Ser.. Natl. Bur.  Stand. 1970. No. 34. 

kcal-mol-', the expected proton affinity of silylene is 189.6 kcabmol-' 

Od. 

n 
I 
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Figure 1. Variation with base strength of the reaction efficiency (defined 
as the ratio of the rate constant to the calculated collision rate) for proton 
transfer from SiH,' to various n-donor bases. Base strengths (proton 
affinities) are given relative to NH,  [PA(",) = 204 f 3 kcal.mol-']. 

= 69 k 3 kcal-mol-I. This is 11 kcal-mol-' higher than the pre- 
viously accepted value (58 kcal.mol-'),* but in good agreement 
with the recent theoretical value (68.1 kcabmol-I) recommended 
by H o  et aL6 With this value and A~fo2,,(SiH,) = 8.2 kcal. 
mol-',?*6 the enthalpy of the decomposition reaction 4 is 60.8 f 

(4) 

3 kcal-mol-' at 298 K, which is close to the activation energy (59.5 
kcal-mol-') for silane pyrolysis obtained by Newman et al.24 This 

SiH, - SiH2 + H2 

(24) Newman, C. G.; ONeal ,  H. E.; Ring, M.  A,; Leska. F.; Shipley. N. 
Int. J .  Chern. Kinet. 1979, 1 1 ,  1167-1 182. 
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result strongly favors silylene chemistry, as opposed to silyl radical 
chemistry, as the primary decomposition reaction in silane py- 
rolysis. Using a similar approach, Hehre et aLt2 have determined 
the proton affinity of dimethylsilylene to be 232 kcal-mol-]. The 
effect of methyl substitution (31 kcal.mol-') is close to that ob- 
served in comparing H,S to (CH3)*S (30.4 kcal-mol-I). Combining 
the known heat of formation25 Aff?298(SiH2+) = 276.3 kcal-mol-' 
with the heat of formation of S iH2 derived in this study yields 
an adiabatic ionization potential of 8.99 eV for SiH,. This is in 
excellent agreement with the value 8.98 eV predicted by ab  initio 

calculation at  the MRD-CI 
The results of the present study signal another triumph for 

high-quality ab  initio calculations as a reliable approach to pre- 
dicting the thermochemical properties of reaction intermediates. 
With the necessary blessing granted by experimental certification, 
some changes in the estimated thermochemistry of processes 
involving silylene are recommended. Related studies of substituted 
silylenes are in progress in  our laboratory. 
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Some Comments on Multicomponent Diffusion: Negative Main Term Diffusion 
Coefficients, Second Law Constraints, Solvent Choices, and Reference Frame 
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We discuss some interesting aspects of multicomponent diffusion in liquids. These include the existence of a negative main 
term diffusion coefficient; the utility of taking different components as the solvent; the change-of-solvent transformation 
for Fick's law coefficients and Onsager coefficients; the validity of the Onsager reciprocal relations on changing solvents; 
and the calculation of partial molar volumes from diffusion data. For this, we first survey previous work on the irreversible 
thermodynamic basis for macroscopic diffusion; the importance of reference frames and transformations among them; and 
second law conditions on the volume-fixed diffusion coefficient matrix. Certain diffusion descriptions in other reference 
frames do not preserve these second law conditions. 

I. Introduction 

Diffusion is one of the major transport processes in liquids. Such 
processes, especially in multicomponent systems, are increasingly 
recognized as significant in the earth sciences, biology, nuclear 
waste isolation, and chemical engineering. Unfortunately, mul- 
ticomponent diffusion is more complicated than is often realized. 
For example, a ternary system (two solutes in a solvent) has four 
diffusion coefficients, not just two. The cross terms can be large 
and be positive or negative, thus having a substantial effect on 
flows of matter. 

The experimental investigation of liquid diffusion in binary 
systems began with Graham3 in 1850 and its theoretical description 

(1) Visiting Professor at the Facoltti di Scienze of the University of Naples, 
Spring 1983. Portions of this work were done under the auspices of the Office 
of Basic Energy Sciences (Geosciences), US. DOE at Lawrence Livermore 
National Laboratory, under Contract W-7405-ENG-48. 

(2) Portions of this work were supported by the Italian Minister0 della 
Pubblica lstruzione and the Italian C.N.R. 

(3) T. Graham, Trans. R. Soc. London, 140, 1 (1850). 

began with Fick4 in 1855. However, the possibility of cross terms 
in multicomponent systems was not even suggested until 1932 by 
Onsager and F u o ~ s . ~  The experimental verification of their 
existence by Gosting and  collaborator^^^^ was as recent as 1955, 
a century after Fick. Precision experimental work did not begin 
until the late 194O's, following the design and construction of 
optical interferometers. Experimental matters are nicely described 
by Dunlop et aL8 and Tyrrell and Harr i s9  

Among the complications of multicomponent liquid diffusion 
is the issue of reference frames. The one closest to most exper- 

(4) A.  E. Fick, Ann. Phys. (Poggendorf), 94, 59 (1855) .  
(5) L. Onsager and R.  Fuoss, J .  Phys. Chem., 36, 2689 (1932) 
(6) R. L. Baldwin, P. J. Dunlop, and L. J .  Gosting, J .  Am. Chem. Soc., 

(7) P. J .  Dunlop and L. J .  Gosting, J .  Am. Chem. Soc., 77, 5238 (1955). 
(8) P. J. Dunlop, B. J. Steel, and J. E. Lane in Physical Methods of 

Chemistry, Vol. 1, Part IV, A. Weissberger and B. Rossiter, Eds., Wiley, New 
York, 1972, Chapter IV, pp 205-349. 

(9) H. J .  V. Tyrrell and K .  R. Harris, Diffusion in Liquids. Butterworths, 
London, 1984. 

77, 5235 (1955). 
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