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ABSTRACT 

Matrix Reactions of Silicon Difluoride 

as Studied by Infrared Spectroscopy 

By Jouette McCurdy Bassler 

Infrared matrix isolation spectroscopy has been employed to 

characterize monomeric silicon difluoride. Warm-up experiments 

show the development of several sets of new bands which indicate 

that this molecule polymerizes through a reactive dimeric interme¬ 

diate. Other reactive molecules were mixed with the matrix gas and 

deposited with silicon difluoride on the cold window. When these 

heterogeneous matrices were allowed to warm up, new bands character¬ 

istic of the reaction products of silicon difluoride with the secondary 

species were observed to appear. In this manner the reactions of 

silicon difluoride with boron trifluoride, carbon monoxide, nitric 

oxide, oxygen and perfluorobenzene were observed and the reaction 

products spectroscopically identified. 
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INTRODUCTION 

Infrared spectra arise from changes in vibrational energy levels 

and accompanying rotational energy changes, and the theory of these 

changes has been treated by many authors. It would appear that infra¬ 

red absorption and emission spectra would give considerable insight 

into the structures of high temperature species through vibrational 

and rotational parameters. At high temperatures, however, the popu¬ 

lation of higher vibrational states, and thus the number of possible 

transitions, increases markedly, and the infrared spectra of high 

temperature vapors are correspondingly more complex than those of low 

temperature species. In addition, the large number of vibrational 

and rotational transitions leads to a wide frequency range and thus 

to very broad absorption and emission bands. Furthermore, since the 

infrared region extends from the microwave region to the red end of 

the visible, pure rotational transitions as well as transitions 

between electronic energy levels may overlap into the infrared region 

for high temperature species. 

Flames, discharge tubes and furnaces are all capable of produc¬ 

ing high temperature species of relatively long-term stability, and 

all have been adapted to infrared techniques with varying degrees of 

success. The recent development of sensitive, rapid-response infra¬ 

red detectors has permitted the application of shock waves to high 

temperature infrared spectroscopy. Finally, the adaptation of the 

technique of matrix isolation for use with high temperature species 

has constituted a great advance in many areas, permitting the lei¬ 

surely study of high temperature vapors under well-defined conditions, 
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the ready distinction of monomeric and polymeric bands, and a simpli¬ 

fication of the spectrum by elimination of "hot" bands and, in most 

cases, rotational fine-structure. The additional high temperature 

problem of reaction of the hot vapor with the furnace walls is allevi¬ 

ated in many cases by incorporating a Knudsen cell, which can be made 

from a wide choice of materials, into the cryostat in place of the 

furnace ordinarily used with high temperature work. The technological 

problem of cooling the typical low-melting, infrared-transparent win¬ 

dows of the high temperature cells is completely eliminated. 

In the high temperature application of the matrix-isolation tech¬ 

nique, the molecular beam from a Knudsen cell is condensed together 

with an inert gas on an infrared-transparent window cooled by liquid 

hydrogen or liquid helium. This matrix gas is sufficiently in excess 

to isolate from each other the molecules generated in the Knudsen cell 

by trapping them in interstitial or substitutional sites of the face- 

centered lattice of the solid matrix. 

Linevsky (1) was the first to apply matrix isolation to Knudsen 

cell vapors, and his investigation of lithium fluoride indicated that 

the vibrational frequencies observed in a matrix were shifted with 

respect to the gas phase values. This phenomenon, which is typical 

of all matrix-isolated species, was explained by an interaction between 

the reactive species and the matrix arising from dispersion, electro¬ 

static and induction effects. Work in the field of matrix isolation 

of high temperature vapors, as well as other high temperature tech¬ 

niques applied to infrared spectroscopy, has been recently reviewed (2). 
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EXPERIMENTAL PROCEDURE 

The cryostat used in these investigations was constructed by 

Raymond W. McNamee, Jr., and its design is discussed in his thesis (3) 

The only major change made in the apparatus was the removal of an 

elaborate sidearm which contained a Knudsen cell for producing high 

temperature vapors and which was attached to the cryostat by a hori¬ 

zontal flange. In place of this, a silicon-packed quartz furnace, 

necessary for producing silicon difluoride, was attached to the flange 

by a short length of one-half inch inner diameter (i.d.) copper tubing 

and was heated by a Kanthal-wound, Mullite-core furnace (see Figure 1) 

Swagelok joints with Xytel ferrules were used to provide vacuum-tight 

connections between the various parts of this attachment, and those 

connections closest to the furnace were air cooled. Iron rods were 

connected to the cryostat above and below the quartz furnace and were 

used with various clamps to support the furnace and hold the ammeter, 

the Teflon air hoses and the thermocouple leads. 

An additional refinement was observed to yield better isolation 

of the reactive molecules. The cryostat was originally constructed 

so that the molecular beam from the Knudsen cell and the inert matrix 

gas entered the cryostat from two different openings which were sep¬ 

arated by an angle of forty-five degrees. The two gaseous streams 

were mixed as they condensed on the cold window. To obtain better 

isolation, the original inert gas entrance was sealed, and the inert 

gas, argon or krypton, was admitted to the cryostat instead by the 

same opening through which the silicon difluoride molecules passed. 

To accomplish this, one-eighth inch i.d. copper tubing was passed 



FIGURE 1 

Cross-section of Cryostat 

a3 inner Dewar 

b9 vent 

c, nitrogen pot 

d y 0-rings 

e, ball-bearing race 

f, to pump 

g, copper tubing 

h, to needle valve controlling inert gas flow 

i, to needle valve controlling SiF^ flow 

j , iron supporting rods 

k, Kanthal-wound, Mullite-core furnace 

l, silicon-packed quartz tube 

ms copper block holding Csl cold window 

n, optical window 

o, radiation shield 
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through a hole drilled in the top of the one-half inch i.d. copper 

tubing which connected the quartz furnace to the cryostat. The con¬ 

nection was soldered to form a vacuum-tight seal after the two pieces 

of tubing had been arranged so that the inert gas and the silicon 

difluoride entered the cryostat through separate but concentric open¬ 

ings. 

All the gases employed in the experiments were used without 

further purification with the exception of argon, which was passed 

through a magnesium perchlorate (Dehydrite) drying column: argon 

supplied by The Big Three Welding Company (nominally 99.999% minimum 

purity), krypton and silicon tetrafluoride supplied by The Matheson 

Company (nominally 99.987% and 99.6% minimum purity, respectively). 

The gases were stored during an experiment in a glass vacuum system 

equipped in critical areas with greaseless stopcocks manufactured by 

G. Springham and Company. This system was connected to the cryostat 

by means of needle valves and flexible one-eighth inch i.d. copper 

tubing. 

At the beginning of an experiment the cryostat, including the 

quartz furnace and the copper lines, was evacuated with a Welch 

mechanical forepump and an oil diffusion pump; the pressure in the 

-4 
evacuated cryostat was approximately 10 mm. of mercury. The silicon 

packed into the quartz tube was degassed by heating the furnace to 

400° C. for at least twelve hours prior to cooling the cryostat. 

After the inner and outer Dewars had been precooled with liquid 

nitrogen for several hours, the inner Dewar was filled with liquid 

hydrogen and a background spectrum of the cold window was taken. The 
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furnace temperature was increased to 1150° C., as determined by a 

Chrome1-Alumel thermocouple inserted between the furnace and the quartz 

tube5 and the cesium iodide cold window was turned to face the furnace. 

The inert gas, or the inert gas mixed by standard manometric techniques 

with a second reactive species, was passed into the cryostat. The rate 

of deposition on the cold window was controlled by a needle valve and 

followed by a mercury manometer attached to the flask containing the 

gas. The silicon tetrafluoride (SiF^) was then allowed to pass through 

the hot furnace and silicon difluoride (SiF2) was generated by the high 

temperature reaction of the SiF^ with the silicon as first described by 

Pease (4). A needle valve and mercury manometer were also used to con¬ 

trol the SiF^ flow rate, and the two rates were adjusted to give the 

desired dilution of Sif^ in the matrix, usually a molar ratio of matrix 

gas to SiF2 (M/R) of 200 to 1. When sufficient SiF2 had been deposited 

to give a clear infrared spectrum, approximately fifty micromoles, the 

gas flows were stopped and the cold window turned again to face the 

infrared-transparent cesium iodide windows through which the spectra 

were taken. A Beckman IR-9 instrument was used with the slit width 

programmed to give a resolution of approximately two wave numbers in 

the region of the spectrum scanned (4000 to 400 cm ^). 

Following this, if a warm-up experiment was undertaken to allow 

softening of the matrix and diffusion and reaction of the species 

trapped therein, the liquid hydrogen was blown out of the inner Dewar 

by inserting a copper tube into the Dewar and then passing helium gas 

through the vent. The rise in temperature of the cold window was 

carefully monitored by means of a copper-Constantan thermocouple 
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soldered to the copper block holding the window. The spectrum was 

continuously scanned in the region of interest until the matrix was 

completely disintegrated. This method was found to yield much more 

satisfactory spectra than the old technique of warming to a particular 

temperature, usually 35° K., and then recooling the window to 20° K. 

with more liquid hydrogen before taking the second spectrum. The 

reason was that the process of transferring liquid hydrogen into the 

inner Dewar invariably caused a rapid, uncontrollable increase in 

temperature before the window began to recool, and at least one phase 

of the polymerization of SiF£ was completely missed until the new 

technique was used. 

Krypton proved to be the better matrix gas, especially for the 

warm-up experiments. The higher freezing point contributed to better 

initial isolation as well as to prolonging the diffusion process during 

warm-up experiments. Since the continuous scanning technique was used, 

the changes in the spectra between scans were less abrupt and a clearer 

picture of the processes taking place was obtained. For example, in 

argon two transient bands assigned to a dimeric species have appeared 

and disappeared by 42° K., but in krypton they do not disappear until 

at least 58° K. 

In calculating the M/R ratios of the various experiments, several 

assumptions were made in lieu of a basis for more accurate ones. 

First, it was assumed that the vapors leaving the furnace area were a 

fifty per cent mixture of SiF^ and SiF^. This assumption is substan¬ 

tiated by the original observations of Pease. Secondly, it was assumed 

that all of this mixture, as well as all of the inert gas, condensed on 
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the cold window. While this latter assumption is obviously wrong, 

since the SiF2~SiF^ mixture and the inert gas enter the cryostat 

through the same orifice, the spreading pattern of the gases should 

be similar enough so that approximately the same fraction of each of 

the gases should reach the window, a correction which would not change 

the ratios. However, for these ratios to be valid, the sticking coef¬ 

ficients of the various gases must also be assumed to be identical, 

although certainly not equal to one. Nevertheless, once the path is 

Conditioned
11
 the approximation that all of the SiF2~SiF^ mixture at 

least enters the cryostat is not a bad one, since the half-life of 

low pressures of in an unconditioned flask has been found to be 

at least two minutes (5). 
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RESULTS AND DISCUSSION 

Silicon Tetrafluoride and Silicon Difluoride Spectra 

The infrared spectrum of SiF^ trapped in a matrix is essentially 

the same whether the gas is premixed with the inert gas and the mixture 

deposited directly on the cold window, or the SiF^ is passed through 

the silicon-packed furnace, hot or cold, before being mixed with the 

matrix gas and deposited. In a concentrated matrix the single broad 

band centered at 1020 cm ^ is assigned to the infrared active asym¬ 

metric stretching frequency of this tetrahedral molecule. Since the 

gas phase value for this fundamental is 1022 cm \ the observed matrix 

shift is very small; and the other fundamentals of SiF^ are either 

infrared inactive or else occur at frequencies less than 400 cm ^ (6). 

In a dilute matrix, however, with the M/R ratio greater than 300/1, 

this broad band is resolved into a complex multiplet (see Figure 2). 

The average positions of the bands of this multiplet as well as their 

average relative intensities are given in Table I. The positions of 

these bands were not shifted by changing from an argon to a krypton 

matrix, and both matrices occasionally effected splitting of the bands 

at 1006, 1023 or 1029 cm \ probably by a multiple-site phenomenon. 

The relatively intense band at 991 cm ^ proved rather enigmatic -- it 

was not present in most of the spectra observed, but when it was 

present it was relatively intense. Because of this anomalous behavior 

it was not considered to be attributable to the asymmetric stretching 

4° 

mode of SiF 



FIGURE 2 

Infrared spectrum of SiF^ in argon at 20° K. Only 

the infrared-active fundamental is reproduced; 

9 micromoles SiF^ deposited. 

the region of 

M/R = 2000/1 
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TABLE I 

Frequencies Observed for of SiF^ at High Dilution in a Matrix3 

Band Position (cm Relative Intensity 

987 

*991 

995 

1001 

1006 

1012 shC 

1015 

1020 sh 

1023 

1029 

1033 sh 

.12 

.69 

.09 

.15 

.62 

.45 

1.00 

.72 

3 “1 
In gaseous SiF^, this fundamental is at 1022 cm 

k Intensities are relative to that of band at 1023 cm 

Q 
Shoulders are designated by "sh11. 

* Tentatively assigned to perfluorosilane impurity because 

of enigmatic behavior. 
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The fine structure of the 1020 cm band must be attributed to 

28 29 
several effects. Certainly isotopic shifts arising from Si , Si 

30 
and Si present in natural abundance (92.2%, 4.7% and 3.1%, respec¬ 

tively) account for many of the low intensity bands and shoulders. 

Indeed, reasonable agreement is found between the positions of the 

low intensity bands and the frequencies predicted by the Teller- 

Redlich product rule for the isotopically substituted molecules. The 

origin of the three relatively intense peaks must, however, be sought 

elsewhere. ‘The most likely explanation is the removal of the three¬ 

fold degeneracy of this vibrational mode. This phenomenon has been 

encountered elsewhere (7) and readily explains the three intense peaks 

observed at 1006, 1023 and 1029 cm 

Silicon difluoride is a bent triatomic molecule with 0,^ symmetry, 

and the molecular constants shown in Figure 3 were determined by the 

microwave investigations of Curl ^et _aJL• (8). Its spectrum in a con¬ 

centrated matrix consists of a broad band with a maximum at 855 cm ^ 

and several low frequency shoulders. This band is assigned to the 

symmetric stretching fundamental by comparison with SiF^, which has 

an infrared inactive symmetric stretching fundamental at 800 cm ^ (6). 

The close proximity of the band of the closely related SiF^ molecule 

to this value led to the assignment given. Since no other bands were 

observed in the spectrum, the asymmetric stretching frequency is 

assumed to be obscured by the strong SiF^ fundamental at 1020 cm 

The bending mode was also not observed and is thus assumed to lie 

below the 400 cm ^ limit of the instrument used, an assumption sub¬ 

stantiated by the value of 343+1 cm ^ predicted for this fundamental 



FIGURE 3 

Molecular constants of silicon difluoride. 



FIGURE 3 
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on the basis of microwave data. This assignment is contrary to that 

of Johns et al* (9), who found values of 937 and 427 for and *0 ^ 

as well as to that of Rao and Venkateswarlu (10), who report values of 

778, 427 and 947 for ^ anc* respectively. Both of these 

sets of values, however, were derived from ultraviolet emission spectra, 

and their assumptions of ground state transitions are questionable. On 

the other hand, there should be some matrix effects in the observed 

spectra. 

Using the assignment given above, that is, the values 855, 343 and 

1020 cm"1 for 9^ and respectively, and the molecular par¬ 

ameters indicated in Figure 3, the stretching, bending and interaction 
« 

force constants of SiF^ were calculated. A valence force field was 

assumed which included the bond-stretching interaction constant 

but which neglected the analogous bending interaction constant k^« 

The values obtained for the three force constants were 5.762, .450 
o 

and -.6859 md/A, respectively. The first two values compare favor¬ 

ably with the stretching and bending force constants of SiF^, which 
o 

are 5.29 and .47 md/A, respectively, assuming a central force field (6). 

The silicon difluoride band at 855 cm ^ also resolves into a 

complex multiplet in a dilute matrix (see Figure 4), and the average 

positions of the peaks as well as their relative intensities are listed 

in Table II. The bands at 835, 843 and 855 cm ^ are also occasionally 

split into doublets, again, most likely, a multiple-site phenomenon. 

The causes of the remaining fine structure are not entirely evident, 

although isotopic shifts certainly account for some of the shoulders 

and low intensity bands. However, the large number of relatively 



FIGURE 4 

Infrared spectrum of SiF^ and in argon at 20 

region of the fundamental of SiF^ and the 

SiF2 is reproduced; Ar/SiF2 = 700/1. 

K. Only the 

fundamental of 
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TABLE II 

Frequencies Observed for ^ of SiF2 at High Dilution 

*“1 3 
Band Position (cm ) Relative Intensity 

795 .23 

800 sh 

802 sh 

809 sh 

811 .55 

823 .15 

835 .25 

843 .82 

855 1.00 

858 sh 

864 sh 

Intensities are relative to that of band at 

855 cm"1. 
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high intensity bands requires a different explanation. Splitting of 

degenerate modes cannot be applied since none of the SiF2 normal modes 

are degenerate. The behavior of the bands during warm-up experiments 

(vide infra) is not indicative of associated species, and the lower 

frequency bending mode at 343 cm ^ is not at a frequency to cause 

Fepni resonance with the symmetric stretching frequency. Finally, 

trapping in multiple sites should not be capable of producing such a 

large number of bands over such a wide frequency range. The cause of 

this fine structure thus remains undetermined since rotation of such 

a large molecule in the matrices is highly improbable and would require 

that the SiF^ occupy at least four substitutional sites in the face- 

centered lattices of the inert gas matrices. 

The observation that the relatively intense bands at 811 and 795 

cm disappeared much more rapidly during warm-up experiments than the 

remainder of the multiplet led to the postulation that these two bands 

were not caused by the species responsible for the main part of the 

multiplet, but were attributable instead to a more reactive species. 

To test this hypothesis the path length from the quartz furnace to the 

cold window was increased to approximately ten feet by inserting a 

large coil of one-half inch i.d. copper tubing. After this tubing had 

been conditioned by passing large amounts of SiF2 through the system 

into the uncooled cryostat, the experimental procedure was followed as 

previously described, and the infrared spectrum of the matrix was 

taken. The spectrum was identical in all respects to the usual short- 

pathlength spectra, except the bands at 811 and 795 were absent (see 

Figure 5). All that remained in this region of the spectrum was a 



FIGURE 5 

Infrared spectra at 20° K. of SiF2 with (A) normal path length and 

(B) long path length. (A) Ar/SiF2 = 700/1; (B) Kr/SiF2 - 374/1, 

45 micromoles SiF2 deposited. 
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relatively broad band at 800 cm ^ which has also been observed under 

normal conditions and which remains until the matrix disintegrates. 

This evidence indicates that the two bands in question are indeed 

caused by a different species, but the nature of this species remains 

in question. Thermodynamic calculations indicate that the concentra¬ 

tions of the possible SiF and SiF^ impurities at 1150° C. should be 

several orders of magnitude smaller than the SiF^ concentration, and 

thus not so prominent in the spectra. Furthermore, mass spectrometric 

studies indicate that SiF~ and SiF, account for at least 99.5% of the 

species present (5). An interesting hypothesis is that the bands are 

attributable to a small amount of excited triplet SiF£ which is then 

collisionally deactivated by the long path length. Although this 

possibility is supported by the results of experiments with nitric 

oxide (vide infra), the fact that the bands do not diminish in inten¬ 

sity when the matrix is allowed to stand at 20° K. for a period of 

time undermines confidence in this explanation. A final alternative 

is that interaction of SiF, with the matrix has caused the infrared 

inactive symmetric stretching mode at 800 cm ^ to become weakly active, 

but investigations of pure SiF^ in the matrix prove this theory to be 

wrong. Electron spin resonance studies are required to choose with 

reasonable confidence between the first two alternatives. 

Silicon Difluoride Polymerization 

Warm-up experiments with only SiF^ in the matrix yielded no new 

bands. Since the reaction between SiF0 and SiF, to form Si0F, has 
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never been observed (5), all changes in the spectrum of the SiF2“SiF^ 

mixture must be due to homogeneous SiF^ polymerization products. 

The first noticeable changes in the spectrum during warm-up 

experiments occur at about 35° K. in both argon and krypton, at which 

temperature two sharp new bands appear at 892 and 830 cm As the 

SiF^ multiplet decreases in intensity, these two bands grow, reach a 

maximum intensity, and then rapidly disappear (see Figure 6). By the 

time the argon matrix has warmed to 42° K., or the krypton matrix to 

60° K., the SiF^ multiplet as well as the two new bands have disap¬ 

peared, but two broad bands have appeared at 930 and 970 cm ^ and 

these remain until the matrix decomposes. These broad bands are 

present but very weak at 20° K. in concentrated matrices (M/R- 120/1), 

but they also grow markedly during warm-up experiments (see Figure 7). 

The two transient bands are assigned to a reactive SiF2 dimer. 

This assignment is supported by evidence that SiF2 reacts in the form 

of this dimer with BF^ to form Si2BF7 (11). The two stable bands, and 

possibly a broad band at 840 cm ^ that remains after the sharp monomer 

bands have disappeared, are assigned to a polymeric species on the 

basis of their broadness, their obvious stability and the reddish- 

brown color of the matrix at this point, a color characteristic of 

the polymer at low temperatures. 

Matrix Reaction of Silicon Difluoride and Boron Trifluoride 

Boron trifluoride has been thoroughly investigated in argon, 

xenon, krypton and nitrogen matrices by Hanlan (12), who found concrete 

evidence of dimer formation under matrix conditions. The BF^ spectra 



FIGURE 6 

Infrared spectra of SiF^ in argon during warm-up procedure. The 

behavior of the new bands attributed to S^F^ is indicated by 

arrows; M/R = 700/1. 
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FIGURE 7 

Infrared spectrum of SiF^ and in a concentrated argon matrix. 

(A) At 20° K. before warm-up showing weak polymeric bands; 

(B) After warming to 55° K. showing growth of polymeric bands; 

Ar/SiF2 = 120/1; 96 micromoles SiF2 deposited. 
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FIGURE 7 B 
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observed in the present work substantiate this evidence and are shown 

in Figures 8a and 8b, with the frequencies tabulated in Table III. 

These values agree with those obtained by Hanlan within the expected 

range of matrix shifts, and the assignments are based to some extent 

on his work with enriched isotopic samples. 

Those bands indicated with an asterisk in Table III decrease 

markedly upon dilution and increase during warm-up procedures. On 

the basis of this behavior they are assigned to the dimeric BF^ species. 

Those bands indicated by comparison with gas phase values have the 

opposite behavior and are assigned to monomeric BF^. The remainder of 

the bands are indicated as belonging to the B^F^ or B^F^ spectra. 

When boron trifluoride (The Matheson Co., nominally 99.0% minimum 

purity) is mixed manometrically with the inert gas and then deposited 

on the cold window simultaneously with the SiF2~SiF^ mixture, the 

resulting spectrum is merely a composite of the pure BF^ spectrum and 

the spectrum of the SiF^-SiF^ mixture. When the matrix is allowed to 

warm to the point at which diffusion can occur, a number of new bands 

appear. These bands at 420, 458, 882, 1242, 1260 and 1282 cm ^ begin 

to appear when the bands attributed to Si^F^ have reached maximum 

intensity, approximately 40° K. in krypton, and continue to grow until 

the bands attributed to polymer have also reached a maximum 

intensity, indicating that the supply of SiF2> or S^F^, has been 

depleted. The point at which the S^F^ bands disappear cannot be used 

as an indication of this depletion since these bands do not disappear 

into the background, but rather decrease until they are submerged 



FIGURE 8 

Infrared spectra of BF^ in krypton at 20° K. (A) M/R = 900/1; 

19 micromoles BF^ deposited; (B) M/R = 160/1; 50 micromoles 

BFg deposited. The changes in the relative intensities of the 

bands at different dilution are evident, especially in the 

1400 cm ^ region. 
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TABLE III 

Frequencies Observed for BF^ i-n a Matrix 

Band Position (cm 
a -1 

Gas Phase Value (cm ) A (cm 1)b Species 

'O A 480 480.4 -.4 B (11) 
4 

482 sh 482.0 0 B (10) 

678 691.3 -13.3 B(H) 
706 719.5 -13.5 B(10) 

629 

638 

655 B(H) 
660* B (11) 

665 sh 
670 B(10) 

677 B(10) 

682*sh B (10) 

689 B (10) 

699 

*^l+^4 
1355 

1362 B (11) 

1397 B (11) 
1410 

1413 
1422* B (11) 
1424 B (11) 
1430 

1438 B (11) 
1443 1445 -2 B (11) 
1450 B (11) 

1459* B (11) 

1469 B (11) 

1473* B (10) 
1489 sh B (10) 
1494 1497 -3 B (10) 

1511* B (10) 

3 See reference (6). 

k Difference between average band position in the matrices and gas 

phase value. 

* These bands are assigned to a dimeric form on the basis of their 

behavior during dilution and warm-up experiments. 
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within the polymeric bands which remain. Thus the actual point at 

which they completely disappear cannot be directly determined. 

The new bands which appear in the spectrum have been compared in 

Table IV with the gas phase spectrum of S^BF^ contained at 1 to 2 mm. 

of mercury in a ten-centimeter gas cell with KBr windows (11). These 

new bands correspond exactly with those bands of the S^BF^ spectrum 

which do not overlie the BFn or SiFn and SiF, fundamentals. Further- 
3 2 4 

more, the matrix bands remain constant, once their maximum intensity 

has been attained, until the matrix disintegrates, indicating a stable 

compound. 

The best spectra of matrix-isolated S^BF^ are obtained in a 

concentrated matrix with the M/R ratio less than 150/1. This was 

found to be true of all attempts to react SiF^ with another species 

isolated in the same matrix, since higher dilution impeded warm-up 

migrations to other reactive species to too great an extent. 

Matrix Reaction of Silicon Difluoride and Carbon Monoxide 

The infrared spectrum of matrix-isolated carbon monoxide (The 

Matheson Co., nominally 99.5% minimum purity) consisted of the expected 

single band located at 2141 cm \ shifted by 2.2 cm ^ from the gas 

phase value of 2143.2 cm ^ reported by Herzberg (13). When carbon 

monoxide is mixed by standard manometric techniques with the inert gas 

in the desired ratio, and then the mixture deposited on the cold window 

with the SiF^-SiF^ mixture, the initial spectrum is a superposition of 

the spectra of the two component systems. The molar ratio of inert gas 

to carbon monoxide was approximately fifty to one; and inert gas to 
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TABLE IV 

Comparison of New Bands in BFg+SiF2 Matrix and S^BF^ Gas Phase Values 

”1 Q. 
Si^BF^ Gas Spectrum (cm ) 

422 
b 

s 

461 w 

639 w 

694 w 

722 w 

844 s 

896 m 

945 m 

974 vs 

1005 sh 

1031 m 

1248 ms 

1285 m 

1380 ms 

1455 m 

1509 w 

New Bands in Matrix (cm 

420 

458 

region of BF^ bend 

| region of SiF2 symmetric stretch 

882 

region of SiF^ asymmetric stretch 

1242 

1282 

region of BF^ stretch 

See reference (11). 

k Letters indicate band intensities: s, strong; m, medium; w, weak; 
vs, very strong; ms, medium strong; sh, shoulder. 
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silicon difluoride, one hundred seventy to one. When the krypton 

matrix was allowed to soften to approximately 40° K., in addition to 

the usual changes in the SiF^ spectrum, a new band at 1880 cm ^ was 

observed to appear and grow until the changes in the SiF£ spectrum had 

also ceased. This new peak reached a maximum intensity of about 15% 

of that of the original CO band, and it remained until the matrix 

decomposed. Furthermore, the SIF2 polymerization bands attained 

approximately half of their usual intensity, indicating that the new 

compound had tied up a large portion of the silicon difluoride. 

The frequency observed for the new compound is characteristic of 

bridging carbonyls, as Table V indicates. Since no other bands 

appeared in the 2000 cm ^ region, all the carbonyl moieties in the 

compound must be bridging carbonyls; and the absence of the silicon- 

oxygen stretching mode in the region of 1100-1200 cm ^ indicates the 

coordination is through the carbon atom. The silicon-carbon stretch¬ 

ing frequency was not observed, but this was expected since this vibra¬ 

tion occurs in the 800-900 cm ^ region and should be masked by SiF^ and 

(SiF2)n absorption. 

On the basis of these observations and valence considerations, the 

reaction product of SiF2 and CO in a matrix is assumed to have the 

structure indicated in Figure 9. Investigations by Timms and Stump (15) 

at higher temperatures indicate that this compound polymerizes to form 

(SiF2C0)n, a black polymer which rearranges on heating to form silicon 

oxyfluorides and a carbon residue. 
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TABLE V 

Q 
Examples of Carbonyl Frequencies 

Species Frequencies (cm Type of Carbonyl 

Co2(CO)g 2070 terminal 

2043 terminal 

2025 terminal 

1858 bridging 

^°4 (CO) YI 2070 terminal 

2062 terminal 

2045 terminal 

2033 terminal 

1869 bridging 

Fe2(CO)9 2080 terminal 

2034 terminal 

1828 bridging 

Fe3(CO)12 
2043 terminal 

2020 terminal 

1997 terminal 

1858 bridging 

1826 bridging 

a 
See reference (14) 



FIGURE 9 

Proposed reaction product of CO and SiF2 and decomposition mechanism. 
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Matrix Reaction of Silicon Difluoride and Nitric Oxide 

The spectrum of pure nitric oxide (The Matheson Co,, nominally 

99.07, minimum purity) in krypton consists of three bands at 1762, 1778 

and 1863 cm ^ with a shoulder at 1873 cm \ These bands indicate that 

the nitric oxide is present in the matrix exclusively in the form of a 

cis-dimer, which, according to Fateley ^t a_l, (16), is characterized 

by bands at 1862 and 1768 cm ^ assigned to the symmetric and asymmetric 

stretching modes, respectively. The origin of the third band at 1778 

cm *** and the shoulder at 1873 cm ^ can only be postulated as arising 

from a multiple-site phenomenon, since the frequencies corresponding 

to the trans-dimeric and the monomeric forms are located at 1740 and 

1883 cm \ respectively, and thus cannot be the basis of these bands. 

A band observed at 1273 with shoulders at 1263 and 1288 cm ^ was later 

determined to be caused by an unknown impurity in the krypton gas, as 

was a broad weak band at 2375 cm Because of their respective posi¬ 

tions and behaviors, additional weak bands in the NO spectrum at 662 

and 2227 cm ^ were attributed to impurities in the NO gas, and a weak 

band at 3609 cm ^ was assigned to an overtone band of the N^O^ funda¬ 

mentals . 

When the nitric oxide was deposited with pure SiF^ in the matrix, 

only two weak bands at 838 and 1185 cm ^ were observed in addition to 

the superposition of the spectra of the two components. These two 

bands had been determined by earlier work to be due to impurities in 

the SiF4- As the matrix was permitted to soften, no changes in the 

spectrum were observed except the expected broadening of the bands. 

Thus it was established that no reaction occurs between these two 



species in even a very concentrated matrix with a molar ratio of inert 

gas to SiF^ and to NO of approximately 50/1. 

Silicon difluoride was deposited in a very dilute matrix with 

nitric oxide, such that the molar ratios Kr/NO and Kr/SiF2 were 170/1 

and 500/1, respectively. Even at this dilution important changes took 

place in the matrix at 20° K. before the first spectrum could be taken, 

so that this spectrum was not a simple superposition of the previously 

mentioned NO spectrum and the typical SiF^-SiF^ spectrum. In addition 

to new bands which were located at 901, 978, 987, 990, 1073, 1098, 1495 

and 1511 cm \ the prominent SiF^ bands usually located at 811 and 795 

cm ^ were absent. The three bands in the region of 990 cm ^ are 

assumed to be identical to the enigmatic band which occasionally 

appears in that region in the pure SiF2~SiF^ system: they both show 

the same fine-structure and behave similarly during warm-up experi¬ 

ments. The remaining bands, however, must be assigned to the reaction 

product of NO and the reactive species which gives rise to the 811 cm ^ 

band in the SiF2 multiplet. The fact that nitric oxide, which is a 

free radical, reacts so readily with this species lends weight to the 

hypothesis that a triplet species is the cause of the 811 cm ^ band, 

but this evidence is far from conclusive. 

The changes in the spectrum which occur during warm-up experiments 

are even more striking (see Figure 10), and they are summarized in 

Table VI. All of the sharp new bands initially present disappear in 

krypton by 50° K., indicating that they are caused by an unstable 

species. The sharp band at 1495 cm ^ diminishes in intensity as the 

broader band at 1511 cm ^ increases. The latter reaches a maximum 



FIGURE 10 

Infrared spectra of NO and Si^ in krypton. (A) Kr/NO = 167/1, 

70 micromoles NO deposited; Kr/SiF2 = 400/1, 30 micromoles SiF2 

deposited; 20° K. (B) Same matrix at 42° K. (C) Same matrix at 

53° K. (D) Kr/NO = 14/1, 640 micromoles NO deposited; Kr/SiF2 = 

200/1, 45 micromoles SiF2 deposited; 50° K. 
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TABLE VI 

New Bands in NO + SiF2 Matrix at Different Temperatures 

Kr/NO = 170/1, Kr/SiF2 = 500/1 

Bands at 20°K.(cm Bands at u>
 

00
 o
 

/-
s

 
O

 
3
, h-

1 

Bands at 50°K.(cm 

587 vw,b 587 m, b 

718 vWjb 718 m,b 

828 1200 m,vb 

890 

901 mw,s 901 w,s 

1073 mw,s 1073 w,s 

1098 m,s 1098 WjS 

1495 s ,s 1495 m,s 

1511 w,b 1509 m,b 

1545 VWjb 1545 m,vb 

1718 vw,b 1718 m,b 

1830 w,vb 1830 m,b 

Intensity Key: mw,s medium weak, sharp; m,s medium, sharp; 
s,s strong, sharp; w,b weak, broad; etc. 
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intensity and then it, too, rapidly decreases as a third, still broader 

band centered at 1545 cm ^ increases. This band then remains unchanged 

until the matrix disintegrates. This behavior indicates that associ¬ 

ation is occurring within the softened matrix, probably polymerization 

proceeding through a relatively unstable dimeric form. Because all of 

the initially sharp bands appear to decrease at the same rate, and 

otherwise behave as a unit, it is assumed that all are caused by the 

same unstable species. Since the nature of this species depends on the 

as yet undetermined form of the molecule giving rise to the 811 cm ^ 

band, nothing more concrete can be added to this phase of the discus¬ 

sion. 

A speculation, however, is based on the triplet hypothesis: The 

triplet SiF2 reacts with monomeric NO on the surface of the matrix 

during deposition. The 1495 cm ^ band is then assigned to the nitro¬ 

gen-oxygen stretching frequency of SiF2N0, and the bands at 901 and 

1073 cm ^ are the values of the SiF2 symmetric and asymmetric stretch¬ 

ing frequencies shifted by 46 and 53 cm \ respectively, from their 

monomeric values. The single remaining unassigned band at 1098 is 

not in an unreasonable position for the silicon-oxygen stretching fre¬ 

quency of the monomeric species, assuming the initial association was 

between SiF2 and the oxygen atom of NO. Since the SiF2N0 species 

would still possess an unpaired electron, dimerization would readily 

proceed upon softening of the matrix, and, presumably, higher polymeri¬ 

zation. As the sharp bands of the monomeric SiF2N0 species decrease, 

the corresponding broader polymeric bands are submerged into the other 

spectral changes which occur. The changes in the 1495 cm ^ band are, 
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however, evident since they occur in an uncluttered region of the 

spectrum. 

The new bands at 587, 718, 1200, 1718 and 1830 cm \ which appear 

during warm-up procedures and which remain until the matrix is com¬ 

pletely destroyed, are assigned to a different species. Since nitric 

oxide is present in the matrix only in the cis-dimeric form, these 

bands must represent the reaction product of SiF^ with this dimer, as 

opposed to the initial surface reaction with NO monomer. Investiga¬ 

tions by Timms (17) at higher temperatures indicate that this reaction 

product decomposes explosively at -150° C. into nitrous oxide and a 

silicon oxyfluoride polymer. The proposed matrix reaction and meta¬ 

stable intermediate consistent with these observations are presented 

in Figure 11, and the assignments given to the observed frequencies on 

the basis of this intermediate are presented in Table VII. These 

assignments were made by comparison with reported frequencies for 

analogous molecules; for example, the assignment of the ring stretch¬ 

ing vibrations to 718 cm ^ was made by comparison with the asymmetric 

ring stretching vibration of ethylene oxide as reported by Rao (18). 

A final noteworthy feature of the spectra is that the bands at 

930 and 970 cm \ characteristic of the polymer, fail to 

appear. The two transient Si^F^ bands are also extremely weak, and 

considering the concentrations of the reactive species in the matrix 

(Kr/NO = 170/1, Kr/SiF^ = 500/1), this implies that the reaction 

between SiF^ and N^O^ must occur far more readily than the 

polymerization. In more concentrated matrices (Kr/NO = 14/1, 

Kr/SiF^ = 200/1) the dimeric as well as the polymeric bands of SiF^ 

failed to appear. 



FIGURE 11 

Proposed Sil?^ + reaction showing matrix-stabilized cyclic 

intermediate. 
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TABLE VII 

Frequency Assignment of + SiF2 Compound 

Band Positions (cm Assignment 

587 

718 

1200 

1718 

1830 

Si-N stretch (plus band @ 1000 cm 

ring stretching vibration 

Si-0 stretch 

N=0 stretch 



42 

Matrix Reaction of Silicon Difluoride and Oxygen 

Oxygen (Big Three Co., nominally 99.9% minimum purity) gave, as 

expected, no infrared spectrum in a matrix. Furthermore, it had 

remarkably little effect when it was mixed with inert gas and then 

deposited on the cold window with SiF2* The initial spectrum at 20° K. 

was identical in all respects to the typical SiF^-SiF^ spectrum. Even 

when the SiF2 was deposited in a 50% oxygen matrix no additional bands 

were observed. 

During matrix warm-up experiments the nature of the typical 

(SiF2)n polymer bands appeared slightly altered, and an additional 

broad band with a maximum at 1210 cm ^ and low frequency shoulders at 

1066, 1105 and 1155 cm ^ appeared and grew. The half-width of this 

band at its maximum intensity was approximately 150 cm ^ and it ulti¬ 

mately dominated the spectrum, remaining until the matrix disintegrated. 

The broad band at 970 cm ^ appeared unchanged, but the usually promi¬ 

nent and independent band at 930 cm ^ became merely a low intensity 

shoulder at approximately 945 cm \ Furthermore, an additional broad 

band at 912 cm ^ was observed. The bands observed for this system 

are shown in Figure 12. 

The location of the band at 1210 cm \ a frequency characteristic 

of the silicon-oxygen stretching frequency in polymeric species, the 

broadness of this band and its obvious stability, as well as the 

changes evident in the polymeric bands in the 900-1000 cm ^ region, 

are all indicative of the formation of a different polymer. Since the 

S^F^ kanc*s appeared and grew to their normal intensity, this silicon 

oxyfluoride polymer probably consists of the S^F^ units connected by 



FIGURE 12 

Infrared spectrum of C>2 and Sid^-SiF^ mixture in krypton at 58° K. 

showing new polymer bands. Kr/C>2 = 43/1, 276 micromoles 

deposited; Kr/SiF2 = 184/1, 64 micromoles SiF2 deposited. 
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oxygen. The most striking evidence obtained from these spectra is that 

the polymerization does not appear to proceed through a metastable 

SiC^ intermediate since no transient bands, other than those assigned 

to Si^F^, were observed at any dilution or at any temperature. 

Matrix Reaction of Silicon Difluoride and Perfluorobenzene 

The spectrum of perfluorobenzene (Peninsular ChemResearch Co., 

Inc.) in a krypton matrix corresponds to the most intense peaks of the 

gas phase spectrum (19). The predominant features are a multiplet with 

two intense peaks at 1000 and 1021 cm ^ and a second multiplet centered 

at 1534 cm The first multiplet is, of course, obscured by the SiF^ 

fundamental when SiF2 and SiF^ are deposited in the same matrix, but 

the spectrum of the heterogeneous matrix shows no bands other than 

those of the component species. The molar ratios were approximately 

Kr/C6F6 = 190/1 and Kr/SiF2 = 140/1. 

During a warm-up experiment, the changes which occurred in the 

matrix were analogous to those which occurred with the oxygen-silicon 

difluoride systems the S^F^ bands underwent the normal changes with 

undiminished intensity, a broad band with a maximum at 1220 cm ^ and 

low frequency shoulders at 1190, 1163, 1105 and 1067 cm ^ appeared and 

grew, and the 900-1000 cm ^ region showed a perturbation of the polymer 

bands similar to that which occurred with oxygen in the matrix. That 

is, the band at 970 cm ^ remained predominant, but the 930 cm ^ band 

became a very weak shoulder at 940 cm ^ and an additional weaker 

shoulder at 918 cm ^ was observed. 



45 

As before, these spectral changes indicate the formation of a 

different polymer which must incorporate, however, perfluorobenzene 

instead of oxygen. In this case, there was also no spectral evidence 

of the formation of a metastable monomeric unit. Investigations at 

higher temperatures (20) have confirmed the formation of a polymer 

which released, on heating to 150° C., perfluorobenzene with random 

meta- or para-SiF^ substituents. 
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