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INTRODUCTION 

The preparation of the first complex compound of BF3, BF3.NH3, 

was reported by Gay-Lussac and Thenard (1) more than 1.50 years ago. 

Some time afterwards the first SiF
4 

complex, SiF4.2NH3, was prepared (2). 

In 1890, Besson {3) isolated crystalline SiF4.PH3, but a temperature of 

-22° and a pressure of SO atmospheres were necessary. This is the only 

SiF4 complex reported containing a phosphorus electron-pair donor molecule 

and none have been reported with sulfur electron-pair donor molecules. 

Compound& which are formed by the combination of two or more 

species, the atoms of which seem to be in their maximum valenoy, are 

called molecular addition compounds {or adducts); they are also broadly 

referred to as complex or coordination compounds. The term, coordination 

compound, should only be used if the bonding between the species is of 

the ooordinate covalent type. A ooordinate bond, first described by 

N.v. Sidgwick, is one in which two electrons shared between the two atoms 

forming the bond were originally assooiated with one atom. The molecule 

oontaining the atom which provides the shared electron-pair is called 

a Lewis base (4) and the molecule containing the atom which accepta a 

share in the electron-pair is called a Lewis acid. Any substance with 

one or more nonbonded electron-pairs in its valency shell orbitale is a 

potential Lewis base capable of forming a coordinate bond with a 

substance which has one or more vacant nonbonded orbitale, i.e., a Lewis 

acid. For example, in the reaction of SiF4 with NHJ to produce the 
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adduct 1 SiF 
4 

.2NH:3, SiF 
4 

is the electron-pair accepter (Lewis acid) by 

virtue of its vacant 3d-orbitals and NH.3 is the electron-pair donor 

(Lewis base) because of the lone electron-pair on the nitrogen atom. 

G:round state silicon (atomic nwnber, 14) has an electronic 

nf. . 1 2 2 6 3 2 3 2 3 0 h . f hi h co ~gurat~on: s , 2s , 2p 1 s , p , d , t e excJ.ted states o w c 

should theoretically allow the silicon atom to acquire a ma.x:imum 

covalency of nine by using its five vacant 3d-orbitals in bonding. 

However, in practice, the maximum covalency attained is six. Thus, in 

terms of the valence bond theory SiF 
4 

has a tetrahedral structure arising 

from s.; hybridization of t.he silicon atom. There is a change to s.; d2 

hybridization du:ring the formation of the SiF 4 .2N~ comple:x. The bonding 

characteristics of the silicon a.tom, in terms of the valence bond theory, 

are summarized in Fig. 1. 

In the SiF4.~ each NH
3 

molecule forma a coo:rdinate bond 

with SiF 
4 

by the overlap of its filled nonbonded s.;-hybrid orbital 

with a vacant s.; d2-hybrid orbital. There are two possible geometrical 

arrangements of the valence shell electrons in SiF 4 .~; these are 

illustra.ted in Fig. 2. 

Comple:x compounds of the molecular addition type are named (5) 

simply by stating the name of the Lewis acid followed by a hyphen and the 

name of the Lewis base. The respective number of molecules are shown 

with Arabie numerals. For e:xample, SiF 
4 

•2NJ) is named 

silicon tetra.fluoride-2-ammonia. 

It is only in the last ll years that most of the known SiF 
4 
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FIG. 1 

The changes in the bonding characteristics of the silicon 

atom in SiF4 during the formation of SiF 4.2N~ 



Si(Z=f4): fs2,2s2,2p6,3s2,3p2,3do · · · · · ·· ground 
state 

1s2,2s2 ,2p6,3s1 ,3p3 ,3d 0 ·· •• ••• tetracovalent 
state 

hexacovalent · · · · · · · · 

state 

F F F F 
[G 11·11·11·1 

sp31Jybridization, tetrahedral, 
as in SiF4 

F F F F NH~NH3 
[] 11 ·11 • 11·1 r--[ x x~l x---rxl--r--1 -,--. 

sp 3d2. IJybridizotion, octahedral, 
as in SiF4 ·2NH3 

N(Z=7): ls2,2s2,2p3 ···· ··········· ·· ground 
state 

tetracovalent · · · · · · · · lliJ 
H H H 

11·11·11·1 
state ----

sp3 IJybridizolion, tetrahedra 1, 
as in N H3 (one lone electron­

pair) 



-4-

FIG. 2 

The two possible structures of SiF4.2NH3 
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complexes with nitrogen electron-pair donor molecules have been prepared. 

Most of the se complexes have 1:2 mole ratios (or 1:1 for SiF 
4 

with a 

bidentate donor). Only SiF 
4 
.(c~)3N (6-9) and SiF 

4 
.c

5
H
5
N (10,11) have 

been reported as monodentate 1:1 complexes of SiF 
4 

with nitrogen electron­

pair donor molecules. The interaction of SiF4 with c
5
H

5
N has also been 

claimed to produce SiF 4.3/20 
5
H
5
N (12) and SiF 

4 
.2C 5H

5
N ( 8,12). 

Three main techniques were used to prepare the SiF 4 complexes 

with nitrogen electron-pair. donor molecules. (i) The direct quantitative 

vacuum synthesis was used for the preparation of SiF4.(CIJ)
3

N (6-9), 

SiF4.2(CH3)
3

N (6-8), SiF4.~ (2,13-15) 1 SiF4.NH2(cH2)2NH2 (16), 

SiF4.a::ON(C~)2 (17), and SiF
4

.2N2H4 (18). (ii) Tensimetric titrations 

(pressure-composition isother.ms) were also done for SiF4.(C~j)3N (61 7) 1 

SiF4.2(C~)3N (6,7) and SiF4.2N2H
4 

(18). (iii) Bubbling SiF4 gas through 

" " a dilute solution of the Lewis base in an inert solvant such as aceto-

nitrile, benzene, or diethyl ether, yielded the fo11owing complexes: 

SiF
4
.c

5
H

5
N (10,11), SiF

4
.3/2C

5
H

5
N (12), SiF

4
.2C

5
H

5
N (8112), .and complexes 

of SiF
4 

with 14 other nitrogen electron-pair donor molecules (10,19). 

In avery case the complexes were stable white solids at 25• and could be 

purified by vacuum sublimation. 

At tempts have been made to apply these techniques to the 

preparation of complexes of SiF 
4 

with o.x;ygen electron-pair don or molecules, 

but were less successful. Using the bubbling technique, Muetterties (10) 

prepared SiF 
4 

.2(C1J)2so, SiF 
4 

.2(CH
3

)2NCHO, and SiF 
4 
.:XC~COCH2CocH3 ; the 

last is a very weak complex of uncertain composition. The complexes, 
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have· been prepared by precipitation from chloroform solution (20); it 

is clailned that coordination occurs. through the oxygen atom. Gierut et 

allo (1.3) reported briefly that SiF 4 reacts with alcohols in a 1:4 mole 

ratio, yielding unstable addition compounds ~iF 
4 

.4ROH, where R is Cll:3 1 

c2H
5

, ~so-CJ~' and iso-c5H_u. These tesults were confirmed by 

Topchiev and Bogomolova ( 21) 1 who also suggested that the complex is 

ionie and contains hexa.covalent silicon. However, Holzapfel et al. (22) 

reported that SiF 
4 

and CM:30H produce 1:6 and 1:8 complexes only. 

Schmeisser and Elischer {23) were the only workers to use some temper-

at ure control in the preparation of complexes of SiF 
4 

with either nitrogen 

or o:x:ygen electron-pair donor molecules. At low temperature they were 

able to prepare SiF
4

.2(CH2)2o which decomposes a.t 10-15• to give 1,4-

dio:x:ane • 

. The reasons for discussing these methods of preparation have 

been to point out the empha.sis by · previous workers on the isolation of 

complexes which are stable solids a.t 25• • Except for the preparation of 

SiF 
4 

.2(CH
2

)
2
o, few other attempts to prepare complexes of SiF 

4 
with 

alipha.tic and cyclic ethers have.been reported. Little information is 

a.vaila.ble about the structure of these complexes. The octahedral 

structure, with either ,ili or tray.s arrangement of ligands, ha.s pre­

viously been postulated (10,16-19). Muetterties (10) has been able to 

tentatively a.ssign a trans configuration to t1ie 1:2 complexes of SiF 
4 

that he prepared. He observed only a single r-19 ma.gnetic resonance 

for these complexes in solution, proving that all four fluorine atoms 

are equivalent. This would not be the case in a ,ili oètahedral structure. 

Aggarwal and Onyszchuk (18) reported infrared data. indicating a .sai! 
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configuration for SiF
4

.2N2H
4

, but thair rasults ara not conclusive sinca 

thair infrared data do not extend below 650 cm-1• 

Table 1 contains a complete list of the previously prepared 

complexes of SiF4 with nitrogen and oxygen electron-pair donor molecules. 

The research in this laboratory was prompted, in part, by the general 

lack of information in the literature regarding the properties and 

structures of the coordination compounds of SiF 
4

• 
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TABLE 1 

Previously prepared complexes of SiF 4 with nitrogen 

and oxygen electron-pair donor molecules 

Complexes with nitrogen donors Complexes with OX3'gen donors 

Co.m.plex. Reference Complex Reference 

SiF 4 .(C~)3N 6-9 SiF 4.2(C~)2so 10 

SiF4.2(C~)3N 6-8 SiF4.2(C~)2NCHO 10 

SiF4.c5H5N 10,11 SiF 4 .x C~COCH2coc~ 10 

SiF 4 .3/2C5H5N 12 (x is uncertain) 

SiF 4.2C
5
H
5
N 8,12 SiF4.4C~OH 13,21 

SiF 4.2NH3 2, 13-15 S1F4.6C~OH 22 

SiF4.NH2(cH2)2NH2 16 SiF 4.scH30H 22 

SiF4.2HCON(CH3)2 17 S1F4.2(CH2)2o 23 

SiF4.2N2H4 18 SiF 4 .2(C6H5)3PO 20 

SiF4.2c6H
5
(cH3)2N 10 S1F4.2(C6~)3PO 20 

SiF4.2,4-(C~)2c5H3N 10 SiF4.2(C~)2NO 20 

SiF4.2(CH3)2C=NOH 10 SiF
4

.2C
5
H
5

No 20 

(cont 1 d.) 
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TABLE 1 (conttd.) 

Complexes with nitrogen donors C&mp1exes with OxYgen donors 

Complex Reference Complex Reference 

SiF
4
.c6H

3
(0H)C

3
H
3

N 10 

SiF
4

.2 ethylenimine 19 

SiF
4
.2 p-ch1oroani1ine 19 

SiF
4

.2 quinoline 19 

SiF
4
.2 p-aminopheno1 19 

SiF 
4
.2 (3-naphthy1amine 19 

SiF
4
.2 p-aminobenzoic acid 19 

SiF
4

.piperazine 19 

SiF
4

.phenylhydrazine 19 

siF
4

.o-nitroaniline 19 

SiF
4

.o-phenylenediamine 19 

SiF4.~,~'-dipyridyl 19 
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Outline of the Research Problem 

1. The interaction of SiF4 with CH;OH was undertaken partly 

because CH30H is a potential electron-pair donor molecule but mainly 

with the object of clarifying the conflicting resulta reported in the 

literature pertaining to the combining ratio and structure of the complex 

formed (p. 6). 

2. Similarly, confusion exista in the literature concerning the 

interaction of SiF4 with c5H5N (p. 5). Various authors obtained different 

combining ratios and no attempts were made to elucidate the structure of 

the complex formed, i.e., as to whether it has a~ or trans configurat-

ion. 

3. No complexes have been reported between SiF4 and either sulfur 

or phosphorus electron-pair donor molecules (except SiF4.PH; produced 

under high pressure). Sulfur and phosphorus show strong donor activity 

towards GeF4 (24). Also complexes auch as SiC14 .2PR3 (where Ris c6H5 
and c6H11 ) and SiEr4.2PRj (where R1 is c

3
H
7 

and c6~1 ) have been reported 

(20). It was therefore desirable to determine whether or not SiF4 would 

coordinate at low temperatures and at moderate pressure with H2s, (cH3)2s, 

4. Few coordination compounds of SiF4 with oxygen electron-pair 

donor molecules have been reported. Because of the lack of steric 

hindrance it was thought that the simple aliphatic cyclic ethers might 

form complexes with SiF4• Phenyl ethyl ether and isopropyl ether have 

been reported not to coordinate with SiF4 (13) at 25°. At the same time 
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it was of interest to obtain the relative basicity of these ethers with 

change in ring size. It was hoped that with improved vacuum techniques 

it would be possible to detect and isolate complexes which are stable 

onl.y at low temperatures. 

5. This research was part of a general investigation of the 

relative electron acceptor power of SiF 
4 

and GeF 
4 

towards o.xygen, sulfur, 

nitrogen, and phosphorus electron-pair donor molecules. 
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EXPERJMENT AL 

1. Appa.ratus 

(i) Vacuum System 

Volatile materials were manipulated in a standard p,yrex glass 

high-vacuum system similar to those previously described (25-27). 

Pressure measurements were made in the absence of mercury to an accuracy 

of !. 0.1 JliDl with a delicate soft glass S}X)On gauge used as a 11null11 

indicator.. The use of ground glass joints fitted with Viton rubber 0-

rings (Ace Glass Incorp:>rated) was the only major improvement over 

previous vacuum systems used in this labo ra tory. A minor improvement 

consisted in making the inside of the LeRoy low-temperature fraction­

ation columns (28) visible by spiraling the fiberglass encased Nichrome 

heating wire directby onto the glass. 

Liquid air (-195•) was used for the transfer of volatile 

compounds. Constant temperature baths in the range -163 to o• were 

prepared by cooling a sui table organic sol vent with liquid air until a 

11 slush'' was obtained {26). Temperatures were measured to !. 0.1· by 

means of a sensitive potentiometer and copper-constantan thermocouples 

with an ice-water mixture as a reference junction. 

Liquida with boiling points above room temperature were 

quantitatively measured with a sma.ll weighing tube consisting of a 

graduated tube ( capacity,...., 10 ml) equipped with a stopcock and standard 

joint for attachment to the vacuum system. The liquid and its vapor were 

condensed to an involatile solid by liquid air, the vessel was evacuated, 

- ~~· ~~~~~~~--·~ --
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and the substance was transferred to the desired part of the apparatus 

by condensation With liquid air. The weigbt of substance was found by 

difference. Corrosive liquida were quantitatively measured and trans­

ferred using a serum-capped (Suba Seal) reaction vessel and a syringe 

equipped Wi th a stopcock ( 29). Ga.ses at room temperature were 

quantitatively determined by vapor density measurements using the Ideal 
PV 

Gas equation in the form n = - • 
RT 

M:>lecular weights of gases and volatile liquids were determ.ined 

to an accuracy usually better than ! 1% by weigbing a sample at measured 

temperature and pressure in a. bulb of lmown volume, and subsequent 
WRT 

application of the Ideal Gas equation in the form M = PV • 

(11) Dry Box 

Hygroscopie solids and nonvolatile liquida vere manipulated in 

an evacuable "dry box 11 fllled With dry nitrogen. A small open dish of 

P2o5 placed inside the box assured the maintenance of dry conditions 

during operation. 

(iii) Infra.red Spectrometry 

Infrared spectre. in the range 4ooo-650 cm·1 were recorded on 

Perkin-Elmer »:>del 21 and Infracord spectrophotometers equipped With 

NaCl optics. When grea ter resolution was required spectra vere measured 

on a. grating Perkin-Elmer »:>del 421 spectrophotometer. This instrument 

was al.so used for measurements in the 650..265 cm-1 range by replacing 

the grating with a CsBr prism interchange unit. 
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Spectra of solids were taken i.n KBr pellets or i.n Nujol or 

Fluorolube mulls. Volatile solids were prepared for i.nfrared measure­

ments by subliming a thi.n film of the substance on a NaCl plate maintained. 

at a sufficiently low temperature. The spectra of liquids were taken 

usi.ng fixed or variable space Mael liquid cells or more simply using 

a thin film between two NaCl plates. The spectra of gases were taken at 

known pressures using a cylindrieal gas cell of 10 cm length and 2. 5 

cm radius equipped. with Viton 0-ri.ngs and screw caps for the 7.5 mm 

thick NaCl windows. 

Measurements in the 650-265 cm-l range were made on samples in 

pure liquid or in Nujol m.ull form. placed between CsBr plates 1 whose 

delicate surfaces were protected by 7 .o micron thin polyethylene film 

(Dow Chemical Company "Handi-Wrap"). This film does not absorb in the 

650-265 em1 region. It was found that thin KBr pellets. could also be 

-1 used. for measurements down to 300 cm • 

2. Materials 

In general, solids were purified by several reerystallizations 

from a suitable solvant and by several vacuum sublimations. Their purity 

was checked by melting point and infrared measurements. Liquids were 

purified by refluxing over a suitable drying agent followed by fractional 

distillation. Their purity was checked. by boiling point and infrared. 

mea.surements. If a liquid was sufficiently volatile further purification 

wa.s achieved. by law-temperature vacuum distillation and its purity was 

further checked by vapor pressure (v .p.) and gas phase molecular weight 
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(M) measurements. Ga.ses were puritied by several law-temperature vacuum. 

distillations usually using a LeRoy still. Their purity was checked by 

vap:>r pressure, oolecular weight, and infrared measurements. Table 2 

shows the materials used in this work with the exception of common 

laboratory chemicals used only' occasionally. 



TABLE 2 

Materials used in this work 

Substance Commercial Method of Purit;2: Check 
Name FormuJ.§: source ~~;i.fis;:Sltion maE•a b1E11 V!E• Z.1ol. Wt. ~Ml 

Reauired Found Calc'd. Found 

silicon tetra- SiF Matheson LeRoy still v.p. 80 mm at 78.5 mm 104.1 104.1 
fluoride 4 -115° ()0) 

methanol Cl) OH Fisher Refluxed with b.p. 64.6. (31) 63-64. 32.0 32.3 
Mg/12~ 
Distilled (32) 

ethylene (CH2)2o Matheson LeRoy still v.p. 170 mm at 167 mm 44.05 44.0 
oxide -23. (30) 

f-.J 

trimethylene (C~)3o K and K Labs. Refluxed with b.p. 46. (33) 46-47. 58.1 58.3 "' 
oxide KOH, Distilled, 1 

LeRoy still 

tetrahydro- (CH2)4o Fisher Reflux.ed with b.p. 64-66• (31) 65. 72.1 73.0 
furan Na., Distilled 

tetrahydro-
pyran 

(CH2)5o Anachemia u b.p. 81-82° (31) 82.5. 86.1 87.0 

dimethyl ether (CH
3

)2o Matheson LeRoy still v.p. 285 mm at 282 mm 46.1 45.7 
-45. (30) 

1,4-dioxane (C~C~0)2 Fisher Reflux.ed with b.p. 101.5. (31) 101-102. 88.1 89.0 
Na, Distilled 

nitromethane Cl)N02 
Il Reflux.ed with b.p. 101. (31) 101.5. 61.0 62.0 

CaH2, Distilled 

diethyl ether (C2H5)20 Mallinckrodt None b.p. 34.6. (31) - 74.1 

• • • • 



TABLE 2 (cont•d.) 

Substance Commercial Method of Purit:: Check 
Name Formula source purification m.~ •• b1E11 v.E: Mol 1 wt 1 ~Ml 

Reauired Found Ca.lc'd1 Found 

pyridine c
5
H
5
N Fisher Refluxed with b.p. 115.3. (31) 116° 79.1 oo.o 

CaH2, Distilled 

Ethylene- NH2(cH2)2NH2 
Il Il b.p. 116.1. (31) 117. 60.1 60.5 

diamine 

pyrrolidine (CH2)
4

NH n lt b.p. 88.5. (31) 86. 71.1 72.0 
piperidine (CH2)

5
NH li Il b,p. 106.3. (31) 106° 85.15 85.8 

acetonitrile CH
3

CN Il " b,p. 82° {31) 82° 41.05 41.3 
ammonia NH

3 
Matheson LeRoy still v.p. 405 mm at 401 mm 17.0 17.0 

-45. (30) 
1 

hydrogen H2S Il Il v.p. 270 mm at 268 mm 34.1 34.1 ....., 
sulfide -78. (30) ...:J 

1 
dimethyl (C~)2S Il Il v.p. 180 mm at 181 nnn 62.1 62.0 
sulfide o• (30) 
phospèQ.ne ~":3 P (yellow) + Il v.p. 130 mm at 128rnm 34.0 34.0 

KOH (50%).t boil -115. (30) 
(37) 

naphtha.lene 010H8 Fisher None m,p. 80.2• (31) 79-8o• 128.2 
anthracene Cl4Hl0 Il Recrystallized m,p. 217• (31) 215-217° 178.2 

(in the dark) 
from ethanol 

48% hydro- 48% HF (aq,) Il None 
fluoric acid 



- 18 -

J. Methods 

(i) Quantitative Synthesis 

In a typical experiment, SiF 
4 

(x mmole) was condensed over 

B* (y mmole) at -195•, and the mixture was slowly warmed to 25• using 

proper constant temperature slush baths. This technique provided a 

11 heat sink11 for the heat produced by the interaction, thus minimizing 

the p::>ssible degradation of B. In cases where B could p::>lymerize, the 

temperature had to be kept as low as possible at all times. Vacuum 

distillation of the excess component at as low a temperature as possible at 

which no other components or complex were volatile,allowed the deter-

mination of how much of it had reacted. For example, if SiF4 had been in 

excess and vacuum distillation had yielded SiF
4 

(z mmole), then SiF
4 

(x - z mm:>le) would have reacted with B (y mmole) in a mole ratio 

1 : --L.. . corresponding to the complex,siF
4 

Y B x-z' · ·x-z • 

The apparatus limited the pressure conditions to less than one 

atmosphere. It is possible that high pressures could produce a very 

different type of comp::>und. 

(ii) Tensimetric Titration 

Preliminary experimenta were generally needed to determine the 

most suitable temperature at which to measure total pressures (Tp) and to 

allow the reaction (Tr) to occur. These consisted of a few trial quantit­

ative syntheses at different temperatures. Tp was chosen as low as 

possible to minimize dissociation of the complex but not low enough to 

-h'-
Any substance with possible electron donor capacity, i.e., a Lewis base. 
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condense SiF
4 

(b.p. -94.8•); whenever possible -78• was used because 

or the convenient dry ice-ethanol constant temperature slush bath 

available. Tr was chosen as high as p>ssible !or best interaction but 

not high enough to cause p>lymerization; whenever p>ssible 25• was used. 

Measured a.mounts of B (p. 18) were added in successive small 

amounts {rV3 m mole at a time) to a rixed quantity or SiF
4

• A.tter each 

addition, the mixture was warmed to T !or about 15 minutes before it r 

was slowly cooled to T , at which temperature pressure measur.ements 
p 

were made. The pro cess was stopped only arter the 11end11 p>int had be en 

passed and no other inflections could be observed. A plot of total 

pressure against the quantity or B added showed a linear decrease in the 

pressure (due to the formation of less volatile complex) until ali the 

SiF 
4 

had been used up. Then a 11breakn in the curve occurred and the 

pressure becam.e constant at the vapor pressure of B at Tp. The p:>int 

of inflection indicated the mole ratio in which siF4 and B had combined. 

Similarly, reverse tensimetric titratiDns were done by adding m.easured 

am:>unts of SiF 
4 

(rvJ m. DIJle at a time) to a fixed quantity of B.. In 

this case, the pressure remained constant un til the u end11 p>int, after 

which it increased linearly. 

This method of indicating the formation of complexes has 

certain advantages over other methode. It can detect the simultaneous 

formation of more than one complex and the formation of a complex with an 

appreciable dissociation pressure under the chosen experimental conditions. 
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(iii} Other Methods of Preparation 

The methods described in (i) and (ii) were applicable in ali 

cases; but if we knew from. previous data that a certain complex would be 

a stable involatile solid at 25 •, then easier methode of preparation 

could be used. Using a "bubbling train" (Fig. 3) dry nitrogen was 

passed through a 10% solution of B (p. 18} in a volatile inert solvant 

( b.p. < 100 •). A.fter thorough flushing of the apparat us, SiF 
4 

was 

bubbled through the solution until com.plex formation had ceased. The 

solvent was then evaporated from. the solid complex and the complex 

was washed several times with pure dry solvant to remove any unreacted 

B and finally, dried by suction or in a vacuum. This method had the 

following advantages over methods (i} and (ii): (a) no vacuum system was 

needed, (b) faster preparation, (c) larger quantities of complex per 

experiment could be prepared, (d) sma.ller complex particle size, and {e) 

the dispersion effect of the solvent resulted'in purer product, 

especially when the Lewis base was sensitive to thermal decomposition. 

A second method involved the use of the vacuum system but quantities of 

SiF 
4 

and B need not have been measured exa.ctly. SiF 
4 

was condensed over 

a solution of B in an inert solvent at -19·5·. The mixture was slowly 

warmed and stirred magnetically as soon as it liquified. The dry solid 

complex was isolated using the same method described in the bubbling 

technique. 

(iv) Proton Nuclear Ma.gnetic Resonance 

Proton magnetic resonance measurements were made only on the 

SiF 4-c~OH system. Spectra were recorded on a high-resolution Varian 

spectrometer (HR 60) with a fixed frequency of 60 Mc. Pure benzene 



- 20A -

FIG. 3 

The bubbling "train11 for the preparation of stable 

involatile solid complexes at 25° 
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contained in a seal.ed capilla.ry was used as the ex:t.ernal standard ( 't" • 

2.734 p.p.m.). It was placed in a pyrex tube, 17 cm long and 5 mm out-

side diameter, into which solutions of known mole ratio of SiF 
4 

to CH
3 

OH 

were condensed. Solutions with mole ratios, SiF /CH
3

0H, greater than 0.4 

were not prepared because the seal.ed glass tubes might have exploded due 

to internal pressures in the tens of atmospheres. The sample tube was 

sealed off in a vacuum at a constriction. The side band technique was 

used to obtain the 't' -values for the OH and C~ peaks. The distance 

from the reference peak to the side band was 1 't' (60 c.p.s.), from which 

the :mm-t' equivalence was calculated. 

(v) Dissociation Pressures 

Heats of dissociation were only measured for the SiF 4-

aliphatic cyclic ethers and SiF 4 -dimethyl ether systems. Dissociation 

pressures of the nitrogen electron donor complexes with SiF
4 

were too 

small to be measured accurately with the available apparatus. 

Solid SiF 
4
.2 (ethel) complexes were prepared at low temperatures 

as described in section J(i) using the necessary precautions described 

in the Results section, and their temperature was increased slowly until 

a pressure of about 0.5 mm was observed. Thereafter, pressure measure­

ments were made at intervals of about 5 or 10 •. To be certain that an 

equilibrium existed at each temperature, a sample of the gas above the 

solid complex was pumped. off and a constant pressure was re-established. 

True equilibrium existed at a given temperature if the pressure before 

and after the pumping off procedure were identical. Pressure-temperature 

measurements were made until the complex decomposed irreversibly, as 
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evident by an abnor.maJ.ly large pressure increase and fallure to observe 

identical pressures before and after the pumping off operation, Equilibrium 

pressures were approached from above as well as from below a given 

temperature to be sure that these were identical indicating a reversible 

dissociation, Values of heat of dissociation were calculated from the 

slopes of the linear log pmm against T-l plots using the integrated 

. . 1\ o 2,303 R log 6 p 
form of the Claus~-Glapeyron equat~on, ~H • - 1 , 

6(T-) 

-1 -1 1\ 0 -1 where R = 1,9$7 cal deg mole and~H is given in cal mole • 

The method gave6Hdi0
• to an estimated accuracy of+ 0.3 ssc, -

kcal mole-1 , This was based on the following possible experimental 

errors, 

temperature T ( 'C) , ± 0,2 

pressure P ·(mm) , ± 0,1 

and recalculating~Hdi•. using pressure-temperature errors at the 
ssc. 

two points, p • 20 mm and p = 2 mm, to produce a max:i.mtun. and a min:imum 

~H0 The actual error was probably no worse than half the ma.ximum 
disse. 

possible error due to the averaging process, The human error in reading 

the slope from the straight line was less than ± 0,05 k cal mol e-l 1 as 

five different co-workers raad the slope within this accuracy. 

(vi) Conducti vit:y 

Conductivity measurements were made using a conductivity bridge 

(Industrial Instruments Model RC 16 B2) and a cell ha.ving a cell constant 

of 0,01, The instrument had a conductivity range of 4 X 10-9 to 5 X 10-2 

-1 mho cm , Transfera of solutions and mea.surements were made in a nitrogen-
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filled dry box to avoid hydrolysis by atoospheric moisture. A sample 

with the highest concentration of complex in solution was transferred 

to the conductivity cell and its conductivity was measured. Solutions 

of lower concentration were prepared by successive dilutions with the 

solvent and their conductivity was measured. Plots of molar conductance 

against (concentration)
1
/ 2 were obtained. The molar conductances were 

leY k calculated using the equation, 1J. = -c--
-1 where k = specifie conductance, mho cm 

c : concentration, mole 1 -1 

2 ( )-1 -1 1J. = lfl)lar conductance, mho cm g-mole 1 

and k = (cell constant)X (conductivity readin~ In the case of a weak 

electrolyte (as SiF
4

.4CH
3

0H in methanol), an empirical method (34) was 

used to obtain an estimate of the molar conductance at infinite dilution 

(IJ.
0

), the equilibrium constant for dissociation (K), and the degree of 

( ) t . . A 1 f -1 . 1/2 dissociation a a a g~ven concentrat~on. p ot o 1J. aga~st c c 

(for Q < cl/2 < 0.1), a straight line having the equation IJ.-l = A + bcl/2 

where A is the IJ.-l intercept and b is the slope, was extrapolated to 

cl/2 =O. This apparently gave A= IJ.o-l but in fact these IJ.o values 

are higher than accepted valges by a factor of 3/2, thus IJ.
0 

(true) = 

)-2 2/3 A. The equilibrium constant was given by K = ( 1J. b and the degree 
0 

of dissociation by ac = IJ.c IJ.
0 
-l. In. the case of a strong electrolyte, 

as (c5H~)2SiF6 in nitromethane, extrapolation of the linear 1J. against 

1/2 1/2 ) l/2 . c plot (for 0 < c < 0.05 to c = 0 gave IJ.
0 

d~rectly. In this 

case, K -> oo and a -> 1 for a dilute solution. 
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(vii) C;yoscopic MOlecular Weight Determination 

A simple freezing point depression apparatus was designed for 

the molecular weight determination of SiF4.2c
5
H

5
N in nitromethane. The 

method could be applied for any hygroscopie compound in a solution with 

a freezing point below 25°. A novel method of seeding the solution was 

perfected. 

Instead of using a Beckmann thermometer, it was found more 

covenient to use a multi-junction thermocouple assembly consisting of an 

18-junction thermal (35) connected to a Honeywell recorder Model Y143Xl8 

(maximum sensitivity, 1 ~V) for the measurement of temperature changes 

greater than 0.01•. The fused thermocouple ends (No. 30 gauge, Cu­

Constantan) were cleaned with concentrated aqueous KCN (to remove oxides), 

washed, dried, and insulated with red glyptol varnish (No. 90, G C 

Electronics Co., L.A., Calif.). Their total resistance was checked before 

and after insertion of each 18-junction end into JO cm long ground glass 

cones with stems. One end of the thermel was kept at -29° using a 

constant temperature slush bath of nitromethane and the other in the 

sample solution. The temperature of the sample solution was controlled 

adequately with an exter.nal isopropyl alcohol bath, the temperature of 

which was controlled by the periodic addition of dry ice chips. The 

apparatus was kept moisture-free by using a mercury-seal spiral-blade 

glass stirrer and a multiple sample (pellet) dispenser fitted with a "dry 

tube" and a container of glass helices (column packing type), as shown 

in Fig. 4. 

In a typical experiment, the freezing point of the pure solvent 

(~50 ml) was determined initially. The proper cooling rate was achieved 
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FIG. 4 

Cryoscopic molecular weight apparatus 
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by maintaining the outer bath at 5° below the freezing point of the pure 

solvent. Vigorous stirring was essential. When it was judged that the 

temperature of the solvent was below its freezing point a precooled 

helix (by liquid air) was dropped into it to minilnize the supercooling. 

If the solvent did not freeze, then the seeding was repeated. Fig. 5 

shows a typical cooling curve recorded on chart paper. The temperature 

"plateau" was taken as the freezing point of the pure solvent. The 

solvent was allowed to warm up to 25• and a weighed pellet of sample 

(I"V50 mg) was dissolved into it. The freezing point of the resultant 

solution was determined as described for the pure solvent making sure 

that the seeding gave about the same degree of supercooling as with the 

pure solvent (not greater than 0.2° below the freezing point). Further 

additions of sample to the solution with subsequent freezing point 

determinations were done until the solution became saturated. A plot 

of the voltage reading (v) (freezing point) against the weight of 

sample ( w) was obtained. The molecular weight was found from the slope 

~ 6v of this plot using the equation, M = Kf 
6 

~' where 6 w = absolute 

value of the slope 

M = apparent molecular weight 

Kr = relative freezing point constant 
for the solvent. 

Kf was determined from a v. against w. plot for a sample of known M (a 

calibration). In this work naphthalene (M = 128. 2) and anthracene (M = 

1?8.2) were used in the calibration. The method gave molecular weights 

to an accuracy of about 10%. The main source of error was probably due 

to the difficulty in keeping the reference slush bath at an absolutely 

constant temperature. This difficulty was minilnized or overcome by making 
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FIG. 5 

A typical cryoscopic cooling curve 
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the slush bath perfectly homogeneous. More recently, all-glass low­

temperature range thermistors connected through a thermometrie bridge 

(E.H. Sargent and Co.) have been obtained. These will eli.mina.te the 

need for a constant temperature reference bath. 

The main advantages of the tthelix seeding• method are (a) the 

system need never be e.xposed to moist air, (b) freezing occurs almost 

instantly on seeding, thus obtaining better control on the degree of 

supercooling, (c) the negligible thermal and chemical effect of the 

helices on the system, and (d) its ease of operation. 

4. An§lyses 

(i) Fluorine 

All stable solid complexes prepared were analyzed for fluorine 

using the gravimetrie method of Belcher and Tatlow (.36). 

Sufficient sample was dissolved in a minimum amount of water 

containing 5-10 pellets of KOH to yield .30 to 60 mg of fluorine. With 

20 mg of fluorine the results are about 0.5:i lower than theoretical, and 

with 10 mg about 1% lower. There was no need to remove the liberated 

Lewis base since it did not interfere with the analysis. Gentle 

heating was used to facilitate solution of the sa.mple. After cooling the 

solution, 8 drops of a 0.1% solution of methyl red were added, and 5N HN0.3 

was slowly added until the indicator just turned pink. After adding 0.5 

ml of .30% acetic acid solution, the solution was heated to 60-?0 •. Mean­

while, 200 ml of a filtered saturated PbC1
2 

solution containing o. 5 ml of 

JO% acetic acid solution were heated nearly to a boil. The hot PbC1
2 

solut-
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ion was added to the warm sarnple solution and the mixture was left to 

digest overnight, If the addition had been reversed (as it was according 

to Belcher and Tatlow) it would have been necessary to wash the sample 

beaker, The next day the precipitate obtained was filtered through a 

weighed No, 4 sintered glass crucible, The beaker was washed twice with 

15 ml portions of filtered saturated PbC1
2 

solution in order to remove 

all the precipitate, then washed with a jet from a wash bottle containing 

filtered saturated PbC1
2 

solution, and finally the precipitate was 

washed twice with 15 ml portions of filtered saturated PbClF solution 

and twice with 15 ml portions of .9:rz acetone, The crucible was dried 

by suction, wiped off, and dried in an oven at 120 • for one hour. After 

cooling in a desiccator for 30 minutes, the crucible with its precipitate 

was weighed, the reading always being taken after 30 seconds on the 

balance pan. This gave the weight of PbClF precipitated, The %F was 

calculated by the following method: 

%F = weight ~f F in the sample , 
we1ght of sample 

where the weight of F in the sample = (weight of precipitate)X(% of F 
in PbClF) 

and the %F in PbClF ... 
(at, 
(at, 

w, F) (lOO) ,.. (19,0) (lOO} ,.. ? 
263

% 
w. PbClF) 261.6 • ' 

Finally, 

%F = (weight of precipitate)x(o,0?263) 
weight of sample • 

The method usually gave the %F with an accuracy of better than 0,2% for 

absolute values in the range 25% < %F < 50%, 
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(ii) Ultraviolet (displacement reaction} 

The quantitative amollllt of pyridine displaced by ethylen&-

diamine from the complex,SiF 4 .2C
5
H

5
N. was measured using a Perkin-Elmer 

Model 350 ultraviolet spectrophotometer. After the interaction of 

SiF
4

.2c
5

H
5

N with NHiCH
2

)
2

NH
2

, the volatile material was condensed into 

a small tube of known weight and the weight of liquid was obtained. A 

portion of this liquid was dissolved in absolute ethanol to produce a 

very dilute solution {rvl X 10-4 g.l-1) and its ultraviolet spectrum 

was obtained. Similarly, the ultraviolet spectrum of a standard c
5

H
5

N 

solution in absolute alcohol was obtained as weil as that of a standard 

NH
2

(cH
2

)
2

NH
2 

solution. There was no interference in the absorbances of 

c
5

H
5
N and NH

2
(CH

2
)
2

NH
2 

occurring at 256 and 220 m!J., respectively. The 

256 m~J. absorbance was used for the calculations. The magnitudes (peak 

heights) of the sample and standard solution absorbance were measured. 

, From these measurements, the concentration of c
5

H
5
N in the sample solution 

was calculated using Beer• s equation (assumed to be valid in the dilute 

concentration range), 

A = fel 

For the standard c
5
H

5
N solution 

~ = Epy c11. 

For the sample solution 

A2 = Epy c21· 

Dividing one equation by the ether 

where A = absorbance 

t= molecular extinction coefficient 

( 
-1 c = concentration g.l. ) 

1 = cell path length 

py = pyridine 
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where only c
2 

is unknown. 

The percent c
5
H
5
N in the sample (and therefore in the liquid product) 

c2 
wa.s given by 1 nt t. X 100, from which the total amount samp e conce ra ~on 

of c5H5N displa.ced wa.s ca.lcula.ted. 
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RESULTS 

ille experimental results are conveniently' grouped under 

the following main headings : 

I. ille interaction of SiFJ; With methanol. 

II. Coordination of SiF4 With aliphatic cyclic ethers and 

dimethyl ether. 

III. Coordination of SiFJ; With pyridine and other nitrogen 

electron-pair donor molecules. 

IV. Attempted preparation of SiF4 complexes Wi th hydrogen 

sulfide1 dimethyl sulfide, phosph1ne and nitromethane. 



- 33 -

I. The Interaction of SiF
4 

with Methanol 

(i) Preparation of SiF
4

.4CH
3

0H 

In a typical experiment, SiF 
4 

(10.48 mmole) was combined with 

CH
3

0H (8.44 mmole) and the mixture was kept at 25• for 30 minutes. 

Unreacted SiF
4 

(8.32 mmole) was recovered by distillation at -65•, and 

a colorless solid rema.ined. The se resulta show that SiF 
4 

and CH
3

0H had 

combined in a m:>le ratio of 1:3.91, producing the com.plex, SiF 
4 

.4CH
3

0H. 

The 1:4 mole ratio was not always reproducible, and values in the range 

1:3.75 to 1:4.20 were also obtained. The com.plex was a liquid at 25• 

and froze to a colorless solid at about -20•. 

(ii) Tensim.etric Titration 

A tensimetric titration of SiF
4 

(5.43 mmole) with CH
3

0H (Fig. 

6, Table 3) confir.med the formation of only a 1:4 com.plex. After each 

addition of CH
3

0H to SiF 
4 

in this titration, the mixture was warmed to 

25 • and then cooled to -78 •, at which tempera ture pressure .measurem.ents 

were made. As shown in Fig. 6, the pressure decreased linearly and 

approached zero after the mole ratio,CH30H/SiF~becam.e greater than 4. 

Extrapolation of the linear portion to zero pressure indicated a mole 

ratio of 4.23 (corresp:mding to the addition of 23.0 DIIIOle of CH30H:), 

confir.ming the formation of only SiF 
4 

.4CH
3

0H. 

In the reverse titration o! CH
3

0H (44.00 mmole) with SiF
4 

(Fig. 

7, Table 3) the pressure rema.ined zero un til the mole ratio, CH30H/SiF 
4

, 

decreased to 4.68 (i.e., until the addition of 9.40 mmole SiF
4

), when 

the pressure increased rapidly as the mole ratio decreased further. 
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TABLE 3 

Tensimetric titration of siF
4 

with CH
3

0H 

and CH
3

0H with SiF
4 

SiF
4 

present initially, 5.43 mmole 

Tr, 25•; Tp, -78° 

Total CH
3

0H added Pressure 
mmole mm. 

0 290.7 
2.88 266.8 

5.20 227.0 

8.05 195.5 
9.65 176.0 

12.36 132.3 
14.84 101.6 

16.83 81.5 

18.99 55.4 
21.15 27.6 

23.37 6.1 

26.17 0.5 
30.00 0 

31.80 0 

CH
3

0H with SiF4 (Fig. 7) 

CH30H present initially, 44.00 
mmole 

Total SiF4 added Pressure 

DIIJIOle JlD 

0 0 

4.56 0 

7.59 0 

9.Cf7 0 

lO.ll 26.0 

ll.37 48.2 
15.06 135.0 

18.00 200.0 

19.84 242.5 
23.24 322.0 
25.36 374.5 



- 35 -

FIG. 6 

The tensiaetric titration of SiF4 with CH30H 
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FIG. 7 

The tensimetric titration of CH
3

0H with SiF4 
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(iii) Gonductivity of SiF~,4G~Qtl 

The results and comparisons of the molar conductance of SiF 
4

• 

4GFJOH, acetic acid (38) and sodium chloride (39) in methanol (Fig, 8, 

Tables 4, 5) at 25 o revealed that SiF 
4

.4GFJOH was a very weak electrolyte 

in methanol, with a molar conductance at infinite dilution of 8.33 mho cm2 

{g-mole)-l 1-1, an equilibrium constant for dissociation of 2.?3 X lo-5 

mole 1-1, and a degree of dissociation of 4.6% for a solution of 0.01 

mole 1-l concentration. Table 4 and Fig. 9 were used to obtain the above 

quantitative data according to the method of Levitt (34). Fig. 10 shows 

the deviation from a straight line at high concentration (c1/ 2 > 0.1 

mole1/ 2 1-l/2) of the plot of the reciprocal molar conductance against 

the square root of the concentration ( f.J. -l vs c1/ 2). 



TABLE 4 

Conductivities of SiF 4 .4C~OH in methanol 

SiF4.4C~OH 
concentration c, 

-1 mole 1 

3.75 

1.87 

0.47 

0.0094 

0.00090 

0.00019 

0* 

Specifie 

conductance k, 
-1 mho cm -

3.0 x lo-3 

3.0 x lo-3 

1.0 x lo-3 

4.0 x 10-4 

1.2 x lo-4 

4.7 x lo-5 

5.0 x 10-6 

Mol ar 

conductance IJ., 
2 ( )-1 -1 mho cm _g-mole. 1 

0.80 

1.60 

2.13 

42.7 

133 

250 

( ( ) -8 -J * pure C~OH lit. 54 value: 5 X 10 mho cm '). 

c112 X 102 

1 1/2 1-1/2 mo e 

194 

137 

68.5 

9.7 

3.0 

1.4 

-1 
jJ. 

ohm cm - 2 ( g-molell 

1.250 

0.625 

0.470 

0.023 

0.0075 

0.0040 

\..IJ 
m 
( 



TABLE 5 

Conductivities of CH
3

cooH and NaCl in methanol 

cH3cooH in methanol (38) at 250 NaCl in methanol (34) at 25° 

Concentration Molar ~172 X 102 Concentration Equivalent X 102 

c X 104 conductance ~' c X 104 conductanceJ\, 
-1 2 ( 1 1/2 -1/2 . 1-1 2 ( . 1/2 -1/2 mole 1 mho cm g- mo e 1 eq\ll v mho cm g- eq\ll v 1 

mole)-l 1-l eguiv)-l 1-l 

16.61 89.1 4.07 2N 94.11 1.41 

41.62 52.2 6.45 5N 92.09 2.24 

74.42 37.6 8.62 lON 89.87 3.16 
w 
"' 104.45 31.4 10.75 20N 86.91 4.47 1 

196.56 22.2 14.0 30N 84.84 5.48 

345.98 16.9 18.6 50N 81.80 7.08 

464.53 14.0 21.6 70N 79.43 8.38 

561.81 12.7 23.7 lOON 76.71 10.00 

-10 -1 A == 97.61 ~0 == 185.5, K • 2.37 X 10 mole 1 0 
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FIG. 8 

Compa.rison of the :molar conductances of SiF
4

.4CH
3

0H, 

NaCl, and CH3COOH in methanol 



250 

1 --• -Cl) 

0 200 E 
• 0 -N 

E 
() 

_g 150 
E 

w 
0 
z 
~ 100 
0 
::::> 
0 
z 
0 
0 

0: 50 
<( 
_J 

0 
:E 

0 

e SiF4 · 4CH 3 0H 

• No Cl( ref. 39) 

• CH 3 COOH (ref. 38) 

5 10 15 20 1 25 'A 3p 
(CONCENTRATION) / 2 - mole 2r 12 x 

lOO 150 200 



-41-

FIG. 9 

Plot used in the empirical determination o:f !l
0

, K, and a.
0

•
01 

:for SiF
4

.40H30H in methanol 
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FIG. 10 

Deviation of ~-l = A + bcl/2 at higner concentrations 

for SiF 4 .4CH30H in methanol 
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Fig. ll shows the infrared spectrum ot liquid SiF 
4

.4CH
3

0H 

and its gaseous products with assignments of absorption frequencies 

given in Table 6. The indication~ are that SiF
4

.4CH30H is completely 

dissociated in the gas phase but not in the liquid phase at 25•. 
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TABLE 6 

(cm-1) Gomparison and assignment of infrared absorption frequencies 

SiF4.4CH;OH CH;OH SiF4 Aasignm.ent 

Ga.s Liquid Gas Liquid Gas 

J680w J680w v ( 0-H), free 

JJOOs J340s v(O-H), H-bonded 

2970m 2950s 2950s 2950s v( C-H), antisym. 

2870m 2830s 2860m 2840m 'V( C-H), sym. 

2600m 2500w combina.tion 

1480w 1450m 1450m 1460m J(cH3), antisym. 

1220m due to (CH3)2o impurity 

ll?Om Il 

1140m lllOm 1120w 1120m J'(CH3)' sym. 

1060m 1050m L(Si-F) tetrahedral and 
lOJOs 1025s lOJOs lO)Os lOJ5vs v(e-o), 11RQP" for gas 

lOOOs lOlOs l032vs 
phase 

930m 950vw (CH
3

)2o impurity 

86.5vw 85.5m 860w due to CH30H 
835w tt 

782w 762m unidentified 

718w 720s y (Si-F) octahedral . -2 for S1F6 

Note: w = we~, m = medium, s = strong, v= very 
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FIG. il 

The infrared spectrum. of liquid SiF 
4

• 4CH3 OH ani 

its gaseous products 
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(v) Proton Magne tic Resonance Mea.surements 

Fig. 12 shows the n.m.r. spectrum o! a. sa.mple or SiF
4 

in 

CH30H and a.lso tha.t of pure CH3œ. Figs. 1.3 and 14 (Table 7) show the 

plots o! chemical shi:f't tt') a.ga.inst mole ratio, SiF 
4

/CH
3

0H, !or the OH 

and ca
3 

peaks, respectively. In Fig. 1.3 there wa.s an initial linea.r 

and ra.pid decrea.se in 't-va.lue of the OH peak as the amount or SiF 
4 

wa.s increa.sed. The slope or this line changed .ma.rkedly nea.r a. mole 

ratio of 0.2 and !ina.lly beca.me constant and lesa than initia.lly. In 

Fig. 14 the 't-va.lues of the ca
3 

peak decrea.sed gradua.lly and rinally 

levelled off as the concentration of SiF
4 

increa.sed. In this case the 

a.bsolute change was much less. 
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TABLE 7 

The variation of the chemical shift with concentration 

Sample Chemical shift (~) 
concentration, p.p.m. 
mole ratio 
SiF;/CH30H OH peak Cl) peak 

0 4.712 6.229 

0.0202 4.334 6.024 

0.0405 4.046 6.128 

0.0497 3.863 5.958 

0.0670 3.772 6.040 

0.0960 3.289 5.793 

0.1252 2.766 5.959 

0.1435 2.749 5.979 

0.2000 2.220 5.849 

0.2480 1.703 5.874 

0.2620 1.696 5.774 

0.2000 1.608 5.782 

0.3300 1.424 5.764 

0.4010 1.16.3 5.839 

Note: The external standard was benzene ( 't "" 
2. 734 p.p.m.). 
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FIG. 12 

The chemical shif't of pure œ
3
œ and œ

3
oH 

hydrogen bonded to SiF
4 
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FIG. 13 

The variation of the chemical shift of the OH peak 

with the mole ratio, SiF
4
/cH

3
0H 
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FIG. JJ,. 

The variation of the chemical shift of the œ3 peak 

with the mole ratio, SiF
4
/CH

3
0H 
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II. Coordination of SiF 
4 

w:i.th Aliffia.tic Czçlic Ethers a.nd Dimethyl Ether 

1. Coordination of SiF
4 

with Ethylene Oxide 

When a. mixture ot SiF
4 

\8.12 IIIJM)1e) a.nd (CH2)2o (6.07 mmole} 

was wa.rmed s1owlz (,...,...1• /min.) :from -195 to -78• a. white solid resulted. 

From the S.SWlt o:f SiF 4 ( 5. 06 l'DIXI1e) recovered by distillation a.t -129 • 
-

it wa.s evident tha.t SiF
4 

a.nd (œ2)2o ha.d combined in a. w1e ratio o! 

1:1.991 corresponding to the complex, SiF4 .2(CH2)2o. 

The in!ra.red spectrum of the gas phase a.t 25 • in equilibrium 

with the solid complex a.t -65• consisted o:f bands due to SiF
4 

super­

implsed on those of (CH2)2o. The molecula.r weight o! this ga.seous 

mixture wa.s 87.2 ~ich compares fa.vora.bly with 85.1, ca.lcula.ted on the 

a.ssumption tha.t complete dissociation ha.d occurred, tha.t the libera.ted 

siF
4 

was completely in the gas phase, a.nd tha.t the libera.ted (CH2)2o exerted 

its equilibrium va.plr pressure o:f 10.0 mm a.t - 65•. 

When the temperature o:f the 1:2 complex wa.s ra.ised to 25 • ail 

of the rema.ining SiF
4 

(3.04 mmole) was recovered a.nd a. colorless non­

volatile viscous liquid resulted. The in!ra.red spectrum of this liquid 

is shown in Fig. 15 a.nd :frequency a.ssignm.ents are given in Table 8. There 

was no evidence o! any (CH2)2o or 1,4-dioxa.ne. 
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TABLE 8 

Comparison and assignment of infrared absorption frequencies (cm-1) 

(CH2)2o polymer 1,4-dio:x:ane Assignment Reference 

295ü-2900m,b 2950m ~(C-H) 

2900m Il 

2850m 2860m tt 

1455m 1460m J (C-H), deformation 

1365m 1365mw Il , twist 

1355m 11 , twist (40) 

l290m 1290m IJ , wag 

l258ms 1260ms IJ , wag 

ll23s,b ll25s v( c-o), antisym. 

l085m l085m Il antisym. (41) , 
1048m 1050m Il antisym. , 

960m,b Il ' sym. 

890ms 890ms J(C-H), rock (40,42) 

875s 875s Il rock 
' 

723s, b v ( Si-F) octahedral (43) 
for SiF -2 

6 

Note: s = strong, m = medium, w = weak, b = broad. 
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FIG. 15 

The inf'rared spectrum of the p>lymer produced 

in the reaction of (CH2)2o with excess SiF
4 



1 
PE 6-R (137-12541 WAVELENGTH " (MICRONS) 

'3 4 5 6 7 8 9 10 11 12 13 14 15 
Canad<in Chans & Suppl<es l <m<IOd Ookv<Ue,On. 

100 -~ :_·· ~ . - _:._ . ·-_ -_ . .. ::, ' . ~-: _: ~~- _· ' "- - -· -: -'=r ·- '-·~ -- ·- : . 100 = ·--r· ·= ===:== . ~ E= . 1 · -·--,~~~· · ·~·-!· 1 = '~-~-.-a: E:ï::.:::~a.:r a ,~, ~··i'. --· -·· -·-- = . ~ . =-_. . . ·~l · -·-. -,- 1-t -+- ==::;~=· ··- ' - --l- . -···- -~· - · · --· ~ :_,_ -· -·- - -\-''-+--+--.---.- ·--- - 1- -- ·--· ..- 1=i==--=:l .:.=: . 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

. ~ . . -1- . ·--~l-· ~ - _._ ., • 1---.--: ·_:t:::~ - ......0--· ,_ - . - - ~--t- --+--t--'1- -f" . ~- -- • ~-.::=- -,---
~::~j~:=l::!::âc "=!_::~~ê!~.;,~5f~,:~ §~-::i::--::L-1::Cf.c::;ë~~=!~-:j=;::~!::-..ccp::;::ë f~~~-J:f.L#iL~:~'"t: _:f-j.;.:'t~Ei~t=îë:-=~:::=;-_::::=:==;=E 
i\~; _.;-:o: i _:r'=Y~cë :=è=:=:c_;:-::=;:::.: :- :.!-_ · .. '~- --.;- .:.::;: .. - i. i ô·: ':-:-r; iJ ::r~:l ':::_:i-:.'':7~:)_- : ~=i.::" :]:!:j _ ~-~ ·!·1. ~::-~:!~'- ~~:.J.:.}?r-: ;;~h:'fti=§=_E:>= ~-:: .:~~ 

'0 80 -\ Y :.- ~:C:-: ~-·:.;:....;_,~ -- - .-0:. , ': :; ; , r~ :-:~cô! :!~ '_i_ : i "':.~:::~;: :-~-=! -:~~r,r~i'>X.:~T~f=-= ~· !~~~~0:~ :::':'~~~ SO 
~ .. - . ;,;- . . . -· \ 11\ .1\. . .. ·-· ~- . .. ... J _____ , -·- · -- - · - ~ r \ ,. \:1 \ . - .. . , . . -.. ... . -·. . • : : : : . . -,· ~ : 1 t : :· :; - : - : : 1 : -·: ;_- ·: 

· A · A ·- · · · · · • ~ - · - · •-w : i 

u -: ;_ :. z /-.() . : . . ~· : . ~ - : 60 

::.: : . 40 

-\ Ill ll lll lfll'l .ll'lrl:l :l 1 1 ~ 20: : : : ~gi~M~R 0~ : , •: , V: :., : < : . . . • 20 
2 2 . ".' . . ' ' . . . ' . . ' ' ' . . 

1 1· 1 1 . 1 . 1 . 1 . 1 . 1 . 1 . · 1· ... 1 .... 1 . . . 1 . i ... 1··:! . 1· . .. 1 .... 1 .. . 1 .. ' .. 1 . 1 1 0 . . ' . . . . . ' ... ' . ' . . . . . ' ' ; . . " . ' 1'. . . . . . . . . . • . . 1 . . .. 0 • • ' - • • • ' • • • • • • . • • •• • • • . •• ' . ·-· . • • • • • • •• t • ·- • • ! ' • • 

4000 3000 2000 1500 . 1000 900 800 . 700 
CM-1 



- 54 -

It was not p>ssible to obta.in pure SiF4.2(C~)2o by a. direct 

synthesis using excess (CH2)2o initia.lly. The unrea.cted (CH2)
2
o could 

not be distilled from the (CH2 )20-SiF
4

.2(CH2)2o mixture beca.use the 

complex ha.s an appreciable dissociation pressure at the temperature at 

which (CH2)2o can be distilled. There.fore, the com.plex was first 

prepared a.t -78• by a.dding an excess of SiF
4 

{8.12 JDOle) to (CH2)2o 

(6.07 mmole) and then an excess o:C (CH2)2o (8.32 mmole) was added and 

the temperature was raised to 25 •. A:Cter one hour, distillation of the 

product mixture in the range -78 to 25• yielded the .followi.ng fractions: 

(a) a mixture (12. 95 mmole. .M., 65.0. Cale. for a 1:2 I~~Dle :œ:ixture of 

SiF
4 

and (CH2)2o: M, 64.0) of SiF
4 

and (CH2)2o, inseparable by simple 

distillation, (b) 1,4-dioxa.ne (1.50 mmole. M, 86.0. Cale. for c
4
a8o2: 

M, 88.1), (c) a small a.n:ount of a. da.rk purple, nonvola.tile p>lymeric 

ma.teria.l which must conta.in some SiF 
4 

(Initial SiF 
4 

used, 8.12 mmole. 

Recovered SiF
4

, only (l/3)X(l2.95) == 4 .. 32 mmole. Thus 3.80 mmole must 

be incorp>ra.ted in the pol;ymer).. There wa.s a. 21% conversion of ( CH2)2o 

into 1,4-dioxane and a. 9% yield of pol;ymer, the infra.red spectrum of 

which is show.n in Fig. 16 and frequency a.ssignments are listed in Table 

9. 
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TABLE 9 

Assignment of infrared absorption frequencies (cm-
1

} 

Dark purple 
polymer of 

(CH2)
2
o 

3420m,b 

2910m,b 

2870m 

1630vw,b 

1460w 

l355w 

1347w 

1340w 

l275w 

l240w 

ll08s 

945w,b 

83Sw 

Assignment 

v ( O...H), due to H
2
0 

y (C-H) 

n 

Il 

Il 

Il 

Il 

Il 

~ (Si-F} tetrahedral* and perhaps v (Si-û)** 

J(c-H) 
lt 

* due to (Si-F) tetrahedral bonds in the polymer 

*l!- due to hydrolysis 
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FIG. 16 

The in!'rared spectrum of the p>lym.er produced in the 

reaction of SiF
4 

with exceas (CH2)2o 
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(ii) Tensimetric Titration 

A tensimetric titration of SiF4 (12.21 mmole) with (CHZ)2o 

(Fig. 17, Table 10) showed the formation of only 1:2 complex. Alter 

each addition of (CH2)2o to SiF
4 

the mixture was warmed quickly to -7s• 

and kept at ~his temperature for 15 minutes by which time the pressure 

became constant. As shown in Fig. 17, the pressure deereased linearly 

until the mole ratio, (CH2)2o/siF4, had inereased to 2.03 (i.e., after 

the addition of 24.8 mmole (CH2)2o), when the pressure became essentially 

constant at about 8 mm (rvthe v.p. of (CH2)2o at -78•), corresponding 

to the formation of siF
4

.2(CH2)2o. 

In the reverse tensimetrie titration of (CH2)2o (20.60 mmole) 

with SiF4 (Table 10, Fig. 18) under the conditions used in the preeeding 

titration, the pressure remained at about 5 mm until the mole ratio, 

(CH2)20/SiF4 ,decreased to about 2.3, when the pressure increased rapidly 

as more SiF4 was added. Extrapolation of the linear portion of the plot 

to 5 mm pressure gave a mole ratio of 2.00 (corresponding to the addition 

of 10.3 mmole SiF
4

) indicating the formation of only the 1:2 complex. 
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TABLE 10 

Tensimetric titration of SiF 
4 

with ( CH2) 2o and ( CH2} 2o with SiF 
4 

SiF
4 

present initially~ 
12.21 mmo1e 

Total (CH2)2o added 
mmo1e 

0 

3.09 

6.19 

9.29 

12.38 

15.49 

18.59 

21.69 

24.79 

27.88 

31.00 

34.10 

Pressure 
mm 

648.8 

572.2 

489.0 

408.5 

327.0 

294.4 

167.5 

88.0 

13.3 

10.6 

9.4 

8.3 

(CH2)2o present initially~ 
20.60 mmo1e 

Total SiF4 added Pressure 
mmo1e mm 

0 4.0 

3.10 4.0 

6.20 5.0 

9.21 5.0 

9.96 7.0 

11.13 38.0 

14.86 152.0 

17.50 229.0 

21.48 354.5 
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FIG. 17 

The tensimetric titration of siF4 with (CH2)2o 
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FIG. 18 

The tensimetric titration of (CH2)2o with SiF4 
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(iii) Heat of Dissociation 

The complex, SiF 
4

.2(CH2)2o, was prep:~.red as previously 

described by removal at -ll6° of excess SiF
4 

(10.12 rmole) from a SiF 
4 

(12.06 mmole)-(CH2)2o (3.885 mmole) mixture. Pressure-temperature 

measurem.ents were made :from -93.2 to -68.3 • and the resulta (Table 11) 

are plotted in Fig. 19. A heat of dissociation of 10.6 ~ 0.3 kcal 

-1 mole was calculated from the slope of the linear plot. At a higher 

temperature than -68.3• (e.g. 1 -63•) there was an abnormally large 

pressure increase (> 45 mm), the complete disappearance of solid complex, 

and failure to observe identical pressures be:fore and after the pumping 

off operation (described in the experimental section). These observat-

ions confirmed that a dynamic equilibrium no longer existed. 
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TABLE 11 

Data for the heat of dissociation of SiF
4

.2(CH2)2o 

Temperature Pressure Calculations, 

o_ -log (P1/P2) 

OK oK-lno3 
6 H- l l X 2.303 X 1. 9f!f/ oc nun Tl- - T2-

-
P1 = 20.0 nun 

-93.2 180.0 5.555 0.4 P2 = 0.2 nun 

-82.3 190.9 5.240 2.1 T
1

- 1 = 4.820 X 10-3 oK-1 

-77.2 196.0 5.100 4.5 T
2
-l = 5.685 X 10-3 oK-1 

-71.8 201.4 4.965 10.0 

-68.3 204.9 4.880 14.3 .6H"= 10.6 kca1 m:>le -l 
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FIG. 19 
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2. Coordination of SiF 4 with TriJn.ethylene Oxide 

Under experimental conditions identical to those used in the 

preparation of SiF
4

.2(CH2)2o, SiF
4 

(11.93 mmole) and (CH2)
3
o (3.86 mmole) 

co.m.bined in a 1:2.05 mole ratio as evident from the a.JJK:)unt of uncombined 

SiF
4 

(10.05 IIIIIOle), producing the white solid, SiF 
4

.2(CH2)
3
o. In!'rared 

and molecular weight measurements showed that the gas phase at 25• in 

equilibrium with the solid complex at o• consisted of only siF
4 

and (CH2)
3
o 

(Found: M, 75.0. Cale. M, 73.4 assuming complete dissociation of the complex 

in the gas phase and that the liberated SiF
4 

and (CH2)
3
o are completely 

gaseous (the v.p. of (CH2)3
o = 125 mm at o• is not completely established 

due to the large volume of vessel)). 

On raising the temperature of the SiF
4

.2(CH2)
3
o complex to 25•, 

the remaining SiF 4 (1.85 liiDDle) was liberated and polymerization of (CH2)
3
o 

occurred with the formation of a colorless nonvolatile, viscous polyœer. 

The infrared spectrum of this polymer is shown in Fig. 20 and frequency 

assignments are given in Table 12. Polymerization commenced rapidly above 

13.6 • but below this temperature the complex could be subliJn.ed unchanged. 

When (CH2)
3
o (8.00 mmole) was added to previously prepared SiF4• 

2(CH2)
3
o (1.88 IlUI.Ole) and the temperature of the mixture was raised to 25• 

for 12 hours, the products were: SiF4 (1.86 mmcle) and a colorless, viscous, 

nonvolatile polymer whose infrared spectrum was the same as that of the 

polymer produced with excess SiF
4 

(Fig. 20). Thus SiF
4 

had catalyzed the 

polyraerization or (CH2)
3
o producing the same polymer whether (CH2)

3
o was 

in excess or not. 
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TABLE 12 

Assignment of infrared absorption frequencies (cm-1) 

(CH2)
3

o polymer Assignments 
-1 cm 

3460w ~(o-H) 

2930s ~(C-H) 

2B60s Il 

27BOm Il 

2040w combinat ion 

1490m SC c-H) 

1470m lt 

l440m Il 

1425m lt 

1375m Il 

1350m Il 

1320m If 

1295m u 

1240m Il 

lll2vs y ( C-0) 

920w ~(C-H) 

755w unidentified 

720w ..) (Si-F) octahedral for SiF6- 2 (43) 
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FIG. 20 

The infrared s~ctrum of the p::>lym.er produced in the reaction 

of SiF 
4 

with (CH2)J:O' either component in excess 
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(ii) Tensimetric Titration 

A tensimetric titration at -95• of SiF
4 

(9.38 mmole) with (CH2)3o 

showed a combining ratio, (CH2)3ojsiF
4
,of 2.24. As shown in Fig. 21 (Table 

13), the pressure decreased linearly until the mole ratio had increased 

to 2.24, a!ter which the slope o! the line began to change and the 

pressure became zero. Extrapolation of the linear part o! the plot to 

zero pressure gave a mole ratio o! 2.27 (corresponding to the addition 

When the tensimetric titration was done in reverse, i.e., by 

addition o! SiF
4 

to (CH2)
3
o, combining ratios, (CH2)

3
0/SiF

4
, were always 

high (> 4:1). The data !rom a typical experiment are show.n in Table 13. 

This suggested that, as with SiF4.2(CH2)2o, polymerization was enhanced 

when more (CH2)
3

o was present than was necessary to produce the 1:2 

complex. 
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TABLE 13 

The tensimetric titration of Si.F 
4 

with (CH2)
3
o and (CH2)

3
o with SiF 

4 

Si.F
4 

present initially, 
9.38 nmo1e 

T -95°· T -95° r' ' P' 
Total (CH2)

3
o added Pressure 

nmo1e nm 

0 260.9 

3.40 227.5 

6.47 189.2 

10.74 137.5 

14.48 85.0 

17.88 45.0 

19.96 17.0 

21.00 5.0 

21.80 1.0 

23.63 0 

26.00 0 

28.00 0 

* These data were not p1otted. 

(CH2)
3
o present initially, 
27.90 nmo1e 

Total Si.F
4 

added Pressure 

nmo1e nm 

0 0 

5.02 0 

10.39 118.0 

13.71 209.8 

18.32 335.8 

23.25 469.8 

28.16 604.7 
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FIG. 21 

The tensimetric titration of SiF
4 

with (CH2)
3
o 
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(iii) Heat of Dissociation 

The complex, SiF4.2(CH2)
3
o (1.88 mmole) was prepared as 

described previously in section 2(i) using identical quantities. Pressure­

temperature measurements were ma.de from -23.0 to 13.6° and the results 

(Table 14) are plotted in Fig. 22. The slope of the straight line gave 

a heat of dissociation of 13.9 ± 0.3 kcal mole-1• At a higher temper­

ature (e.g., 15°), similar non-equilibrium affects as occurred for SiF4• 

2(CH2)2o were observed. 
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TABLE 14 

Data ror heat of dissociation of SiF4.2(CH2)3o 

Temperature Pressure Calculations, 

OK-1.noJ 6H0 = -log (P:J/P2) X 2.303 X 1.987 oc OK mm T -1 - T -1 1 2 

-23.0 250.2 3.995 1.2 P1 = 20.0 mm 

-17.7 255.5 3.910 2.0 P2 ""' 2.0 mm 

-16.2 257.0 3.890 2.5 T1-1 = 3.584 X lo-3 °K-l 

-12.0 261.2 3.830 3.5 T2-1 = 3.913 X 10-3 0[-l 

-ll.O 262.2 3.810 4.3 

- 7.3 265.9 3.765 5.6 6.H
0 = 13.9 -1 kcal mole 

- 6.8 266.4 3.755 6.2 

- 3.5 269.7 3.710 8.4 

0.3 273.5 3.655 12.4 

2.0 275.2 3.635 14.0 

5.2 278.4 3.595 18.3 

8.1 281.3 .3.560 2.3.9 

ll.7 284.9 .3.510 32.7 

13.6 286.8 .3.490 38.7 
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FIG. 22 
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The infrared spectrum of crysta11ine SiF
4

.2(CH2)
3
o wa.s taken 

at -195° using a special low-temperature infrared cell. A sample of 

the complex wa.s sub1imed at 3 • in a vacuum onto a NaC1 plate coo1ed to 

-195 •. It wa.s difficult to obtain a good spectrum because the thickness 

of the crystalline film wa.s not uniform and there wa.s much infrared 1ight 

scattering by the crysta1line deposit. Neverthe1ess1 it was possible 

to identify most o! the absorption bands shown in Fig. 23 (Table 15). 

The intensity of the 720 cm-l band decreased by about 75% when the 

samp1e wa.s renx:>ved confirming that the band wa.s due mainl.y to an 

absorption of the sam.ple. The remainder was probabl.y due to SiF 6-2 

formed by an interaction between SiF
4

.2(CH2)
3
o with the NaCl surface, 

since such a reaction occurs between gaseous SiF
4 

and NaCl plates 

(43). 
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TABLE 15 

(cm-1) Assignment of infrared frequencies 

SiF 
4 

.2( CH
2

)
3
o 

cr:ystaJ.line 

2955W 

2935w 

2870w 

150ü-1450vw 

1375w 

1150sh 

ll13m 

920vw 

720s 

sh = shoulder 

Assignment 

~(C-H) for CH2 
Il 

Il 

d (C-H) for CH
2 

Il 

unidentified 

y(C-0) 

J(C-H), rocking 

y(Si-F) octahedral for SiF4.2(CH2)
3
o 

-2* and perhaps sorne SiF6 
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FIG. 23 

The infrared spectrum of crystalline SiF4 .2(CH2)
3
o 

at low temperature 
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3. Coordination of SiF
4 

with Tetrahydrofuran 

Slow cooling of a mixture of SiF
4 

(4.94 :mmole) and (CH2)
4
o 

{4.01 mmole) from 25 to -78• resulted in a white solid and excess SiF
4 

{2.84 mmole). Thus, the white solid contained (CH2)
4
o and SiF

4 
in a 

mole ratio of 1.91, corresponding to the complex, SiF
4

.2{CH2)
4
o. 

Combining ratios in the range 1:1.91 to 1:2.13 were also obtained in 

several other experimenta. 

Increasing the temperature of the complex to 25• resulted in 

the complete dissociation of the complex into SiF 
4 

and ( CH2) 
4 
0 as shown 

by the intrared and molecular weight m~asurements on the gas phase at 

25• in equilibrium with the liquid at 25• (Found: M, 93.9. Cale. M., 

98.0 assuming complete dissociation of the complex in the gas phase and 

establishment of {CH2)
4
0is v.p. = 125 mm at ,25•). There was no indication 

of any polymerization since the in!rared of the liquid phase at 25• showed 

It was not possible to obtain pure SiF
4

.2(CH2)
4
o by a direct 

synthesis using excess (CH2)
4
o initially because the unreacted (CH2)

4
o 

could not be removed from the (CH2)
4
0-SiF

4
.2(CH2\0 mixture due to the 

appreciable dissociation pressure of the complex at the temperature at 
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(ii) Tensimetric Titration 

After each addition of (CH;:)4o to SiF4 (9.43 mmole) the 

mixture was wa:rmed to 25• and then slowly cooled to -78• at which temper­

ature pressure measurements were made. As shown in Fig. 24 (Table 16), 

the pressure decreased linearly until the mole ratio had increased to 

2.07, when the slope of the line began to change and the pressure becam.e 

zero. A mole ratio of 2.15 (corres:p.>nding to the addition of 20.25 

mmole (CH2\o) was indicated by the e.xtrapüation of the linear :p.>rtion 

of the plot for the for.mation of the 1:2 complex,. SiF4.2(CH2)4o. 

Fig. 25 (Table 16) shows the resulta of the reverse tensimetric 

titration of (CH2)4o (20.10 mmole) by addition of SiF4• The pressure 

remained zero until the mole ratio had decreased to 2.13 (corresponding 

to the addition of 9.45 mmcle SiF4), when the pressure increased rapidly 

as more SiF4 was added. This confinmed the formation of only SiF4.2(CH2)4o. 
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TABLE 16 

SiF4 with (CH2)4o (Fig. 24) (CH2)4o with SiF4 (Fig. 25) 

SiF4 present initially, 
9.43 mmole 

(CH2)4o present initially, 
20.10 mm.ole 

T.r' 25°; TE, -7fiJ Tr, 25°; T:Ê -7~ 

Total (CH2)4o added Pressure Total SiF
4 

added Pressure 
mmole nun mmole nun 

0 283.3 0 0 

2.24 253.0 4.38 0.5 

5.57 203.0 8.26 1.0 

9.23 155.0 9. 71 1.2 

13.89 94.7 10.81 59.0 

17.06 45.0 13.86 162.5 

19.20 17.0 16.08 220.6 

20.00 8.0 19.03 338.2 

20.82 0.8 21.69 420.2 

22.50 0 
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FIG. 24 

The tensimetric titration o! SiF4 with (CH2)4o 
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FIG. 25 

The tensi.metric titration of ( CH2) 
4 

0 with SiF 4 
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(iii) Heat o! Dissociation 

The complex, SiF
4

.2(CH2)
4
o,was prepared as previously described 

in section 3(i) by removal o! unreacted SiF 
4 

(3.10 .DIDIOle) !rom a mixture 

or siF
4 

(6.74 mmole) and (CH2)
4
o (7.63 mmole). Pressure-temperature 

measurements were made !rom -69.0 to -3o.a•. The resulta (Table 17) 

are plotted in Fig. 26, and a heat or dissociation of 11.3 : 0.3 kcal 

mole-l was calculated from the slope o! the straight line. 
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TABLE 17 

Data for the heat of dissociation of SiF
4

.2(CH2)
4
o 

Temperature Pressure Calculations, 

6 o _ -log (P /P ) 
H- -l l ~lX 2.303 X 1.987 oc oK °K-J~noJ mm Tl - T2 

-69.0 204.2 4.90 0.20 P1 = 20.0 mm 

-58.9 214.3 4.67 0.84 p2 = 2.0 mm. 

-51.7 221.5 4.52 1.90 Tl-l = 4.105 x 10-3 °K-l 

-45.0 228.2 4.38 4.28 T
2
-l = 4.512 X 10-3 °K-l 

-37.7 235.5 4.24 9.16 

-30.8 242.4 4.13 20.20 6H0
= 11.3 kcal mole -1 
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FIG. 26 
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4. Coordination of SiF4 with Tetrahydropyran 

(i) Preparation of SiF4.2(CH21,Q.. 

Unreacted SiF4 (8.00 mmole) was recovered by distillation at 

-129° from a mixture of SiF
4 

(9.03 mmole) and (CH 2)5o (2.21 mmole) that 

had been kept at 25° for JO minutes. These resulta show that interaction 

had occured in a mole ratio lt2.14, corresponding to the white solid 

complex, SiF
4

.2(CH2)
5
o. Higher mole ratios resulted when larger quantities 

of (CH2)5o were used. These data indicated a surface effect. This problem 

was not solved until heat of dissociation measurements had been made. From 

these measurements it was found that no solid complex existed above -54.)
0

• 

But at temperatures below -54.)
0 

(CH ) 0 is a solid (m.p. - 49.)! There-
2 .5 

fore, once the temperature has been sufficientl7 decreased to freeze 

the (CH ) O,further reaction with SiF4 becomes very difficult. It is 
2 .5 

obvious that the bulk of the (CH
2

)
5
o could not be reached by the SiF4 

once the surface has become solid. This means that the smaller the 

bulk of { CH
2

) .50, the more efficien tly SiF 4 oan reach all parts of i t. 

The resulta corroborate this. Undoubtedly this incomplete reaction 

affect gave the somewhat high mole ratio of 2.14 even when the quantity 

Infrared and molecular weight measurements of the gas at 2.5° 

in equilibrium with the liquid at 25° showed that the complex was completely 

dissociated in the gas phase at 25 ° (Found: M, 95.0. Cale. M, 97 .5, 

assuming complete dissociation of the complex in the gas phase and 
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liquid phase at 25• showed only the presence o! (CH2)
5
o. 

As in the case of SiF
4

.2(CH2)
4
o, it was not possible to prepare 

the pure complex by direct synthesis using excess {CH
2

)
5
o for similar 

reasons. 

(ii) Tensimetric Titration 

Attempts at tensimetric titrations at -95 • of SiF 
4 

with ( CH2) 
5
o 

or vice versa resulted in erratic pressure-composition plots. Invariably 

the pressure readings were much higher than they should have been assuming 

the formation of only the 1:2 complex, SiF4.2(CH
2

)
5
o. The change in slope 

was generally too graduai to read the mole ratio with any degree of 

accuracy. 

The reasons for this phenomenon have been mentioned in the 

previous section. It is a result of the relatively high melting p:>int 

of (CH2)5o (-49°) and the large dissociation pressure of SiF
4

.2(CH2)5o 

near this temperature. 

(iii) Heat of Dissociation 

Using identical quantities, the complex, SiF
4

.2(CH2)
5
o (1.03 

mmole), was prepared as described in section 4(i). Dissociation pressure 

measurements were made over the temperature range -83.0 to -54.3• and 

the resulta (Table 18) are plotted in Fig. 27. From the slope of the 

straight line, the heat of dissociation was found to be 11.1 ~ 0.3 kcal 

-1 mole • 



- 84 -

TABLE 18 

Temperature Pressure Calculations, 

6 o_ -log {P /P ) 
oc OK °K-lno3 H - -l l ~l X 2.303 X 1.987 mm 

Tl - T2 - -
-83.0 190.2 5.260 0.44 P1 = 20.0 mm 

-76.1 197.1 5.080 1.13 P2 = z.o mm 

-68.7 204.5 4.890 3.69 T
1
-l = 4.577 X 10-3 °K-l 

-63.0 210.2 4.760 7.40 T
2
-l = 4.988 X 10-3 °K-l 

-58.9 214.3 4.670 11.65 

-54.3 218.9 4.570 17.36 6H0
= 11.1 kcal oole -l 
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FIG. 27 
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5. Coordination of SiF4 with Dim.ethyl Ether 

In a typical experiment, SiF4 (3.83 mm:>le) and (œ
3

)2o (3.09 

mmole) were combined at 25• and the mixture was cooled slowly to -129•. 

From the amount o! SiF4 (2.29 mmole) recovered by distillation at -129•, 

it was evident that SiF
4 

and (CH
3

)2o had reacted in a mole ratio 1:2.01, 

corresp:mding to the white solid complex, SiF
4

.2(CH
3

)2o. 

Increasing the temperature of the complex to 25 • resulted in 

its complete dissociation into SiF
4 

and (CH
3

)2o as shown by the intrared 

and molecular weight measurements on the gas mixture at 25 • (Found: M, 

65.4. Cale. M, 65.4 for the complete dissociation o! the complex into 

its gaseous products). No liquid or solid remained at 25•. 

As in previous cases and !or similar reasons>it was not possible 

to obtain pure SiF4.2(CH3)2o by a direct synthesis using an excess of (CH
3

)2o 

initially. 

(ii) Tensimetric Titration 

Fig. 28 (Table 19) shows the result of the tensimetric titration 

of SiF
4 

(3.65 mmole) with (CH3)2o. Pressure measurements were made at -78° 

and reaction was allowed to occur at 25•. As show.n in Fig. 281 the 

pressure decreased linearly until the mole rati~ (CH
3

)20/SiFWhad increased 

to nearly 2, when the pressure decreased much more rapidly attaining a 

minimum at a mole ratio of 2. 01 ( corresponding to the addition of 7.33 
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mmole (CH3)20), after which it increased rapidly to 40 mm (the v.p. o! 

(CH3)2o at -78• is 35 mm) and became constant. 

Fig. 29 (Table 19) shows the reverse tensimetric titration of 

(CH
3

)2o (10.04 mmole) by the addition of SiF
4

• In this case, the pressure 

remained constant at 35 mm until the mole ratio had decreased to nearly 

2, when the pressure dropped sharply to a m.i.nimum at a mle ratio of 

2.01 (corresponding to the addition of 5.00 mmole SiF4), a!ter which it 

increased rapidly. 

Both of these plots indicated the formation of only the 1:2 
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TABLE 19 

Tensimetric titration of SiF 
4 

with (CH)2o and (C~)2o with SiF 
4 

SiF~ with (CH2)2o (Fig. 22) (CHJ)~O with SiF4 (Fig. 23) 

SiF
4 

present initially, 
3.65 nnno1e 

(CH
3

)2o present initial1y1 

10.04 nnno1e 

T 25°· T -78° r' ' , T 1 25°; T , -78° r 

Total (C~)2o added Pressure Total SiF4 added Pressure 
mmo1e mm nnno1e nnn 

0 194.4 0 35.2 

1.83 165.5 1.79 35.2 

3.59 139.6 3.71 35.0 

5.40 90.0 4.83 35.0 

7.14 55.0 5.00 25.0 

7.28 27.0 5.14 38.0 

7.33 15.0 5.28 50.1 

7.50 33.0 5.78 74.9 

8.03 40.1 6.17 120.1 

9.14 40.2 7.43 168.8 

10.00 40.2 
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FIG. 28 

The tensimetric titration of SiF
4 

with {CH
3

)2o 
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FIG. 29 
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(iii) Heat o! Dissociation 

A aamp1e of SiF
4

.2(CH
3

)2o (1.54 mmole) was prepared as des­

cribed in section 5(i) using identical quantities. Pressure-temperature 

measurements were made in the range -94.0 to -56.6• and the resulta 

(Table 20) are plotted in Fig. 30. The slope of the straight line over 

this temperature range indicated a heat of dissociation of 9.0 ! 0.3 

k cal mole -l. 
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TABLE 20 

Temperature Pressure Calculations, 

%-lna3 
6 o -log(P /P ) 

oc oK mm H = l 2 X 2.303 X 1.987 
T -1_ T -1 . 
1 2 

-94.0 179.2 5.58 0.77 P1 = 20.0 mm 

-86.3 186.9 5.35 2.25 P2 = 2.0 mm 

-85.9 187.3 5.34 2.30 T1-l = 4.872 X 10-3 o~1 

-80.9 192.3 5.20 4.90 T
2
-l = 5.378 X 10-3 ~-l 

-77.2 196.0 5.10 6.81 

-76.3 196.9 5.08 8.00 6H111= 9.0 -1 kcal mole 

-71.7 201.5 4.96 13.52 

-64.7 208.5 4.80 31.81 

-60.6 212.5 4.71 41.87 

-56.6 216.6 4.62 57.88 
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FIG. 30 
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6. Attempted Reaction of SiF
4 

with 1,4-dioxane 

Silicon tetrafluoride (1.96 mmole) and 11 4-dioxane (10.80 mmole) 

were condensed together and pressures were measured in the temperature 

range -94 to 25•. These observed pressures were compared with the total 

pressure calculated assuming no interaction and ideal gaseous behavior 

(Daltonts Law of Partial Pressures), as shown in Table 21. This comparison 

reveals that no interaction had occurred in the temperature range -94 to 

25•. Distillation at -115 and -129• in both cases yielded all the SiF4 
(1.94 nmu::>le). Infrared measurement on the gas phase at 25• in equilibrium 

wi th the liquid at 25 • showed only SiF 
4 

and 1, 4-dioxane absorption bands, 

wh.ile measurements on the liquid :r;hase at 25° showed only 11 4-dioxane 

absorption bands. 
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TABLE 21 

Temperature-pressure data showing no complex formation 

Temperature SiF 1,4-d.io.xane Mixture Mixture 

oc 
presstlre pressure pressure pressure 

mm llm'l?'n~ mm (Obs,) mm (Cale,}* 

-94 100.0 0 101.5 100,0 

-78 102,0 0 104.5 102,0 

-45 104.9 0,1 106,0 105.0 

-23 105.8 2.1 108,0 107.9 

0 106,5 8,5 115,0 115.0 

25 107,1 30.9 137.1 138.0 

* Daltods Law: P_.: ....~.ure = P8iF
4 

+ P1 ~. d. 
. 11L.I...A.u , '+- ~oxane 

~H} Equi1ibrium v .p. of 1,4-dio.xane at that temperature, 

- ---------------------
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III. Coordination of SiF 
4 

with P:yridine and Other Nitrogen Electron-Pair 

Donor Molecules 

1. Coordination of SiF 
4 

with P;rridine 

Various methods of preparation always yielded only the 1:2 

In the direct vacuum synthesis, SiF
4 

(35.45 mmole) was condensed 

over c5H~ (27 .12 mmole) and the mixture slowly warmed to 25•. Distillat­

ion at -78• yielded SiF
4 

(21.90 mmole), indicating a combining ratio of 

1:2.00,which corresponded to the complex, SiF
4

.2C
5
H

5
N. Fluorine analysis 

showed that the complex was pure (Feund: %F, 28.60. Cale. %F, 28.95 for 

SiF4.2c5H~). The white solid complex melted at 170-180• (with decom.pci)sit­

ion), had no measurable vapor pressure at 25•, but could be sublimed in a 

vacuum at 60-80• (without decomposition) into white opaque crystals (Found: 

%F, 29.01). Its ease of hydrolysis was manifested by the odor of C~~ 

when it was exposed to liiOist air. 

The same complex resulted when an excess of c~5N was used 

initially. Thus c5H$N (40.40 mmcle) when condensed over SiF
4 

(15.00 mmole) 

and slowly warmed to 25 • produced unreacted SiF 
4 

(10.38 mmole) recovered 

by distillation at 25•, and a white solid which contained SiF
4 

and C~$N 

in a mole ratio 1:2.00,as required tor the 1:2 complex, SiF4.2c5H~ 
(Found: %F, 28.60) • 
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Silicon tetra!luoride (15.10 mmole) was condensed over a 10.5% 

by weight solution of c5H5N (12.10 mmole) in diethyl ether (183.0 mmole) 

and the mixture was warmed slowly to 25 • and stirred magnetically. The 

resulting insoluble white precipitate was made solvent free by a vacuum. 

distillation at 25• and an analysis for fluorine confirmed that it was 

Using the bubbling technigue, SiF
4 

was bubbled through solutions 

or c5H5N in diethyl ether (1. 5, 3.0 and 6.0% by weight) and c5H5N in 

acetonitrile (10% by weight) with the resultant production of copious 

quantities of white insoluble precipitateswhich proved also to be the 

complex, SiF 
4

.2C5H5N (Found: %F, 29.40, 29.09, 29.00 for the diethyl ether 

solution preparation and 28.64 for the acetonitrile solution preparation). 

Extensive pumping under vacuum did not change the composition of the 

samples. 

(ii) Tensimetric Titration 

In the tensimetric titration of siF
4 

(17.52 mmole) with c
5
H

5
N 

(Fig. 31, Table 22) pressures were measured a!ter the temperature of the 

mixture was decreased from 25 to -78•. The pressure decreased linearly 

to zero at a mole ratio of 1:2.01 (corresponding to the addition of 35.25 

mmole c
5
H

5
N), indicating the for-mation of only the 1:2 complex, SiF

4
.2 

c5H~. 

In the case or the reverse titration of c5H5N (31.02 mmole) with 

SiF 
4 

(Fig. 32, Table 22), using the above temperature conditions, the 
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pressure rema.ined zero until the mole ratio had decreased to 2.01 

(corresp:mding to the addition of 15.45 mmole SiF
4

), when it increased 

rapidl.y' as more SiF 
4 

wa.s added. This confirmed the formation o! onl.y' 

the 1:2 complex., 
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TABLE 22 

SiF4 with c5H5N (Fig. 25) c5H5N with SiF4 (Fig. 26) 

SiF4 present initially, 
17.52 mmole 

c5H$N present initially, 
31.02 mmole 

T.r' 25°; T , -7~ T , 25°; T , -7~ r 

Total c5H$N added Pressure Total SiF4 added Pressure · 

nmiole mm mmole mm 

0 494.9 0 0 

3.76 444.4 3.93 0 

9.57 361.9 7.98 0 

1.3. 52 .304. 9 11. 7.3 0 

17.83 246.8 15.26 0 

22.15 185.9 17.25 50.0 

26.40 127.9 19.19 106.8 

30. 5.3 71.0 22.93 215.3 

34.80 2.7 26.90 330.3 

.39.05 0 30.48 423.6 

43.40 0 34.20 539.9 

46.50 0 37.91 644.7 
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FIG • .31 

The tensimetric titration of SiF4 with c5H~ 
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FIG. 32 

The tensimetric titration of C1l~ with SiF
4 
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(iii) Displacement Reaction with Ethylenediamine 

Using the dry box technique, a previously prepa.red sample of 

siF
4

.2c5H5N (0.9103 g) was miXed with NH2(CH2)ZNH2 (1.8198 g) for one 

hour at 25•. The volatile products (2.0845 g) were then distilled from 

the rema.ining yellowish nonvolatile residue. The infrared spectrum of 

the solid residue showed no C5H~ absorption bands and compared well 

with the infrared spectrum of SiF 4.NH2{CH2)~2• 

Quantitative ultraviolet analysis on the volatile, colorless 

liquid product showed that it contained c5H~ (Found: 0.546 g. Cale. 

0.549 g for complete displacement). Calculations on the NH2(cH2)2NH2 

consumed resulted in a value larger than theoretical as shown in Table 

27 (FoWld: 0.2808 g. Cale. 0.2085 g for CGmplete dis placement). This 

was probably due to some degradation of the ethylenediamine during the 

reaction as evidenced by the slight yellowing of the sample. Fig. 33 

shows the ultraviolet spectrum of standard c
5
H
5
N (4.680 X 10-4 g.l-1 ) 

and that of the sample (4.364X 10-4 g.l-1 ) both diluted with absolute 

ethanol. Also shown in the diagram is the spectrum of a concentrated 

solution NH2(CH2)2NH 2 (4.028 X 10-2 g.l-1) in absolute ethanol. No 

interference of absorbances occurred. Table 23 shows how the data were 

consumed. The overall reaction may therefore be written as follows, 
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FIG. 33 

Quantitative ultraviolet spectrum in absolute ethanol of the 

c
5
H

5
N liberated by NH2(cH2)2NH2 from SiF

4
.2c

5
H

5
N. Also 

included are the ultraviolet spectra of standard c5H~ 
and NH2(CH2)2NH2 in absolute ethanol 
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TABLE 23 

Ultraviolet data for the analysis of the displacement reaction 

A1 = 1.620 

A2 = 0.395 

Given or Observed 

- -4 -1 c1 - 4.680 X 10 g.l 

Sample . = 4.364 X 10-4 g.l-l 
concentrat~on 

Total 
weight of = 2.0845 g 
liquid 

Calculated 

- -4 -1 c2 - 1.142 X 10 g.l 

weight of = 0 r:.1.t.. 
C H N ~-8 
5 5 

weight of _ 
NH (CH ) NH - 1•539 g 

2 2 2 . 2 

weight of _ 
NH (CH ) NH - 0·4808 g 

2 2 2 2 
consumed 
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(iv) Reaction of SiF 4~H;N with aqueous HF 

Mixi.ng SiF 
4 

.2C
5
H

5
N (3.21 mmole) with excess 4S% HF (rv 15 ml) 

in a platinum crucible and gently boiling the resultant colorless solution 

to dryness produced a white solid. Heating the solid in an oven at 105° 

for two hours did not remove all the unreacted HF as evident by the 

analysis (Found: %F, 39.2. Cale. %F, 37.7 for (c5H5NH)2siF6) and by the 

fact that the solid evolved HF (shawn by the etching of the sample vial). 

Finally, vacuum sublimation of this solid at 165° resulted in pure 

pyridinium hexafluorosilicatt; (c5H5NH)2SiF 6 (Found: %F 1 37 .3), in 100% 

yield (3.21 mmole). The hydrolysis product, (c
5
H

5
NH)2siF6, was not 

hygroscopie and melted without decomposition at 154-157° 1 some sublimation 

occurring. 

The overall reaction may be written as follows 1 

Figs. 34 and 35 show the infrared spectrum of SiF4.2c5H5N and 

(c5H5NH)2siF6, respectively; frequency assignments are given in Table 24. 

Most of the frequency assignments were made by comparison of their infrared 

spectra with that of pure liquid c5H5N (44, 49-53) and gaseous SiF4• 
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TABLE ~ 

Camparisons and assignment of infrared absorption frequencies (cm-1) 

SiFç2C H5N (c5H5NH)f_iFg c
5
H
5
N SiF 

so1id ~Fi~ 122~ ~ 
solid 'Fig 1~8) 1iquid gas Assignment 

Nu.jol KBr Nu.jo1 KBr 

3400w unidentified (44) 
.3140w .31.30w 3220m .3200m 3080s 'V (C-H), py 
3125w 3120w 31.30m 3140m .3050s Il 

.3090w 3080w .3080m 3l20m .30.30s Il 

3070w 3060w 3070m .3045s 3022s Il 

3050w 3040w 2920s 3000s Il 

2850s lt 

2720w,b 2770s,b ~(~-H), H-bonded (45) 
2060vw SiF

4
, combination 

1992w 1982w 2l00w 2030w 1975w overtones and 
1945w 1940w 1990w 1940w 1910w combinations, py 
1865w 1860w 1875w 1870vw 1860w 

1830vw SiF
4

, combination 

1672w .J~C=C) and ..J(C=N), PY 
1630m 1630s J ~-H), H-bonded 

1615s 1612s 1610m 1610s 1622m y(C=C) and ~ (C=N), py 
1575s 1568s 1590m 1585s 11 

1570s tt 

15.30m 1530s 1565s 11 

1483m 1477s 1480m 1480s l472s Il 

nujo1 1443s nujol 14.30s J(c-H), i.p.py ring 
vibration 

1390vw SiF 
4

, combination 
nujo1 nujol 1367w 1365w J(c-H), i.p.py ring 

vibration 
1330w Il 

l250w 1245w 1245w 1245m Il 

1238rn Il 

1204m 1200m ll90w ll90mw l210s Il 

ll92vw SiF
4

, combinat ion 

ll58rn ll52m ll60w ll53mw ll.39s J(c-H), i.p.py ring 
vibration 

1090w 1085mw Il 

107ls 1067s 1055m 1055m 1062s J(c-H), o.p.py ring 
vibration 

1049m 1045m 1035mw J(C-H), i.p.py ring 
vibration 

1035vs v (Si-F) tetrahedral 
1032vs Il 

• • • • 
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TABLE 24 ( cont t d.) 

SiF!:J:.2C~H2N (c2H2NH)~iF6 c
2
H
2
N SiF 

!:J: 
so1id ~Fi:.22) solid ~Fig128l liquid gas Assignment 
.Nu.Ï9l KBr Nu.io1 KBr 

102lm 1018w 995mw 1023s J(C-H), i.p.py ring 
vibration 

957w 950w 950rn 912w,b 985s J(c-H), o.p.py ring 
vibration 

874w 875w,b ·880w 875w J(c-H), i.p.py ring 
vibration 

798vs 792s v(Si-F) octahedra.l for 
SiF 

4
.2 py 

762s 754s 750s 750vs 743s J(c-H), o.p.py ring 
vibration 

683s 679s 735s 705s Il 

720s 740vs v(Si-F) octahedral for 
SiF -2 

6 
656s 653s 674s 674s 693s J(C-H), o.p.py ring 

vibration 
598m. 600mw 598s J(c-H), i.p.py ring 

vibration 
484s 488s 485s 487s ? (Si-F) octahedral 

{mixed** (46) funda-
mental) 

476s 481s 467s 480s py coordinated to Si 
(47,48) 

38?w 389vw 380vw 390vw 402m J(c-H), o.p.py ring 
vibration 

Note: Nujo1 absorption bands, 2920 (vs), 2855 (vs), 1460 (s), 1370 (m), 
720 (w). 

** A m.ixed or coup1ed vibration is one that is neither a stretching 
nor a deformation vibration but a combination of the two. 
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FIG. 35 
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(vi) So1ubility of SiF #.2C5.ti,! 

The complex1SiF 
4 

,2C
5
H
5
N,was found to be insoluble in the 

following solvants: methanol, carbon tetrachloride, benzonitrile, 

pyridine, benzene, nitrobenzene, monochlorobenzene, chloroform, methyl 

iodide, thiophene, methylene chloride, methylene bromide, mesithylene, 

acetonitrile, and a few fluorinated aromatic solvants such as perfluoro-

decalin, 2-chloro-5-nitrobenzotrifluoride, trichlorobenzotrifluoride, 

dichlorobenzotrifluoride, meta-nitrobenzotrifluoride and benzotri-

fluoride, -1 . It appeared to be soluble to the extent of about 5 g.l J.n 

nitromethane and bis-(2-methoxyethyl)ether. Due to the low volatility 

of this ether at 25°, it was not possible to evaporate the solvent in 

order to examine whether the complex would precipitate from solution 

unchanged; moreover heating the solution above 25° resulted in the 

decomposition of the complex. Therefore, the solubility of the complex 

in this ether was not further investigated. 

(vii) ttSolubilityn of SiF 
4

,2c
5
n,N in Nitromethane 

A colorless solution and a little insoluble, grey, jelly-like 

material resulted when SiF4.2c
5
H

5
N (0.5 g, 19.05 mmole) was mixed with 

nitromethane (lOO ml), After filtering the insoluble material, the infrared 

spectrum of which showed that it was Si021(0,02 g) (broad ~(Si-0) at 

1095 cm-
1

) the solution was evaporated to dryness at 25° and a white 

solid remained. Infrared measurement and elemental analysis showed that 

it was (C
5
H

5
NH)2siF6 (0.36 g, 11.88 rnmole) containing a trace of SiF

4
• 

2C
5
H

5
N and/or Si02 (Found: %F, 36.9. %Si, 10.3. %N, 8,2. %C, 39.1. 
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%H, 4.1. Cale, for (C5H5NH)2SiF6: %F, 37.7. %Si, 9.3. %N, 9.25. %C, 39.7. 

%H, 4.0). Therefore, the mole ratio of (C5H5NH)2siF6 formed to SiF
4

• 

2C~5N used was 1:1,60. A!ter considering various possible mechanisms 

(see Discussion section of thesis) the most satisfactory representation 

of the overall reaction was, 

(viii) Cryscopic Molecular Weight Determination of SiF4.2C5H5N in 

Nitromethane 

Table 25 contains the data which are plotted in Fig, 36 and 

Table 26 shows the results calculated from the slopes of the linear plots 

of Fig, 36, The molecular weight result, 130, supports the preceding 

evidence that SiF4 .2c5H5N had reacted with nitromethane to for.m main~ 

(C
5
H

5
NH)2SiF6, 
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TABLE 25 

Cryoscopic data for molecular weight plots in Fig. 36 

Sample, line 1 Calibration, line 2 Calibration check, line 3 

SiF ç2C5H5N naphthalene anthracene 

total wt. free zing pt. total wt. freezing pt. total wt. freezing pt. 
added readineï added readins added reading 

g x le? v x 106 g x 103 v x 106 g x lo3 v x 106 

0 440 0 480 0 480 

36.6 410 71.3 418 71.3 438 

75.8 376 135.4 358 217.8 356 

208.3 298 293.0 312 



- 113 -

TABLE 26 

Cryoscopic data obtained from plots of Fig. 36 

KCH NO 1 from line 2 
3 2 

MC14Hlo' 
from line 3 

M sample' from 1ine 1 

Mc H , Cale. 
14 10 

M(C H NH) S'F , Cale. (3 particles) 
55 2l.6 

0.11 v.g -1 

192 

130 

178.2 

262.3 

100.8 
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FIG. 36 

Cryscopic data for SiF4.2c5H~ in nitromethane 
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(ix) Conductivity.of SiF4.2c5g~ in Nitromethane 

A plot (Fig. 37) of the conductivity data (Table 27) for 

SiF4.2c5H~ in nitromethane revealed that the sample was a strong 

electrolyte,again confirming the previous solubility data which had 

indicated the for.mation of the ionie salt, (c5H5NH)2siF6• The molar 

conductance decreased linearly until the square root of the concentration 

had increased to more than 0.054 mole1/ 2 1-l/2, corresponding to 0.0029 

-1 mole 1 , when linearity ceased, marked by an abnormally large decrease 

in the molar conductance. Extrapolation of the linear part of the plot 

to infinite dilution (c1/ 2 = 0) gave an estimated molar conductance of 

98.0 mho cm2 (g-mole)-l 1-1• 
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TABLE 27 

SiF .2C H N Specifie Mo1ar c1/2 
concen%rat~orl Cz conductance k1 conductance 

-1 -1 2 ( )-1 -1 IŒl1e172 1-172 mole 1 mho cm mho cm g-mole 1 

0.01745 7.00 x 10-4 40.1 0.1322 

0.008725 4.90 x 10'""4 56.1 0.0935 

0.002920 2.34 x 10-4 80.2 0.0540 

0.001745 1.47 x 10-4 84.3 0.0418 

0.0008725 7.75 x 10-5 88.8 0.0295 

0.0003490 3.20 x lo-5 91.7 0.0187 

0.0001745 1.62 x 10-5 92.8 0.0132 

0.00008725 8.29 x 10 -6 95.0 0.00935 

~-
-6 2.50 x 10 

*pure nitromethane (lit. (54) value: lx l0-8 mho am-1). 
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FIG. 37 

The mlar conductance of SiF
4 

.2C1f
5
N in nitrom.ethane 
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2. Coordination of SiF
4 

with Ethylenediamine 

Slow wa.ming of a mixture of SiF
4 

(64.20 lDI!I)le) and NH2(CH2)2NH2 

(60.20 nmole) from -195 to 25• produced a pale yellow solid. Distillation 

of the unreacted SiF4 (5.36 mmole) at -?a• indicated that the reaction 

had occurred in a mole ratio l:l.02,corresponding to the 1:1 complex, 

The complex was further purified by vacuum sublimation at 120°. 

Analysis indicated that the white solid was now pure (Found: %F, 46.0. 

Cale. for SiF
4

.NH
2

(CH
2

)
2

NH
2

: %F, 46.2). Since NH2(CH2)2NH2 was found to 

react with stopcock grease, it was measured and introduced using the 

syringe technique (29). The complex was involatile at 25•, very hygro­

scopie, and decomposed without melting at about 300•. 

(ii) Infrared Measurements 

The infrared spectrum of SiF 
4 

.NH2 ( CH2) 2NH2 is shown in Fig. 3a, 

and frequency assignments are given in Table 2a together with the 

corresponding data for NH2(CH2)2NH2 (55). 
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TABLE 28 

Comparisons and assignments of infrared vibration frequencies (cm-1) 

SiF
4

.NH2(CH2)2NH2 NH2(CH2)2NH2 
solid liquid gas* Assignment 

Nujol KBr 
-1 -1 -1 -1 cm cm cm cm 

3320s 3322s 3355s 3335w ~ (N-H), free 

32S3s 32S3s 3200s Il 

3160w 31SOw,b 3200m,sh .J (N-H)' H-bonded 
nujo1 3010vw,b 2920s 2930m ~(C-H), antisym. 

Il 2850s 2860m v (C-H), sym. 
1620m,b 1610m,b 1590s 1619m J'(N-H), bending 

1577m 1577m 11 

1520w 1520w Il 

nujol 1470w 1453m J(C-H), bending 

1333m 1333m 1347m J(C-H), twisting 
1307s 1308s 1302m J(c-H), wagging 
1292m,sh 1290vw Il 

1225m 1225w 1248vw cf(N-H), twisting 
il 60s il 60s 1090m v(C-N) 
1122mw ll22w Il 

1050s 1050s 1046m Il 

1010w 1030w unidentified 
S96m 896m S75s,b 960s cf (N-H), wagging 
S63s S65s 812s1 b 927s unidentified 

765m,b J'( C-H), rocking 

730vs 730vs -/ (Si-F) octahedral 
715vs 720vs Il 

700vs 708vs Il 

600m 602m ? (Si-F) octahedral (46) 

56Svw 595vw due to NH2(cH2)2NH2 

• • • • 



TABLE 28 (cont'd.) 

SiF
4

.NH
2

(cH
2
)
2

NH
2 

so1id 
Nujo1 

-1 cm 

KBr 
-1 cm 

- 120 -

liquid gas* 

-1 -1 cm _cm==--

506s 

474m 

Assignment 

Il 

519m 

483vw 
460s ? (Si-F) octa.hedra.l (46) 

429m 

417m 
388s 

338s 
326m 

365-
280b 

Il 

Il 

-1 * The infra.red spectrum wa.s not ta.ken below 650 cm • 
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FIG. 38 
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3. Coordination of SiF 
4 

with Pz;rrolidine 

When siF
4 

(5.99 mmole) was condensed over (CH2)
4

NH (8.63 mmole) 

and the mixture was slowly warmed from -195 to 25•, a yellow-white solid 

formed. It was appt:l.rent from the am:>unt of unreacted SiF
4 

(1. 72 mmole) 

distilled at -78• that SiF
4 

and (CH2)
4

NH had reacted in a nole ratio of 

1:2.02 to f'orm the complex,SiF4.2(CH2 \NH· 

Further purification by vacuum sublimation at so• gave a white 

solid for which analysis confirmed that it was the pure 1:2 complex 

(Found: %F, 30.86. Cale. for SiF
4

.2(CH)
4

NH: %F, 30.85). The complex was 

involatile at 25•, hygroscopie, and melted with some decomposition at 

205-210°. 

Using the same bubbling technique as that used te prepare SiF 
4

• 2 

c
5
H

5
N (section III, l.(i)), SiF

4 
was bubbled through a lo% solution of 

(CH2)
4
NH in acetonitrile kept at o•. In this case the product was 

perfectly white and analyzed as pure SiF
4

.2(CH2)
4

NH without further 

purification (Found: %F, 30.85). The impurities must have dissolved in 

the solvent as indicated by its slight yellow tinge. 

(ii) Tensimetric Titration 

Fig. 39 {Table 29) shows the tensimetric titration of SiF
4 

(12.10 

nm:>le) with (CH2\NH while the reverse titration of (CH2)
4

NH (8.73 mm:üe) 

by the addition of SiF 
4 

(Table 30) is shown in Fig. 40. As shown in Fig. 
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39, the pressure decreased linearly until the mole ratio,(CH2)
4
NH/SiF

4
) 

had increased to 2.01 (i.e., after the addition of 24.5 mmole of (CH2)
4
NH), 

when it became zero, corresp:mding to the formation of only the 1:2 complex, 

SiF
4

.2(CH2)
4

NH. Similarly, Fig. 40 confinned the formation of the 1:2 

com.plex. In this case, the pressure remained zero until the mole ratio 

had increased to 2.03 (corresponding to the addition of 4.3 mmole of 

SiF
4

), when it increased rapidly as zwre siF
4 

was added. 
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TABLE 29 

Si.F ~ with (CH2)~NH (Fig. 33) (CH2) ~NH with Si.F ~ (Fig. 34) 
Si.F

4 
present initially, 

· 12.10 mmo1e 
(CH

2
)
4

NH present initial1y, 
8.73 mmo1e 

Tr, 25°; T , -78° Tr' 25°; T , -78° 
Total (CH2)4NH added Pressure Total Si.F4 added Pressure 

mrilole mm mmole mm 

0 312.0 0 0 

2.92 276.2 1.02 0 

5.93 238.0 2.07 0 

9.14 196.? 3.30 0 

ll.98 160.5 4.25 0 

14.91 123.2 4.58 8.3 

18.20 81.9 5.12 24.6 

20.86 47.5 6.06 50.2 

23.04 20.0 7.89 102.2 

24.06 6.0 9.74 153.6 

24.43 1.0 ll.62 205.5 

26.70 0 13.60 262.8 

29.00 0 15.00 302.0 
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FIG. 39 

The tensimetric titration of SiF4 with (CH2)4NH 
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FIG. 40 

The tensimetric titration of (œ2 \NH with SiF
4 
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(iii) Infrared Measurem.ents 

Fig. 41 shows the infrared spectrum. of SiF
4

.2(GH2)
4

NH and 

frequency assignments are given in Table 30. Assignments were made by 

comparison of the infrared spectra of the complex with that of pure 

liquid (GH2 )
4

NH. 
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TABLE 30 

Comparisons and assignments of infrared absorption frequencies (cm-1) 

SiF
4

.2(CH2)
4

NH (CH2)
4

NH 

so1id 1i9,uid Assignment 
Nujo1 KBr 

cm-1 cm-1 -1 cm 

3219s 3219s 3275s ~ (N-H), free 

3030m 3030m,sh ~(C-H) 

3015m 3013m Il 

nujo1 2980m 2995s y (C-H), antisym. 

Il 2880m 2880s v (C-H), sym. 

1590w 1610w 1650w J (N-H) 

nujo1 1465w,sh l460m J(c-H), with combinations 

Il 1452m n 

l446m Il 

l410m 1408m 1420m u 

1355m 1350m 1340w u 

1324m 1323m Il 

1314m,sh 1314m,sh u 

1270w 1270w 1285m Il 

1226m 1225m 1200m ~ (C-N) 

ll69m ll69m 1112m Il 

1050m l049m 1082s Il 

1035m,sh 1033m,sh lt 

955w 954w 987m J(N-H) 

• • • • 
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TABLE 30 ( cont t d.) 

SiF4.2(CH2)4NH (CH2)
4

NH 

solid 1i9,Uid Assignment 
Nujo1 KBr 
cnîl cm-1 cm-1 

945w 943w 890s,b d(N-H) 

9llm 909m 860s,b lt 

825m 822m 810s,b u 

785s 790s y (Si-F) octahedral ? 

760s,b 765s If 

740s,b 740s Il 

515s 513s 568s,b due to ( CH2) 
4 

NH 

488s 484s ? (Si-F) octahedral (46) 

44lm,sh 443w,sh Il 

373m 375m 365w due to (CH2)
4

NH 

282m,b 281m,b 293m,b Il 
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FIG. 41 
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4. Coordination of SiF
4 

with Piperidine 

Using the bubb1ing technique and identica1 conditions as those 

used for the preparation of SiF
4

.2(CH2)
4

NH, the white so1id comp1ex, SiF
4

• 

2(CH2)
5
NH, was prepared and needed no further purification (Found: %F, 

27.56. Cale. for SiF4.2(CH2)~: %F, 27.65). The so1vent a1so had a 

similar yellow tinge after the interaction had occurred. 

The comp1ex was hygroscopie, involati1e at 25•, sublimed in 

a vacuum at 80° without decomposition (Found: %F, 27.60), and me1ted with 

decomposition at 185-190°. 

(ii) Infrared Measurements 

The infrared spectrum of SiF 
4

• 2( CH2) 
5

NH is shown in Fig. 42 

and frequency assignm.ents are given in Table 31. Assignm.ents were made 

on the basie of the comparison between the infrared spectra of the 

complex and that of the pure liquid and gaseous (CH2)~H (56-59). 



- 132 -

TABLE 31 

SiF 
4

.2(CH2)
5

NH (CH2)2NH 

so1id lig,uid sas Assigrnnent 
Nujol KBr 

cm-1 cm-1 cm-1 cm-1 

3218s 3222s 3270s 3160vw V (N-H) 1 free 

2998m 3000m --/(C-H) 

nujo1 2965s,sh Il 

Il 2960s Il 

Il 2945s 2940s 2940s Il 

Il 2935s Il 

tl 2865m 2860s 2860s Il 

2805w 2800s 2800s Il 

2735w 2730s 2730m ~ (N-H), H-bonded (45) 

26?0m,sh unidentified 

1590w,b 1610w,b 1630vw 1630vw J(N-H) 

157?w Il 

nujo1 1460m,sh 14?0m,sh 1450m J(c-H), with combinations 

Il 1442m 144Ss Il 

l4l?m Il 

nujol 1372m 138?w 1395w Il 

1357m 1357m 1365w Il 

1345w,sh 1345vw,sh 1345w,sh Il 

1325m 1325m 1335m 1335m Il 

1320m,sh 1320m,sh 132ls Il 

• • • • 
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TABLE 31 (cont•d.) 

SiF
4

.2(CH2)
5

NH (CH2)
2

NH 

so1id 1iguid ~as Assignment 
Nujo1 KBr 

cm-1 cm-1 cm-1 cm-1 

1283m 1284m 1285w J(C-H), with combinations 

1270m,sh Il 

1260m 1260w Il 

1222m 122.3m ll92m ..)(e-N) 

1187m 1188m 1168m ll60m " 
ll55w,sh u 

llJ5m ll36m 1149m lt 

ll20w,sh 1120w,sh ll19s ll20m Il 

1079m 1080m lt 

1065w,sh 1070w,sh 106Bw Il 

10J7m 1037m 105Jm 1055m Il 

1029m 1030m 1038m 1045m tt 

1012m 101Jm 1008m 1037m " 
964w 967m J(N-H) 

944Jn 943m 939m 932m Il 

925w,sh Il 

890w,sh 890w,sh 900m,b Il 

880m 881m 860s 861m Il 

857m 858m 855s 852m n 

Bl2m,sh 81Jm,sh 822m J(C-H), rocking 

• • • • 
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TABLE 31 (cont'd.) 

SiF4.2(CH2)5NH (CH2)
2

NH 
solid lig,uid gas Assignment 

Nujol 
cm-1 

KBr 
cm-1 cm-1 cm-1 

803s 804s 790m 747s J(c-H), roc king 

760s,sh 760s 738s If 

744s 727s Il 

750s 755s v (Si-F) octahedral 

694w,sh 695w,sh ? (Si-F) octahedral (46) 

665m,sh 666m,sh lt 

659m 660m Il 

543m,sh 549m 555s,sh Il 

512s 516s 544s 54lm due to (CH2)
5

NH 

493m 493m ? (Si-F) octahedral (46) 

481s Il 

46lm 46Js 442m,sh due to (CH2)
5

NH 

435m,b 435m 429s 423w Il 

39lln 392m 396m,b Il 

326m 325m ? (Si-F) octahedral (46) 

284m tl 

277w,sh ft 
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FIG. 42 
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IV. Attem:pted Preparation of SiF
4 

Complexes with Hyùrogen Sul!ide, 

Dim.ethll Sulfide, Phospl1ine1 and Nitromethane 

1. SiF 
4 
-Hzdrogen Sulfide Szstem 

The resulta or the pressure-temperature measurements in the 

range -95 to 25° on pure SiF 4 (5.29 Dllll)le) and pure H2s (3. 95 mmole) 

as well as on the mixture of the two compounds are shown in Table 32. 

Comparison or the observed pressure of the ~seous mixture with the 

total pressure calculated assuming no interaction and ideal gaseous 

behavior (Dalton•s Law or Partial Pressures) revealed that an ideal 

gaseous mixture existed and that no observable interaction had occurred 

between siF4 and H2s in the range -95 to 25•. Vacuum distillation at 

-129• yielded the original mixture (9.23 mmole) indicating that no 

stable involatile complex had been for.med at this temperature. 

2. SiF4-Dim.ethzl Sulfide szstem 

Table 32 also includes the pressure-temperature data for pure 

siF
4 

(5.08 llliD:)le) and pure (CH3)2s (4.00 DIIIlf.)le) as well as for the mixture 

of the two compounds. Similar comparisens as done on the SiF
4

-H2S system 

(section IV, 1.) indicated no reaction in the range -95 to 25•. Since 

the original SiF
4 

(5.08 mmole) was recovered by vacuum distillation at 

-129° it was concluded that no stable involatile complex existed at this 

tempera ture. 
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3. SiF 4 -Phosffiine System 

The pressure-temperature data shown in the latter part of 

Table 32 shows the absence of interaction between SiF 
4 

( 5. 99 ~le) and 

PH
3 

(3.47 ~le) in the range -95 to 25•. Again, no stable involatile 

comple.x could be formed at even -129" as evident from the amount of the 

SiF4-P~ mixture (9.45 mmole) that was recovered by vacuum distillation 

at -129°. 

4. SiF:4 -Nitromethane System 

The data in Table 32, also shows that no observable interaction 

had occurred between SiF
4 

(17.50 ~le) and CH
3

No2 (18.20 mmole) in the 

range -95 to 25°. Vacuum distillation at -129" yi.elded the original SiF 4 
(17.48 mmole), thus no stable involatile SiF4-cH3No2 complex had been 

for.med at that temperature, although the formation of a complex volatile 

at -129° could not be excluded. 
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TABLE 32 

Temperature-pressure data showing no complex formation 

SiF 4-H2S Donor = H2s 

Temperature SiF 4 Don or Mixture Mixture 
pressure pressure pressure pressure 

oc mm mm mm (Obs,) mm (Cale,)* 

25 290.6 216.7 506.3 507.3 
0 289.0 215.0 503.1 504.0 

-23 287.5 214.0 500,0 501.5 

-45 286.0 212.0 496.2 498.0 

-78 283,0 209.9 491.0 492.9 

-95 280,6 73.3~~ 350.6 355.9 

SiF
4
-(cH

3
)2s Donor = ( CH

3
} 2s 

25 267.0 219.5 478,8 486.5 
0 265.4 181,2** 442.1 446.6 

-23 263.8 54,1~Y!- 312.3 317.9 

-45 262.6 l3.0lB'" 270.5 275.6 

-78 260.5 0.8** 259.7 261.3 

-95 259.3 0,1ih'i- 259.8 259.4 

• • • • 
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TABLE ,32 (conttd.) 

SiF4-PH3 Donor == PH
3 

Temperature SiF4 Do nor Mixture Mixture 

oc 
pressure pressure pressure pressure 

mm mm mm (Obs.) mm (Cale. )it-

25 324.1 190.7 518.8 514.8 
0 323.0 189.9 515.6 512.9 

-23 320.9 189.0 512.4 509.9 
-45 319.7 188.0 509.4 507.7 
-78 .318.8 187.0 505 • .3 505.8 
-95 314.5 184.0 501.2 498.5 

SiF4-cH3No2 Donor = CH
3

No2 
25 506.4 .35.0 (512. 7) l 541.4 
0 503.7 9.4 509.4 513.1 

-23 500.6 2.0 506.4 502.6 
-45 499.0 0.4 503.9 499.4 
-78 494.4 0 498.1 494.4 
-95 491.3 0 496.4 491.3 

l pressure was not constant 

* Dalton 1 s Law: p mixture ::::: p SiF 4 + P ~ 

~~ Equilibrium vapor pressure of donor at that temperature 



- 140 -

DISCUSSION 

I. The Interaction of SiF4 with Methanol 

The direct combination of SiF4 (excess) with CHJOH gave better 

èombining ratios, CH30H/SiF4 , than that of the tensimetric titrations. 

Values in the range 3.75 to 4.20 were obtained. Ratios lower than 4al 

are attributed to the formation of some (CH3)2o by the SiF4 catalyzed 

dehydration of CH
3

0H (21); higher ratios are probably due to incomplete 

reaction of CH30H with SiF4• 

The 1:4 complex, SiF4 .4cH30H, could not be isolated by reacting 

SiF4 with an excess of CH
3

0H because the complex had an appreciable 

dissociation pressure at the temperature at which the excess CH;OH could 

be removed. Incomplete reaction probably accounts for the somewhat higher 

mole ratios obtained by the tensimetric titration method, using either 

excess SiF4 or excess CH
3
0H. 

The 4:1 stoichiometry found for the complex has been previously 

reported by Gierut et al. (13) and confirmed by Topchiev and Bogomolova 

(21). However, Holzapfel et al. (22) reported 6:1 and 8:1 complexes only. 

These higher ratios were not observed either in this work or in any other 

previous work. 



2. Properties of SiF 4.4CH:30H 

(a) :ltability 
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The solid SiF4.4CH30H complex is stable below -45° as evident 

from the fact that it has no measurable vapor pressure or dissociation 

pressure below this temperature. The infrared spectrum of the liquid 

complex indicates that it is probably only slightly dissociated in the 

liquid state at 25•, i.e., it does not simply show the superimposition 

of SiF
4 

and CH
3
œ absorption frequencies. This statement is made with 

the reservation that slight dissociation might not be detected because 

the dissociation products would likely have similar absorption frequencies 

as that of the complex. The in.frared spectrum of the gaseous products in 

equilibrium with the liquid complex at o• showed that the complex is 

completely dissociated in the gas phase at 25•. The infrared apparatus 

available did not permit the investigation of the gaseous products at 

lower temperatures. 

By comparison, GeF4.2CH30H is a stable white solid at 25• (24), 

liquid BF3.cH30H at 25° loses only 0.03% BF3 on standing for six months 

(60), and liquid BF3.2CH
3

0H can be distilled at 5S-59./4 mm without 

decomposition (61). The fact that the bonding between SiF
4 

and CH
3

0H is 

somewhat weak is in agreement with a structure involving hydrogen bonding 

postulated in section 3 of the discussion (p. 145). 

(b) Conductivitz of SiF4.4CH:30H 

Comparisons of plots of molar conductance against square root of 

concentration for sodium chloride (39), acetic acid {3S), and SiF 4.4CH30H 

in methanol showed that the complex is a very weak electrolyte in methanol. 
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Such plots are linear (at least in the dilute concentration range, i.e., 

lesa than 0.1 mole l-1) for ionie compounds auch as sodium chloride in 

methanol, the molar conductance rapidly increasing a.s the square root 

of the concentration decreases, approaching the limiting value (~ ) even 
0 

at concentrations as high as 0.001 mole 1-1• They are nonlinear (similar 

to an exponential behavior in the ver,y dilute concentration range, i.e., 

lesa than 0.001 mole 1-1) for weak electrolytes auch a.s acetic acid in 

methanol, the molar conductance starting at much lower values in 

concentrated solutions (greater than 1.0 mole 1-1) and increasing much 

more gradually as the square root of the concentration decreases. It is 

not until a dilution of less tha.n 0.001 mole 1-l that the molar 

conductance begins to increase very rapidly, approaching a limiting value 

(~ ) which is considerably higher than that of the ionie compound in 
0 

methanol. Since the conductivity plot for SiF
4

.4CH30H in methanol had 

the characteristics of the acetic a.cid in methanol conductivity plot it 

was concluded that SiF
4

.4CH
3

0H was a weak electrolyte in methanol at 25• 

and that any proposed ionie structure for the liquid complex would 

contribute only slightly to the total structure. 

(c) ~nfrared S;wctrum of SiF 
4 

.4CH
3

0H 

The infrared spectra of liquid SiF
4

.4cH
3

0H and its gaseous 

products do not contain a strong band in the Si-0 stretching vibration 

region. This band is usually very strong and occurs at 1085-1105 cm -l 

in methoxysilanes (62) and alkyldisiloxanes (63). Therefore, the complex 

is not octahedrally bonded and any structure containing an Si-0 bond is 

not valid. It is possible that the octahedral Si-0 bond stretching 
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vibration (as opposed to the tetrahedra1 Si-0 bond stretching vibration) 

can be shifted to 1ower wave number as in the case of the octahedra1 

Si-F bond stretching vibration which is shifted to 720 cm-1 from 1035 cm-1 

in gaseous SiF
4 

(the tetrahedral Si-F bond stretching vibration), and 

that this octahedra1 Si-0 stretching vibration be hidden by the somewhat 

broad and strong absorption band at 1025 cm-1• Therefore, the conclusion 

that the comp1ex does not contain an Si-Q bond is not unequivocal. 

As shown in Table 6 the infrared spectrum of the gaseous 

products of SiF
4

.4CHJOH contains the bands characteristic of gaseous 

CH
3

0H and SiF
4
, together with bands of medium intensity at 1220, 1170, 

and 930 cm-1• These bands are characteristic of (CH
3

)2o (64), which is 

for.med in sma11 amounts by the dehydration of CHJOH with SiF
4 

as catalyst. 

The fact that the 3680 cm-1 band, identified as the bond stretching 

vibration of the free 0-H group, occurs in the same position as in 

gaseous CH
3

0H indicates that there was little or no hydrogen bonding 

between CH
3

0H and SiF
4 

in the gaseous phase at 10 mm pressure. 

A comparison of the infrared absorption bands of liquid SiF
4

• 

4C~OH with those of liquid CH
3

0H and gaseous SiF
4

, also given in Table 

6, shows the fo11owing noteworthy features. (i) The band at 3340 cm-1 

in CH
3

0H is shifted 40 cm-1 lower in SiF
4

.4CH
3

0H, indicating that there 

is stronger hydrogen bonding in the complex than in pure CH
3

0H. (ii) 

The strong and broad band at 1025 cm-1 in SiF
4

.4cH
3

0H undoubtedly includes 

the C-0 and Si-F bond stretching vibrations. (iii) The band at 720 cm-l 

also occurs in the gaseous spectrum. This band appeared with almost the 

same intensity after the 1iquid sample was washed from the NaC1 plates, 
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and after'the gaseous sample was removed from the NaCl gas cell. More-

over, the intensity of this band in the gas phase spectrum did not change 

when the sample pressure was doubled. These observations strongly 

suggest a surface affect involving the formation of a species which 

absorba at 720 cm-1• This species must be SiF6- 2 formed by the interaction 

of SiF
4 

with the NaCl plates, as previously described by Heslop et al. 

(43). 

( d) Proton Magne tic Resonance Measurements 

The indication by the infrared data that hydrogen bonding in 

liquid SiF 
4

.4CH
3

0H is grea ter than in pure œ
3
œ was confirmed by the 

proton magnetic resonance measurements. Hydrogen bonding between CH
3

0H 

and the fluorine a toms of SiF 
4 

should change the electron density and 

magnetic polarizability of the electrons around the hydrogen atom of 

the OH group and, to a lasser extent, the hydrogen atoms of the C~ group 

of CH
3
œ. These affects were observed (Fig. 12) as large and small 

changes in the chemical shifts (t') of the OH and CH3 peaks, respectively. 

A comparison {Fig. 13) of the magnitude and direction (from 

high to low field) of the observed chemical shifts with those of the 

CH
3

0H-CC1
4 

and CH
3

00-CHC1
3 

systems (65) reveals that (i) hydrogen bonding 

occurs to a greater extent between SiF
4 

and CH
3

0H {~'t-'3.5 p.p.m.) than 

in œ
3

0H alone (~TNJ.O p.p.m.); (ii) successive addition of SiF
4 

does 

not simply dilute the CH
3

0H; if it did, the chemical shift would be 

towards higher magnetic field strength. 

The interpretation of Fig. 13 is as follows. The chemical shift 
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of the OH peak of pure CH30H decreases upon the successive addition of 

srnall amounts of SiF
4 

because of the immediate formation of SiF
4

.4CH
3

0H 

molecular species and rapid exchange between solvent CH
3

0H and CH
3

0H 

hydrogen bonded to SiF4• It is interesting to note that only one OH 

peak is present in the n.m.r. spectrum of SiF
4

.4CH
3

0H, no doubt because 

of rapid exchange between solvent CH
3

0H and CH
3

0H hydrogen bonded to SiF
4

• 

In order to observe the œ peaks of both types of CHJOH si.m.ultaneously 

the lifetime of each state must be longer than the reciprocal of the 

chemical shift (in cycles sec-1) between the two states (66). Thus, 

the single OH peak observed at each mole ratio was an average value. 

These values decreased as the mole ratio, SiF
4
/cH

3
0H, increased, 

indicating that proportionately more CH
3
œ was hydrogen bonded to SiF 

4
• 

When ~he ratio became 0.25 all of the CH
3

0H was used in the formation of 

the SiF
4

.4CH
3

0H complex. Further addition of SiF
4 

produced secondary 

concentration effects which were directly proportional to the mole ratio, 

The decrease in !-values (Fig. 14) of the CH3 peak was not 

large because the protons of the CH3 group were observing only secondary 

effects. For the previously mentioned reasons only one kind of CH3 peak 

was observed. 

Fig. 43 shows structures I, II, and III representing three 

possibilities for the structure of liquid SiF
4

.4CH
3

0H. The ionie 

structure I in which methoxy groups may be in either cis or ~ 
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FIG. 43 

Possible structures of liquid SiF 
4 

.4CH
3

0H 
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arrangement would require (i) a straight line plot for the molar conduct­

ance against the square root of the concentration (similar to the one 

obtained for NaCl in methanol) barring excessive ion-pair formation 'Which 

seems unlikely in the dilute concentration range; (ii) an octahedral Si-0 

and Si-F bond stretching vibration in the infrared spectrwa.; (iii) a 

probable solid physical state at 25° with perhaps a high melting p;::>int 

although these are not reliable criteria. The liquid complex does not 

possess any of these properties and therefore structure I is not valid 

or at least only contributes slightly to the true structure. 

Structure II involves octahedral bonding of' silicon and hydrogen 

bonding betwee~ CH
3

0H and each of' the coordinated œ
3

oH JM~lecules. The 

inf'rared spectrum of such a species should contain an octahedral Si-0 

bond stretching absorption band and both infrared and proton n.m.r. 

measurements should indicate only the hydrogen bonding between œ
3

oH 

molecules. A.gain these properties are not borne out experimentally and 

therefore structure II is unlikely. 

The presence of two peaks in F19 magnetic resonance measurements 

would be evidence for a cis octahedral structure, possibly I or II, but 

if only one peak resulta then no new information is obtained. These 

measurements have not been done for lack of the proper equipnent. 

In summary, the experimental data reveal that the complex in 

the liquid state (i) has the composition represented by SiF4.4CH30H, 

(ii) is only very slightly dissociated into ions in methanol ( conductivity 

data), (iii) probably does not contain Si-0 bonds (infrared data), (iv) 

contains weak bonding between œ
3

oH and SiF 
4 

auch as hydrogen bonds 
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(compatible with the difficulty in obtaining precise combining ratios), 

(v) contains strong hydrogen bonds (infrared and n.m.r. data). The 

most reasonable explanation of these data is that the complex is tetra­

hedral with strong hydrogen bonds between CH
3
œ and each of the four 

fluorine atoms as shown by structure III. 
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II. Coordination of SiF4 with Aliphatic Clclic Ethers and Dimethll Ether 

1. Preparation of SiF
4

.2(ether) Complexes 

The SiF
4

.2(ether) complexes cannot be prepared by simply bubbling 

SiF4 through the ethers at 25° since they are stable only at low temper­

atures. lvluetterties (10) has described some SiF 
4 

complexes with oxygen 

electron-pair donor molecules such as, SiF4.2(CH3)2so, SiF
4

.2(CH3)2NCHO, 

and SiF
4

.xcH
3

COCH2COCH3 (where x is uncertain), but his bubbling technique 

would not have allowed him to detect any complexes which did not 

precipitate as solids at 25°, and therefore he did not report any complexes 

between SiF4 and ethers. 

Reaction conditions were generally best when the temperature 

was such that SiF
4 

was gaseous and the ether was either a liquid or a 

gas. For the preparations of SiF
4

.2(CH2)2o and SiF
4

.2(CH2)
3
o it was 

necessary to warm the appropriate SiF
4
-ether mixture slowly from -195• 

( thus providing a good 11 heat sink11 for the heat of reaction) to a 

temperature at which reaction would just occur and to prevent any further 

increase in the temperature. In this way polymerization of the ethers was 

minimized. For the other SiF4.2(ether) complexes (where no polymerization 

occurs) it was best to cool the appropria te SiF 
4 
-ether mixture slowly from 

25 o to a temperature su.fficiently low to stabilize the · complex. 

Table 33 summarizes the mole ratios, ether/SiF4, obtained 

experimentally. 
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TABLE 33 

Combining ratios obtained for SiF 
4 

.2( ether) complexes 

Complex 
prepared 

SiF
4

.2(0H
2

)
2
o 

SiF
4

.2(CH
2

)
3
o 

SiF 
4 

.2(CH2) 
4 

0 

SiF
4

.2(CH
2

)
5
o 

SiF4.2(ClJ)2o 

Direct synthesis Tensimetric t tration 
Excess SiF 

4
_ Excess SiF 

4 
Excess ether 

1.99 2.03 2.00 

2.05 2.27 >4 

1.91 2.15 2.13 

2.14 erratic,>2 erratic,> 2 

2.01 2.01 2.01 
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The resulta section explains the difficu1ty in preparing the pure 

complexes by direct synthesis using excess ether. 

In general,SiF4 combined with an ether in a 1:2 mole ratio (or 

very nearly so). The high values obtained for the preparation of SiF4• 

2(CH2)3o by tensimetric titration can be explained in terms of polymer­

ization effect particularly in the titration using excess (CH2)3o in 

which the polymerization is no doubt enhanced. The case of SiF4.2(CH~5o 
has been briefly discussed in the resulta section (p.82). The erratic 

and somewhat high mole ratios obtained were attributed to the re1atively 

high melting point of (CH2)5o (m.p. -49°) and the instability of the 

complex, SiF4.2(CH2)50. 

2. Properties of the SiF4.2 (ether) Complexes 

(a) General Properties and Comparisons 

All the SiF4.2 (ether) complexes are white solids stable only 

at low temperatures (< <25 •). They did not appear to have any stable 

liquid state and were completely dissociated in the gas phase at 25•. 

Only SiF4.2(CH2)3o could be sublimed into colorless crystals which were 

stable only below 1).6°. Table) shows quantitative data on the stability 

of SiF4.2 (ether) complexes and this will be discussed in detail in the 

next section, "Heats of Dissociation". 

Ether complexes of GeF4 (24) and BF; (6?-71) are all muoh 

more stable than those of SiF4• The complexes, GeF4.2 (ether), where 

ether is (CH3)2o, (CH2)4o, and (CH2)
5
o, are stable solide at 25•, but 
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GeF
4

.2(CH2)2o decomposes above -78°. The complexes BF
3

.(ether), where 

ether is (CH
3

)2o, (CH2)
4
o, and (CH2)

5
o, are stable liquids at 25°, and 

BF
3

.(cH
3

)2o and BF
3

.(cH2)
4
o boil without decomposition (67). Beth 1:1 

and 1:2 complexes of BF
3 

with 1,4-dioxane are stable at 25°, the former 

a solid and the latter a liquid. Only a stable 1:1 complex is formed 

between GeF 
4 

and 1,4-dioxane. In contrast, SiF 
4 

does not interact with 

1,4-dioxane even at temperatures as low as -94°. 

However, there is a strong similarity between complexes contain-

ing (CH2)2o. Thus, GeF
4

.2(CH2)2o (72) and SiF
4

.2(CH2)2o (with excess 

(CH
2

)20)decompose yielding 1,4-dioxane. Ethylene oxide complexes of BF
3 

(70,71) and SiF
4

, prepared using excess Lewis acid, decompose at 25° into 

polymerie nonvolatile material with the evolution of the Lewis acid. 

Using excess (CH2)2o no complex was obtained with BF
3

,but on warming such 

a mixture to 25 o, 1,4-dioxane and a purple polymer resulted. Similarly, 

the addition of excess (CH2)2o to SiF
4

.2(CH2)2o and subsequent warming to 

25 o resulted in the formation of a purple polymer. 

The products of dissociation have not yet been investigated for 

the GeF
4
-ether complexes and only superficially for the BF

3
-ether complexes. 

In the SiF
4

.2(ether) complexes dissociation yields only the starting 

components except when conditions are such that simultaneous polymerization 

occurs. Under proper experimental conditions, solid SiF
4

.2(CH2)2o and 

SiF
4

.2(CH2)
3
o can dissociate partially without polymerization. 

A plausible mechanism, similar to the one previously proposed 

for the BC1
3

-(cH2)2o system (73), is suggested for the catalytic dimeriz-
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Comparison of the infrared spectra of the viscous liquid formed 

from the decomposition of SiF
4

.2(CH2)2o (prepared using excess SiF
4

) with 

that of liquid 1,4-dioxane (Table 8) indicates strong similarities. The 

only absorption bands which do not correspond are the 960 and 723 cm-l 

bands. The 723 cm-l absorption band is probably due to an interaction 

with the NaCl plates forming SiF6- 2 (32,43). The viscous liquid shows a 

poorly resolved 2950-2850 cm-l region and a broadening of the 1125-1045 

-1 cm region. Broadening of absorption bands in the C-0 bond stretching 

vibration region has been observed in polyethyleneglycol polymers and 

ethylene oxide-acrylonitrile copolymers (74). 

The almost identical position of the absorption bands for the 

viscous liquid and 1,4-dioxane indicates the presence of only 0-C-G-0 

linkages in the viscous liquid. The broadening of the C-0 bond stretching 

vibration region, together with the physical characteristics observed, 

show that the viscous, nonvolatile colorless liquid is polymerie. 

The decomposition of SiF
4

.2(CH2)
3
o yielded only a colorless 

polymer and SiF
4 

(quantitatively) whether (CH2)
3
o was in excess or not. 

Its infrared spectrum (Fig. 20) is much more complicated than that of the 

(b) Heats of Dissociation 

Table 34 summarizes the general stability of the SiF
4

.2(ether) 

complexes including their heats of dissociation. It is interesting to 
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FIG. 44 

A proposed mechanism for the catalytic dimerization of 

(CH
2

}
2
o by SiF 

4 



nng fission 

addition 

weak Si-0 bond broken 

0 

0 

1,4-dioxane 
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TABLE 34 

General stability and heat of dissociation of the 

SiF4 .2 (ether) complexes 

Complex 6H0 

disse. Decomposition and/or Dissociation 

Minimum Tempera ture# , 
± o.J Temperature Range of Products 

-1 Reversible Dissociation 
kcal mole oc 

SiF4 .2(CH2 ) 2o 10.6 -lOO, ·93.2 to -68.3 a) with excess SiF4 a 

SiF4 , polymer 
b) with excess 

(CH2)2o: SiF4, 
(CH2)2o, polymer 

and 1 ,4-dioxane 

SiF4.2(CH2)3o 13.9 - 30, -23.0 to +13.6 SiF4, polymer 

SiF4 .2(CH
2

)4o 11.3 - 80, -69.0 to -30.8 SiF4, (CH2)4o 

SiF 4• 2 ( CH2) 
5
0 11.1 - 95, -83.0 to -54.3 SiF4, (CH2)50 

SiF4.2( CH3)20 9.0 -105, -94.0 to -56.6 SiF4, (CH3)2o 

# The temperature at which a pressure of about 0.1 mm is observed above the 

solid complex. 



- 156 -

note that the minimum dissociation temperatures are in the same arder 

as the heats of dissociation of the complexes, i.e., a law minimum 

dissociation temperature corresponds to a law heat of dissociation. The 

heat of dissociation of the complexes follows the arder: 

indicating that this is the relative arder of basicities of the ethers 

towards SiF 
4

• 

In general, for heterogeneous equilibria the Clausius-clapeyron 

equation cannat be used but the integrated form of the van't Hoff reaction 

b ( ) A Ho _ -2 • .303 R log6K b d t al u1 iso ar 75 , L.J - , must e use o c c ate 

6CT-1) 

heats of dissociation. The only difference between the two equations is 

the use of 11 K 11 , the equilibrium constant ex:pressed in pressures, in the 
p 

van't Hoff reaction isobar in place of 11 p11 in the Clapeyron equation. 

The .6Hd0 • is then calculated from the slope of the linear log K (atm.) 
~ssc. p 

-1 vs T plot. Values of 11K u are found from a calculated relationship 
p 

b~ween nK n and np", 4 e K activity of products -~ere the t4•r4t4es cv ... • • , . ... t . . t f t t , wu ac ...... , ... ... p p ac ~ V1. y o reac an s 

for the assumed ideal gases involved reduces to pressures and the activities 

of pure solid or liquid are taken as unit y. 

The equilibrium constant can only be calculated if the dissociation 

products are in a definite state. Also, if the complexes are not fully 

dissociated in the gaseous phase the degree of dissociation (a. ) must be 

lmown in arder to calculate nKp"• 

In the case of the SiF
4

.2(ether) complexes, it was assumed that 
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the complexes were completely dissociated in the gaseous phase. In 

the temperature range that dissociation pressures were measured, the 

dynamic equilibrium present was considered to be SiF
4

.2(ether) (s) = 
2 ether (1) + SiF

4 
(g}, except .for SiF

4
.2(CH

2
)
5
o where the (CH

2
)
5
o would 

be solid in the temperature range over which pressures were measured, 

To calculate "Kp" it was necessary to assume that the complex was 

involatile and that the vapor pressure of the liquid ether was negligible 

in comparison with the SiF4 pressure*, Similar assumptions were made 

for the calculation of thermodynamic data o.f BF
3
-ether complexes (67). 

Thus, it is assumed that the dissociation pressure of the complex is due 

entirely to SiF 
4

, which gives simply K = p (atm.) and the Clapeyron 

. A o -2,303 log6;Q p A o . 
equatJ.on, ~H = 1 , can be used to calculate~H, smce the 

1 6(T- ) 1 
plot>log K vs T-l is equivalent to the plot,log p vs T- • 

p 

What do the experimental heats of dissociation ( 6 H~) mean? 

The relationship between6H" and.6Ht
0 

, the actual heat change due exp rue 

to the rupture of both SiF
4
-ether bonds, is show.n by the following Hess•s 

law cycle (76), ~ and 12 being the latent heats o.f sublimation o.f the 

complex and the ether, respectively. 

SiF
4
.2 ether (s) 

! Ll 

SiF 
4

.2 ether (g) 

flH" 
exp) 

SiF 4 (g) + 21he:
2 
(s or 1) 

SiF
4 

(g) + 2 ether (g} 

Consequently,flH" = ~Ht" + 11 - 12, or.6Ht
0 

=6H
0 

+ 12 - 11 • exp rue rue exp 

~~-
This assumption is justi.fied because even (C~)2o, the most volatile 

ether used, has a vapor pressure about 100 times less than that of SiF
4

• 
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The latent heats of sublimation, L
2

, are only known for (CH
2

)
2
o 

( 7.34 kcal mole-1 ) and (CH
3

)
2
o (6.32 kcal mole-1 ) ( 77). Since L2 

differa by only 1.02 kcal mole-l for (CH
2

)
2
o, a cyclic ether, and. (cH

3
)
2
o, 

an acyclic ether, it is not unreasonable to assume that there will be 

much less difference within the series of aliphatic cyclic ethers. 

Finally, assuming that L1 will not vary greatly within a series of 

similarly coordinated complexes, 6. Ht
0 

can be related directly to rue 

The actual arder found for 6.Hd
0

• (=.6H
0 

) for the SiF
4

• 
l.SSC exp 

2(cyclic ether) complexes, shawn by Fig. 45, agrees with the arder found 

by other workers (68-71,73,78-90) for the basicities of these ethers, 

thus strengthening the validity of the two previous assumptions. Only 

Lippert and Prigge ( 91) disagree with the relative base strength of 

(CH
2

)
4
o and (CH2)

5
o, but there appears to be discrepancies in this part 

of their resulta as will be shawn later. 

Complexes of SiF
4 

with nitrogen electron-pair donor molecules 

have much higher heats of dissociation than those with oxygen electron-

pair donor molecules such as ethers. For example, 

SiF
4 

(g) + 2C
5

H
5
N (1) = SiF

4
.2c

5
H

5
N (s) 

.6H = -33.1 kcal mole-l ( 92) 

SiF
4 

(g) + 2 isoquinoline == SiF
4

.2 isoquinoline (s) 
(solution in 
hexa.ne) .6H == -31.9 kcal mole-l (92) 

SiF 
4 

.2NH.3 ( s) == SiF 
4 

(g) + 2NH.3 (g) 

.6 H == 54.6 k cal mole -l (14). 
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FIG. 45 

Stability plot of SiF
4
.2(aliphatic cyclic ether) complexes, 

heats of dissociation against ring size 
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However, BF
3

.ether complexes appear to have only slightly 

higher heats of dissociation than those of the SiF
4

.2(ether) complexes. 

For example, BF3 .(c~)2o (s) = BF
3 

(g) + (CH
3

)2o (g) 

.6a = 13 • .3 kcal mole-l (69) 

BF
3

.(cH2)
4
o (s) = BF

3 
(g) + (CH2)

4
o (g) 

~H = 13.4 kcal mole-l (69). 

Nevertheless, E(Si-0) < E(B-0), where UE)t representa the coordinate 

bond energy, since two Si-0 bonds are broken for every molecule of 

complex that dissociates and therefore, E(Si-0) = 6Hdf1. 12 
l.SScf. 

(b-1) Previous Explanations for the Relative Basicities of Aliphatic 
Cyclic and Acyclic Ethers 

Some attempts have been made to explain the relatively weak 

base strength of (CH2)2o (87-89,91).. If steric hindrance alone were 

considered, (CH2)2o would be the strongest base in the series of ethers 

investigated, but it is actually the weakest. Searles et al. (87) 

proposed a delocalization of the nonbonded electrons on the oxygen atom 

resulting in a sma1l contribution from the following resonance structures, 

The idea is supported by the following facts: (i) the dipole moment of 

(CH2)2o is less than that of (CH2)
3
o (93) and (ii}, the C-0 bond distance 

0 

(1.436 A} in (CH2)2o is short er than ex:pected ( 94). However, the 

possibility that the nonbonded electrons on the oxygen atom are partly 
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delocalized into antibonding orbitals of the carbon atoms is not borne 

out by quantum mechanical analysis ( 95). It has also been propos ed ( 881 89) 

that a redistribution of electrons occurs with change in ring size but no 

further statements were made as to the nature of the distribution. 

Lippert and Prigge ( 91) have offered a more convincing 

explanation for the relative basicities of the aliphatic cyclic ethers, 

based on the hybridization of the nonbonded orbitals of the oxygen atom. 

This depends on the hybridization of the bonded orbitals of the oxygen 

atom which in turn, is related to the C-0-C bond angle. Table 35 

summarizes their proposals. They found that the order of basicities was: 

(CH2)
3
o > (CH2)

5
o > (CH2)

4
o > (CH2)2o, based on measurements of 

the hydrogen-bond strengths towards phenol. However their resulta are 

contradictory in the case of (CH2)
5
o, since their values forÔ v(OH) -l 

cm 
and for K (the equilibrium constant) indicate that (CH

2
)
5
o is a weaker 

ass 

base than (CH2)4o. 

For (CH2)2o, they claim that the nonbonded orbitals on the 

oxygen a tom are not hybridized but remain as pure 11 sn and pure "P" 

orbitals. The nonhybridized orbitals would have less overlap potential 

than that of hybrid orbitals formed by the hybridization of the pure 

"s" and "P'* orbitals (as claimed for the larger ring ethers), thus (CH
2

)2o 

would be the weakest base. 

In the case of (CH
2

)
4
o, the nonbonded orbitals on the oxygen 

atom were considered to be essentially sp3-hybrid orbitals, each with an 

s-character of 0.25. This makes (CH2)
4
o a stronger donor than (CH2)2o. 
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TABLE 35 

Hybridization of the nonbonded orbitals on the oxygen atom of the 

aliphatic cyclic and acyclic ethers (Lippert and Prigge) 

(CH2)2o (CH2)
3
o (CH2\0 (CH2)50 

c-o-c, approx. 
orbital angle 90. 100° 109.5° ll2. 
( 11bent11 bond) 
( 95, 96) 

sp<j type of s?3 sp3 pure p 
bonding orbitals (no hybrid) hybrid hybrid hybrid 

type of 
sp<3, sp<3 s;, sp3 s?'3, sp<.3 nonbonded orbitals p, s 

(no hybrid) hybrida hybrida hybrids 

s-character 
of nonbonded o, 1.0 
orbitals 

>0.25, >0.25 0.25,0.25 <D.25, >0.25 

* R is a bulky group such as t-butyl. 

R20* 

120° 

2 sp 
hybrid 

2 p, sp 
hybrid 

o, 0.33 
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However, (CH2)
3
o was considered to have nonbonded orbitals on the axygen 

atom each with an s-character greater than 0.25 (and therefore closer to 

the s-character == 0.5 for ma.:xi..mwn overlap) thus resulting in better over-

lap potential and making this ether the strongest donor. 

According to Lippert and Prigge, acyclic ethers theoretically 

should be stronger bases than (CH2)4o since their nonbonded orbitals on 

the o.:xygen atom are a pure 11 pll and an sp2-hybrid, of 'Which the latter 

should overlap better than an sp3-hybrid orbital. But the steric effect 

of the 11 R11 groups on the o.:xygen atom makes the acyclic ethers generally 

weaker bases tha.n the cyclic ethers. 

Finally, they offered the explanation that one of the nonbonded 

orbitals on the oxygen atom of (CH
2

)
5
o approached those of R20, i.e., one 

orbital is nearly an sp2-hybrid and the other nearly a "P"· This would 

support a somewhat stronger basicity for (CH2)
5
o than for (CH2)

4
o. 

(b-2) Proposed Explanation 

Lippert and Prigge1s explanation does not appear to be 

theoretically plausible for the following reasons. (i) The pure 11 s11 and 

pure "p11 nonbonded orbitals on the oxygen atom of (CH
2

)2o would likely 

hybridize to two equivalent sp-hybrid orbitals perpendicular to the plane 

of the ring and if their idea of maximum overlap resulting from a hybrid 

orbital of s-character about 0.5 is correct, then (CH2)2o would be the 

strongest base in the series! Also, (ii) there is no reason to suppose 

that the nonbonded orbitals on the oxygen atom of (CH
2

) 
5
o are non-equiv­

alent hybrid orbitals and that a sudden 11 break" ha.s occurred in going from 
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(CH
2

)
4
o to (CH

2
)
5
o, i.e., from two nonbonded sp3 orbitals to a nearly sp2 

and a nearly "p11 nonbonded orbital. In fact, the difference in c-o-c 

bond angle is probably sufficiently small that little change in 

hybridiza.tion would occur on the nonbonded orbitals of the oïcygen atom in 

going from (CH
2

}
4
o to (CH

2
) 5o. 

Ali through their e:xplanation, Lippert and Prigge have assumed 

that the strongest hydrogen bonds would be formed using sp-~brid 

orbitals (s-character = 0.5). But the overlap integral is a max:i.J:num 

only between two similar atomic ~brid orbitais when the effective 

nuclear charge, Z, is rela.ted to the internuclear distance, J, by the 

condition,ZJ"" 8.0 (97}. Calculations have not yet been made for 

different overlap conditions and certainly Lippert and Priggets hydrogen 

bonds or the Si-0 coordinate bond are not formed by the overlap of 

similar atomic orbitals. It is even possible that as overlap occurs the 

int eratomic bond distance changes in order to strengthen the bond which is 

being formed. 

Although the concept of 11 bent or banana•• bonds (Fig. 46) has 

not yet been applied to the bondi.ng orbitals on the oïcygen atom of the 

aliphatic cyclic ethers, as it has been done for the cycloalkanes (3,4, 

and 5 membered rings) (98) 1 it seems reasonable to apply the results to 

these ethers. In the cycloalkanes, the s-character of the C ~~ C 

bonding orbitals increases as the ring size increases (C-C-C bond angle 

increasing), thus the s-character of the H ~~ H bonding orbitals 

decreases as the ring size increases. This is as far as Coulson and 

Goodwin (98) extended the concept. 
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FIG. 46 

A diagram showing the concept of llbent'• 

or llbananan bonds 



A 8 

a BENT or BANANA BOND between atoms A and 8 

a LINEAR BOND between atoms A and 8 
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Replacement of a carbon atom by an oxygen atom probably resulta 

in slight widening of the original C-G-C bond angle of the cycloalkane, 

e.g., the C-G-G bond angle in propane increases from 109.5 to 111° in 

(CH
3

)2o (99), but this should not affect the relative magnitudes of the 

angles and the G-0-C bond angle should also increase with increasing 

ring size. Applying the Coulson-Goodwin concept, mentioned in the 

previous paragraph, to the simple aliphatic cyclic ethers, it is 

reasonable to ex:pect that the s-character of the nonbonded orbital on 

the oxygen atom would decrease with increasing ring size and therefore, 

the nonbonded orbitale would become more directional and the angle 

between the:n would decrease. 

Fig. 47 shows the type of overlap that could occur between a 

vacant sp3d2-hybrid orbital and hybrid orbitals with varying s-character 

(from 1.0 to 0). It is clear that pure 11 s 11 and pure "p11 orbitals overlap 

the least and that the maximum overlap probably occurs for a hybrid 

orbital possessing an s-character between 0.5 and 0.25, i.e., between sp 

and sp3-hybrid orbitals, depending on the actual shape of the sp3d2-hybrid 

orbital. As the s-character of the nonbonded hybrid orbitals on the 

oxygen atom changes from its value for maximum overlap, the overlap 

potential must decrease continuously. It is illogical (see Fig. 47) that 

the overlap potential should suddenly become larger after the maximum 

has been reached. Yet this is exactly what Lippert and Prigge imply by 

stating that (CH2)
5
o is a stronger base than (GH2)

4
o. 

The observed experimental order of basicity for the aliphatic 

cyclic ethers towards SiF4, plotted for convenience in Fig. 45, can be 
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FIG. 47 

The extent of overlap that may occur between a vacant st?d2-hybrid 

orbital and hybrid orbitals of varying s-character 
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explained as follows. (i) The nonbonding orbitais on the axygen atom of 

(CH2)
3
o must have the right amount of s and p-character (directional) 

to make the overlap integral for the coordinate bonds of SiF
4

.2(CH2)
3
o a 

ma.ximum. A reasonable guess ( assuming a C-0-C true bond angle of about 

100°) is that the nonbonded orbitals are equivalent hybrids between sp2 

and sp3-hybrid orbitals (probably nearer to sp2). (ii) For (CH2)
2
o, the 

nonbonding orbitale are probably equivalent sp-hybrids (assuming a C-0-C 

true bond angle of about 90"), 180° to each other and 90° to the plane of 

the ring, resulting in a smaller overlap integral for the coordinate 

bonds of SiF
4

.2(CH2)2o. (iii) Similarly, the overlap integrals for the 

coordinate bonds of SiF
4

.2(CH2)
4
o and SiF

4
.2(CH2)

5
o must be less than that 

for the coordinate bonds of SiF 
4 

.2(CH
2

)
3
o but somewhat larger than that 

for the coordinate bonds of SiF4.2(CH2)2o. Assuming a C-0-C true bond 

angle of about 109.5° for (CH2)
4
o and one slightly larger for (CH

2
)
5
o, the 

nonbonded orbitals are probably equivalent sp3-hybrids for (CH2)
4
o and 

probably equivalent sp >.3 -hybrids (but very nearly sp3) for (CH2) 
5
o. 

The overlap integral for the coordinate bonds of the SiF4• 

2( cyclic ether) complexes plotted against the ring size of the aliphatic 

ether might reasonably be expected to result in a plot similar to the one 

shown in Fig. 48, which would have essentially the same shape as that of 

Fig. 45, i.e., the overlap integral should be directly proportional to 

the heat of dissociation. 
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FIG. 48 

The possible form of the plot of the overlap integral for the 

coordinate bonds :.of the SiF 
4 

.2(aliphatic cyclic ether) 

complexes 
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III. Coordination of SiF 
4 

with Pyridine and Other Nitrogen Electron-Pair 

Donor Molecules 

1. Coordination of SiF
4 

with Pyridine 

(a) Prepa.ration of sil4.zc
5
g

5
!'! 

The various methods used for the preparation of SiF
4

.2c
5
H

5
N 

and the resulta obtained are summarized in Table 36. 

lùthough the authors 1 methods were followed carefully, SiF 
4

• 

3/2C
5
H
5
N (12) and SiF 

4 
.c5H~ (lO,ll) could not be prepared. Table 36 

indicates that various methods of preparation always yielded only the 1:2 

complex, SiF
4

.2c5H5N. It is interesting to note that Schnell (8) also 

obtained only the 1:2 complex. 

The rep:>rts of combining ratios other than 1:2 are likely 

incorrect. Hydrolysis of the 1:2 complex releases c
5
H
5
N while foming 

(c
5
H

5
NH)2siF6 and Si02, so that as hydrolysis proceeds it would appear that 

SiF4.2c5H~ is changing into some species with a lower c
5
H

5
N content. 

Since SiF
4

.2CSI! is easily hydrolyzed, as evidenced by the odor of c
5
H1l 

on its exJX>sure to :moist air, the rep::>rts of combining ratios other than 

1:2 are probably due to hydrolysis products and loss of c5H~. 

(b) Properties of SiF
4

.2C##, 

(i) Stability 

The complex,siF
4

.2c
5
H

5
N,was a white stable solid melting at 

170-180• with decomp::>sition, had no measurable vap:>r pressure at 25•, and 

could be sublimed in a vacuum without decomp:>sition at 60-80°. In an 



- 171 -

TABLE 36 

Summary of the analytical data obtained for SiF 
4

• 2C 
5
H

5
N 

prepared by various methods 

Method of Synthesis Mole Ratio, Fluorine Analysis* (36), %F 
c2H2N/SiF!.i: 

% 

direct g-1, vacuum, 

with excess SiF 
4 

2.00 28.60 

with excess C 
5
H

5
N 2.00 28.60 

after sublimation 29.01 

c
5
H

5
N-diethyl ether 

solution, stirred in 28.58 

vacuum 

bubbling SiF
4 

into 

c
5
H

5
N-diethyl ether 29.17 

solution 

bubbling SiF 4 
into 

c
5
H

5
N-acetonitrile 28.64 

solution 

tensimetric titrations, 

SiF
4 

with c
5
H

5
N 2.01 28.90 

C 
5
H
5
N with SiF 

4 
2.01 28.85 
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0 

atmosphere of dry nitrogen it could be stored indefinite1y at 25 , 

without noticeable change. Recently, the heat of formation of the 

coaplex in exoess pyrldine, -JJ.l kcal mole-1 , bas been measured 

ca1orimetrioally (92). 

The comp1ex, SiF4.2c5n5N, appears to be somewhat lesa stable 

than ~F3.c5n5N which bas a heat of formation in nitrobenzene of -25.0 

kca1 mole-1 (100). Actually, E(Si-N) = -16.5 kcal mo1e-1 for SiF4.2c5n5N 

since two bonds are formed in SiF4.2c5n5w wbile E(~N) = -25.0 kcal mole·1 

for BF3.c5n5w. Also BF3.c5n5N melts at 48-49° (67) and boils at )00° (101), 

in each case apparently without decomposition. In contrast, GeF4.2c5n5N 

is a much more stable white solid with the following heat of formation: 

GeF4.zc5n5N (s) 

-53.55 kcal mole-1 (92) 

Since NH2(CHz)iHHz quantitatively displaced c5n5N from SiF4.2C5H5N it is 

evident that SiF4.NH2(cn2)2NH2 is the more stable complex. 

(ii) Displacement Reaction with Ethylenediamine 

This experiment was done in order to obtain information about 

the structure of SiF4.2c5n5N. The idea was, if c5n5u ligands were in .2!! 

octahedral positions then they oould be displaced quantitatively by 

NH2(CH2)2NH2, however, if c5n5N ligands were in trans octahedral positions 

then they would not be displaced by NH2(CH2)2NH2 unless there occured a 

change in configuration in going from SiF4.2c5n5N to SiF4.NH2(cn2)zNB2• 

Later it will be shown that the infrared spectrum of SiF4.2c5n5N gives strong 

evidence indicating that the displacement in fact did occur with a change 
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in configuration. 

(iii) Reaction of SiF4,2c5~N with agueous HF 

The reaction of SiF
4

.2c
5
a

5
N with aqueous HF is similar to a 

simple hydrolysis using only H2o, except that in the latter case Si02 is 

formed as weil as the salt, (c
5
H

5
NH)2SiF 6• The following mechanism is 

proposed for this reaction. 

Dissociation •••• SiF
4

.2c
5
H

5
N = SiF

4 
+ 2C

5
H

5
N 

Ionization • • • • • HF + H2o = ~0+ + F-

Protonation 

Coordination • • • • SiF 
4 

+ 2F- == SiF 
6
- 2 

-H 0 
20 H NH+ + SiF - 2 2 ' (c

5
H
5
NH)')SiF6 5 5 6 +a 0 , 

2 

Precipitation • • • 

This latter step is the driving force which shifts the equilibria of the 

other steps towards the right. 

(vi) Infrared Spectrum of Sit.2c~5N and Comparison with 

that of (c5~NH)~ 
Schnell (102) has published the infrared spectra of SiF4.2c

5
H
5
N 

and (c
5
H

5
NH)

2
SiF 6 in the range 4000-650 cm-1, but these spectra were only 

used to verify a proposed hydrolysis scheme. In this work, the resolution 

b . 6 -1 has een J.mproved, the frequency range extended to 2 5 cm 1 and frequency 

assignments have been made. Also conclusions are drawn as to the structure 

-1 No attempt has been made to correlate the 3220-3000 cm region 
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because of the small band separation. -1 The 3400 cm band in pure C 
5
H

5
N 

is not present in either the complex or the salt and the average C-H 

bond stretching vibration has shifted to slightly higher wave number, 

from an average 3036 ~l in c
5
H
5
N to an average 3090 cm-lin SiF

4
.2c5H5N 

and to an average 3103 cm -l in ( C 
5
H

5
NH) 2siF 6• The c.haracteristic 

(C
5
H

5
NH) 2SiF6 bands not present in the infrared spectrum of SiF

4
.2c

5
H
5
N 

( ) -1 -1 are 2770 2720 in KBr , 1630 cm , and 1530 cm , the first two being due 

to the formation of an N-H bond. The 1300-1000 cm-l region is less 

resolved in the case of (c
5
H
5

NH)2siF 6, perhaps due to a small amount of 

impurity in the pyridinium salt (such as Si02), and shows some shifting 

of band positions. The Si-F bond stretching vibration has shifted from 

798 (792 in KBr) in SiF
4

.2c
5
H
5
N to 720 (740 in KBr) in (c

5
H

5
NH)2SiF6• 

This agrees with the Si-F bond stretching vibration shown to be at higher 

wave number for most SiF
4

.2(N-donor) octahedral complexes (rV740 cm-1) 

( ) . -2 ( -1) ( ) -1 8,19 than for SiF6 salts ~ 720 cm 43,48,103 • The 598 cm 

band of c
5
H
5
N is present in the infrared spectrum of (c

5
H

5
NH}2siF6 but 

not in the infrared spectrum of SiF 
4 

.2C
5
H
5
N. The coordinate Si-N bond in 

the complexmay make this particular C-H bond deformation vibration 

inactive. 

In the infrared spectrum of SiF
4

.2c
5
H

5
N the Si-F bond stretching 

vibration near 800 cm-l appea.rs to be perfectly s;ymmetrical and therefore 

it is unlikely that "splittings11 of this band are hidden. Similarly, only 

one Si-F bond vibration occurs below 650 cm-1 near 486 cm-1• Bands in 

this region are somewhat broader but the scale is considerably expanded 

allowing more accurate reading of band positions. As predicted by 

the synmJ.etry considerations of SiF 
6
- 2 (46), only two infrared active Si-F 
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bond fundam.enta.l vibrations occur in (c
5

H
5

NH)
2
SiF 

6
, one at 720 cm-l and 

-1 the ether at 485 cm • 

Octahedral complexes with cis configurations should have many 

more infrared active absorption bands for the Si-F bond. For example, 

the infrared spectrum (46) of SiF 
4

.a.,a.'-dipyridil (a ,ili complex because 

of the steric requirements) has three infrared active octahedral Si-F 

bond stretching vibrations in the 800-740 cm-1 
region and six infrared 

active octahedra.l Si-F bond 11mixed11 or 11 coupled11 vibrations in the 460-

310 cm-l region. This behavior is also shown qualitatively by the 

infrared spectrum of SiF 
4 

.NH
2

(cH2)
2

Nlk (also a ,ili complex by steric 

requirements) in which at least three octahedral Si-F bond stretching 

vibrations occur in the region 730-600 cm-l and at least four octahedral 

Si-F bond 11mixed11 vibrations in the region 460-325 cm-1 • Beattie et al. 

(47) have proposed that SiCl
4

.2c
5
H

5
N and SiBr

4
.2c5H5N are ,ili octahedral 

complexes because of the similarities in their infrared spectra. However, 

in the case of SiF 
4 

.2C
5
H

5
N, the fact that the Si-F bond stretching and 

11mixed1• octahedral vibrations are not 11 split11 is taken as evidence tha.t 

the complex. has a trans configuration. 

(v) 11Solubilit:v11 of SiF 
4 

.2C sHsN in Nitrometbane 

The complex, SiF 
4

.2c
5
H

5
N, was found to be insoluble in a large 

number of organic solvents but it appeared to be soluble in nitromethane 

only to the extent of about 5 gJ..-1 • Analysis of the products remaining 

after evaporation of the solvent to dryness indicated that SiF4.2c
5
H5N 

had reacted in nitromethane to yield (C
5

H
5

NH)
2
SiF 6, a little Si0

2
, and a 
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little unrea.cted camplex. 

Four mechanisma are proposed for the reaction of SiF
4

.2c
5
H

5
N 

in nitromethane. The following are conunon to all four mechanisms. 

Dissociation 

Protonation 

Coordination 

Precipitation 

-2 SiF4 + 2F- = SiF6 

2C H NH+ + SiF - 2 
5 5 6 '+solvent 

-sol vent 

(This step is the driving force) 

(1) 

(2) 

(3) 

(4) 

The four mechanisms differ in the reaction used to produce a H+ ( which must 

originate in Cl)N0
2 

or in its H20 content) and a F- ( which must result from 

the cleavage of an Si-F bond). In the two non-aqueous mechanism, the H+ 

is produced by the ionization of CHJN02, a weak acid (Ka = 6.3 x 10-11) 

(104). 

= 

In the two aqueous mechanisms, the H+ is produced by the ionization of 

HF (produced by the irreversible action of H2o on SiF4) in H2o. 

= 

But each mechanism differa in its production of F-. 

Mechanism A (non-agueous} 

Reactions (1), (5), (2), followed by 

- ( )-2 SiF4 + 2CH2No2 = SiF4.2CH2No2 

( 5) 

(6) 

(7) 

(8) 
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the formation of a charged octahedra1 comp1ex, 

and (9) 

the cleavage of two Si-F bonds; formation of an uncharged octahedra1 comp1ex, 

in addition to (3) and (4). 

The overal1 reaction then becomes, 

Mechanism B (non-agueous) 

Reactions (1), (5), (2), fo11owed.by 

+ 
SiF

4 
+ CH2No; ~ (F ••••• SiF

3 
••••• CH2No2) (10) 

c1eavage of an Si-F bond, 

+ 
(F· · · · · · SiF

3 
· · · · · · CH2No2) .., SiF

3
(cH2No2) + F- (11) 

formation of an ion-pair, in addition to (3) and (4). 

The overall reaction may then be written as, 

Mechanism C (agueous) 

Reactions (1), (6), (7), (2), fo11owed by (3) and (4). 

The overall reaction becomes, 

Mechanism D (agueous) 

This mechanism is similar to ttmechanism en but differs in the 

overall reaction, the c
5
H
5
N not being liberated. 

2SiF
4

.2c
5
H
5
N + 2H20 ~ (c

5
H

5
NH) 2SiF6 + Si02 + 2C

5
H
5

NHF. 
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This latter mechanism can immediately be rejected since free c 5H5N is 

produced experimentally. In fact, comparison of the mechanisms with 

the overall reaction in the hydrolysis of SiF 
4 

.2NH
3 

(14), 

3SiF 4• 2NR:3 + 2H
2 

0 ~ ( NH4) 2siF 6 + Si02 + ~ 

indicates that 11mechanism en is probably correct. 

All the mechanisms proposed · ( except ••mechanism D11 ) indicate 

the liberation of free c
5

H
5

N in the same way. But ali of them differ in 

the ratio of SiF 
4 

.2C
5
H

5
N consumed to (c

5
H

5
NH)

2
SiF 6 produced. 11Mechanisms 

A, B, c, and D11 have ratios, SiF4.2c
5
H
5
N consumed/(C

5
H
5

NH)2siF6 produced, 

equal to 2,3, 1.5, and 2. Comparison with the actual experimental ratio, 

1.6, confirma that "mechanism cu is probably correct. Sclmell (102) 

also proposes the same overall reaction for the hydrolysis of Sll4.2c5H5N. 

Assuming nmechanism C11 to be valid, the amount of water in 

the nitromethane can be calculated from the amount of Si02 produced 

experimentally. This turns out to be 0.01%, a not unreasonable value. 

Summarizing, it is probably the small water content (perhaps 

0.01%) in nitromethane that is responsible for the solubility of SiF
4

.2c
5
H
5
N 

with the reservation that the nitromethane may participate in the reaction 

with the complex. This is stated because the other solvents tried did not 

dissolve or "dissolve with reaction11 SiF 
4 

.2C
5
H

5
N to any appreciable extent, 

even though they very likely were not much drier than the nitromethane 

used. 
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(vi) Cryoscopic Molecu1ar Weight Dete:mination of SiF 4~H,N in 
Nitromethane 

The observed molecular weight (M = 130), indicates that 

SiF
4

.2c
5
H

5
N (M = 262.3) is not the species in solution. In fact, the value 

found supports the solubility data that SiF
4

,2c
5
H

5
N reacts with nitremethane 

to form mainly (c
5
H
5

NH)2SiF 6 (M = 100,8), The somewhat larger than expected 

value found, i.e., expected for (c
5
H

5
NH)

2
SiF6 in solution, is probably due 

to seme association of the ionie species or perhaps seme undissociated 

SiF4.2c
5
H5N molecular species, This is likely at the freezing point of 

nitromethane, -29°. 

(vii) Conductivity of SiF 
4

.2C
5
.H

5
N in Nitromethane 

The measurements confirm the conclusion from the previous 

solubility and cryoscopic data. The linear plot of the molar conductance 

against the square root of the concentration indicated that the 

conductivity was due to an ionie species (p. 141 of the discussion), i,e,, 

a strong electrolyte, as would be the case for the ionie salt, (c5H
5

NH)2siF6, 

in nitromethane, The abnormally large decrease in molar conductance (a 

deviation from linearity) at concentrations higher than about 0.003 mole 

-1 
1 was probably due to excessive ion-pair formation (as the cryoscopic 

data had indicated} and a decrease in ionie mobilities (due to solvent 

interaction) in accord with the Debye-H~ckel theory (105). 

The conductivity data show again that the species in nitro­

methane is the ionie salt, (C5H5NH)2SiF6, and therefore, nitromethane is 

not a solvent for SiF4.2c
5
H
5

N. 
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( c) Structure of SiF4~~li 

In summary, the experimental data reveal that the complex 

in the solid state (i) has the composition represented by SiF
4

.2c
5
H
5
N, 

(ii) is negligibly dissociated at 25°, (iii) contains octahedral Si-F 

bonds, and (iv) can readily be hydrolyzed to the ionie salt, (c
5
H

5
NH)2SiF 6• 

The infrared data strongly favor a trans arrangement of c
5
H

5
N ligands 

rather than a ~ arrangement (structures I and II, respectively of Fig. 

49). 

The displacement reaction With NH2(cH2)2NH2 then must involve 

a change in spatial configuration (trans ~ cis) through a relatively 

low energy barrier. Since a complex stepwise mechanism is improbable, 

the best reaction path is probably the initial trace dissociation of 

SiF
4

.2c
5
H

5
N yielding SiF

4 
which easily reacts with NH2(cH2)2NH2 forming 

the~ octahedral complex, SiF 
4 

.NHiCH2}2NH2• The removal of SiF 
4 

would 

result in further dissociation of SiF
4

.2c
5
H

5
N until it had all been 

converted to the ~ complex. 

2. Coordination of SiF4 with Ethylenediamine, Pyrollidine, and 

Piperidine (N-donors) 

(a) Preparation of the Complexes 

Direct vacuum synthesis of the complexes invariably yielded 

slightly impure pale yellow solids although combining ratios were good. 

With (CH
2

}
4

NH and (CH
2

}
5

NH the 1:2 complexes, SiF
4

.2(CH
2

)
4

NH and SiF
4

• 

2(CH2)
5

NH, were obtained; with NH2(cH2)2NH2, a bidentate ligand, the l:l 
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Fm. 49 

The two possible spatial arrangements of c
5
H
5
N 

ligands coordinated to SiF 
4 

in the complex1 

SiF4.2c
5

H
5
N 



TRANS 

F 

F 

CIS 
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complex:, SiF 
4 

.NH2(cH2)2NH2, resulted. Vacuum sublimation gave analytically 

pure white solids. 

The purest complexes were obtained by bubbling SiF
4 

through 

precooled solutions of the base in acetonitrile. The precipitated solids 

were always white, although the solvent had a tinge of yellow, and they 

analyzed to the pure complexes without further purification. The slight 

yellow coloring of the solvent is probably due to the corrosive nature 

and slight instability of the bases as well as to the high heat of 

formation of the complexes. All react with stopcock grease. By using 

the bubbling technique most of these difficulties encountered in the direct 

vacuum synthesis were eliminated. 

( b) Properties of the Complexes 

All the complexes were involatile, white, hygroscopie solids 

at 25•. The complex, SiF
4

.NH2(cH2)2NH2, could be sublimed in à vacuum 

at 120• and melts with decomposition near 300•. Both SiF
4

.2(CH2\NH and 

SiF 
4 

.2( CH2) 
5

NH sublime in a vacuum at 80 • but the former melts with 

decomposition at 205-210 • and the latter with decomposition at 1S5-l90 •. 

They appear to have about the same stability as SiF
4

.2c
5
H
5
N. 

The infrared spectrum of SiF
4

.NH2(cH2)2NH2 has previously 

been used to show qua1itative1y that SiF
4

.2c
5
H
5
N is probably a trans 

complex (p. 173). Its noteworthy features were the multiple infrared 

active Si-F bond absorption bands in the regions 730-600 cm-1 and 460-

-1 325 cm • Such 11 sp1ittings11 of infrared absorption bands are characteristic 

of an as;ymmetric structure as would be the case for the .9i!i complex, SiF 
4

• 
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The infrared spectrum of SiF
4

.2(CH2)
5

NH is marked by many 

more absorption bands than occur in the infrared spectrum of SiF
4

.2(CH2)
4

NH. 

But this is not too surprising since liquid (CH2)
5

NH has many more 

absorption bands than liquid (CH2)
4

NH. Table 31 shows that the band near 

750 cm-l has been assigned to the octahedral Si-F bond stretching vibration. 

This has been done mainly on the basis that it is a strong, slightly broad 

band and that the other bands near this region can be assigned to ligand 

vibrations. Also in most SiF
4

.2(N-donor) complexes the octahedral Si-F 

bond stretching vibration is usually strong and somewhat broad occurring 

near 740 cm-l (81 19). Multiple bands occur in the region 695-275 cm-1 

sorne or which can be assigned to (CH2)
5

NH vibrations but most or which 

are probably due to octahedra1 Si-F bond 11.mi.x.ed11 vibrations (46). The 

inrrared evidence therefore favors a ~ octahedral arrangement of (CH2)5NH 

ligands in SiF4.2(CH2)~H with the reservation that the observed 11 splittings11 

assigned to Si-F bond vi9rations may actually be (CH2)~H vibrations which 

are inrrared active only in the complex. A cis configuration for SiF4• 

2(CH2)~ would mean that the band near 750 cm-1 is not a true singlet but 

must contain one or more unresolved infrared active bands. 

It is difficult to assign unambiguously the octahedral Si-F 

bond stretching vibration (or vibrations) in the infrared spectrum of 

SiF
4
.2(CH2)

4
NH (Table 30) since the resolution is poor in the 800-700 cm-1 

region but the three strong bands in this region have thus been tentatively 

assigned. In this case it is possible that the three strong broad bands 

in the infrared spectrum. of liquid (CH2)
4 

NH in the region 900-800 cm.-1 



- 1S4-

cou1d be shifted to 1ower wave number in the comp1ex1 i.e., to the 800-

740 cm-1 region, with the result that the octahedra1 Si-F bond stretching 

vibration would be 11masked11 • This seems unlikely since it would result 

in bands in the region 945-820 am-1 for SiF
4

.2(CH2)
4

NH to have no 

correspondance with those of 1iquid (CH2)4NH and it is un1ikely that the 

octahedra1 Si-F bond stretching vibration occurs at wave numbers much 

higher than 800 cm-1• But assuming that the three bands in the 800-740 

cm-1 region are Si-F bond vibrations, then SiF
4

.2(CH2)
4

NH is probably a 

cis comp1ex as has been proposed for SiF4.2(C~)~. The two octahedra1 

Si-F bond mixed vibrations (46) in the 490-400 cm-1 region are further 

evidence for this. 

Summarizing, the infrared data (i) confirm. the cis configuration 

of SiF4.NH2(cH2)2NH2, (ii) give strong evidence that SiF4.2(CH2)~H is a1so 

a cis comp1ex1 and (iii) indicate that SiF 
4 
.2( CH2) 

4 
NH probably has a cis 

configuration. 
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IV. Attempted Preparation of SiF 4 Complexes with Hyd.rogen Sulfide, Dim.ethyl 

Sulfide, PhosE9ine, and Nitromethane 

There is no observable interaction between SiF
4 

and H2s, (cH
3

)2s, 

PH3, and CH3No2 in the temperature range -95 to 25° at pressures less than 

one atmosphere. Weak complexes might have been formed at lower temperatures 

but it was not possible to detect their presence with the available 

apparatus. Recently1 a low temperature infrared cell1 which may be used 

to detect complex formation at temperatures in the extended ra~ -195 

to 25°1 has been acquired in this laboratory. Law-temperature vacuum 

distillation of the volatile components at -129° indicated that no stable 

involatile complex was formed at that temperature. This did not, however, 

exclude the possibility of the formation of a volatile complex at this 

temperature. 

The resulte show that sulfur and phosphorus electron-pair donor 

molecules such as H2s, (CH3)2s, and PH3 seem to be much less basic than 

the corresponding oxygen electron-pair donor molecules (NH
3 

corresponds 

to PH
3

). This is expected on the basis of electronegativities since 

sulfur and phosphorus have considerably smaller values than oxygen or 

nitrogen. A more meaningful explanation should include a description 

of the electronic distribution around the sulfur and phosphorus atoms of 

the above compounds and compare this with that around the oxygen and 

nitrogen atoms of the corresponding compounds. 

The valence-bond method is probably the most useful approach 

and was previously used to explain the behavior of the aliphatic cyclic 

ethers towards SiF
4 

(p. 163). If one examines the nonbonded orbitals on 
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the sulfur or phosphorus atams of H2s, (CHJ)2s, and PH3, it is found that 

these possess much greater s-character (and therefore less directional 

properties) than those of H
2
o, (cH

3
)
2
o, and NH

3
• Also 1 the nonbonded 

orbitals of H2S, (CHJ)~, and PH3 are hybrids which use s and p orbitals 

with principle quantum number three thus resulting in even more diffuse 

hybrid orbitals than those of H2o, (CHJ)2o, and NH
3 

which use principle 

quantum number two. This large decrease in directional property probably 

results in less overlap potential towards an sp3d2-hybrid orbital of 

SiF
4

; therefore, H2S, (CHJ)2s, and PH
3 

are poor electron-pair donor 

molecules towards SiF
4

• Table 37 shows the ideas involved in the proposed 

expla.nation. 

Nitromethane also had no observable basic properties towards 

SiF 
4

• This may be due to resonance resulting in a delocalization of the 

slight negative charge on the oxygen atoms of CHJN02• 

<---> 

Steric requirements make it improbable that both oxygen atoms would behave 

as electron donors simultaneously. And more simply, it may be that steric 

hindrance due to the presence of two oxygen atoms on the same nitrogen 

atom prevents the near approach of CHJN02 to SiF 
4

• 



TABLE 37 

The type of hybridization of the nonbonded orbitals on the s, P, and N atom.s of some 
acyclic compounds used in this investigation, with comparisons 

Comp;>und NH3 i H20 H2S (CH
3

)2o (CH
3

)2S 

Angle between 
107.3° 93.3° 104.5° 92.1° 111° 105° bonding orbitals 

Reference 106 107 lOS 109 99 llO 

type of 
sp3 s?3, s?3 sp3, sp3 s?3, s?3 bonding orbitals p p, p 

type of 
sp3 sp<3, sp<3 sp3, sp3 sp<3, sp<3 nonbonded orbi tals s sp, sp 

s-character 
of nonbonded 0.25 1.0 >o.25, >o.25 0.5, 0.5 0.25, 0.25 >o.25, >o.25 
orbitals <<D.5, <<D.5 

directional m:>re lesa characteristic more less more less 

1-' 

~ 
1 
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SlMMARY AND CœTRIBuriONS TO KNOWI.EDGE 

1. Silicon tetrafluoride reacts with CH
3

0H in a 1:4 mole ratio, 

forming the com.plex, SiF 
4 

.4CH
3

0H, which freezes to a glass at -20• and 

is completely dissociated in the gas phase at 25•. 

2. Conductivity measurements show clearly that SiF 
4

.4CH30H is a very 

weak electrolyte in methanol solution. I ts infrared spectrum does not 

contain an Si-0 bond stretching absorption band. Proton ma.gnetic resonance 

measurem.ents provide strong evidence of hydrogen bonding between SiF 
4 

and 

CH30H. 

3. The experimental data indicate that the complex in the liquid 

state is tetrahedral with strong hydrogen bonds between CH
3

0H and each 

of the four fluorine atoms. 

4. At low temperature, SiF 
4 

forms stable solid 1:2 complexes, 

SiF
4

.2(ether), with (CH2)n0 (where n = 21 31 41 and 5) and (CH
3

)2o. At 
-

25•, all are unstable and either dissociate completely, as do SiF
4

.2(CH2)
4
o, 

SiF
4

.2(CH2)5o, and SiF
4

.2(CH3)2o, or decompose into SiF
4 

and a polymer, 

as do SiF
4

.2(CH2)
2
o and SiF

4
.2(CH2)

3
o. In the range -94 to 25• and at 

pressures less than one atoosJ:here, 1,4-dioxane and SiF
4 

do not coordinate. 

5. Heats of dissociation follow the order: 

SiF
4

.2(CH2)3o > SiF
4

.2(CH2)
4
o ~ SiF

4
.2(CH2)5o > SiF

4
.2(CH2)2o > SiF

4
.2(CH3)2o, 

indicating that this is the relative order of basicities of the ethers 

towards SiF 
4

• 



- 189 -

6. A theoretical explanation based on the hybridization of the 

nonbonded orbitals on the oxygen atom of the ethers was proposed to 

explain the experimental trend found for the heats of dissociation of 

SiF
4

.2(aliphatic cyclic ether) complexes. A previous explanation for 

the basicity trend of the aliphatic cyclic ethers was shown to be less 

satisfactory. 

7. The SiF4.2(ether) complexes probably have octahedral structures 

with either cis or trans arrangement of ether ligands, but it was only 

possible to obtain direct evidence for this in the case of SiF
4

.2(CH2)
3
o; 

the other complexes were too unstable. 

8. Silicon tetrafluonide forms much stronger adducts with nitrogen 

electron-pair donor molecules than with oxygen electron-pair donor 

molecules. With c
5
H

5
N, (CH2)

4
NH, and (CH2)

5
NH, stable solid 1:2 complexes 

are for.med. The 1:1 complex, SiF4.NH2(cH2)ZNH2, resulta from the inter­

action of SiF
4 

with NH2(cH2)2NH2• These complexes are easily hydrolyzed 

and have no measurable vapor pressures at 25•. 

- 9. The interaction of SiF4.2c5H~ with either aqueous HF or nitro-

methane yields the ionie salt, (C5H~H)2siF6 • Conductivity and cryoscopic 

measurements on SiF
4

.2c
5
H

5
N in nitromethane further indicate the presence 

of such an ionie species. 

10. Infrared measurements indicate that (i) SiF
4

.2c
5
H

5
N has a 

~ octahedral structure and that (ii) SiF
4

.2(CH2)
4

NH, SiF
4

.2(CH2)
5
NH, 

and SiF4.NH2(cH2)2NH2 have cis octahedral structures. 



- 190 -

11. Temperature-pressure measurements showed that no observable 

interaction occurs between SiF
4 

and H2s, (CH
3

)2s, PH
3

, and CH
3

No2 in 

the temperature range -95 to 25• and at pressures below one atmosphere. 

Possible theoretical explanations for the poor electron donor capacity 

of these compounds towards SiF4 are discussed. 
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