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INTRODUCTION 

The spectacular progress in inorganic chemistry during the 

last ten to fifteen years has been due mainly to the very rich and 

rewarding study of coordination compounds. The transition metals 

(or B-group elements) have received the greatest attention partly 

because of the variety of spectroscopie techniques which are suitable 

for the study of transition metal complexes, and partly because most 

of these complexes are soluble in water, unlike most of the complexes 

of the A-group elements. 

In recent years, however, more and more experimental and 

theoretical studies have been reported about the coordination compounds 

of A-group elements. For example, there are reviews by Stone on Group 

IIIA (1), by Beattie on Group IV'A (2) and by Ingham et al on organotin 

compounds (3). Theoretical studies of the use of d-orbitals in bond

ing by A-group elements have been described by Craig and Zauli (4). 

In addition, th ere has be en a considerable amount of infrared 

and Raman spectroscopie research on inorganic and coordination com

pounds in the past decade. l,fUch of the success in characterizing 

inorganic and coordination compounds has been due to spectroscopie 

measurements. The texts of Lawson (5) and Nakamoto ( 6) concerning the 

vibrational spectroscopy of inorganic and coordination compounds con

tain many examples showing the value of these techniques. 

This dissertation is concerned with the study of the infra

red absorption spectra of sorne coordination compounds of silicon and 

germanium tetrahalides. Unlike carbon, the other elements of Grüup 

IV can expand their valencies presumably by making use of available 
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d-orbitals. '!'hus a tetrahalide, !Œ4, can accept an unshared pair 

of electrons from a suitable donor or Lewis base, L, and form a 

coordination compound. The most common adducts found for the group 

IV halides are those with a tetra.halide to ligand mole ratio of one

to-two (viz. !~·21) for monodentate ligands, 1, and a mole ratio of 

one-to-one (viz. }~•LL) for bidentate ligands, 11. In both cases, 

the configuration about the central atom is considered to be octa

hedral resulting from an sp3d2 hybridization of the atomic orbitals 

of the metal atom. Sorne one-to-one adducts with monodentate ligands 

(viz. 11X4•L) have also been prepared. In these compounds, either the 

central metal is pentacoordinated or the octahedral structure is ob

tained through halogen bridging (2). 

A large number of amine complexes of the Group IV tetrahalides 

have been prepared and characterized and found, in general, to be very 

stable. For these reasons, it was decided that amine, and in particular, 

tertiary amine, adducts of SiX4 and GeJC4 woUld be used for the present 

infrared study. Primary and secondary amines, and ammonia, react with 

SiX4 or GeX4, other than the tetrafluorides, forming substitution com

pounds rather than adducts (7,8). The tertiary amine adducts that will 

be dealt with in this dissertation are those of pyridine, isoquinoline, 

2,2t-dipyridyl and tetramethylethylenediamine. 

Structure and Bonding 

Although many addition compounds of the Group IV tetrahalides 

have been prepared, comparatively little work has been done on the 

stereochemistry of the adducts. As mentioned previously in the one-to

one adducts of monodentate ligands, the metal atom is either penta

coordinated, resulting in a monomer, l!Xh•L, oris octahedrally coor-
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dinated through halogen bridging, resulting in a dimer, M2Xa•2L, 

or higher polymers. Rivest (9) has studied a nurnber of one-to-one 

adducts of titanium tetrachloride and found these to be polymerie, 

thus indicating halogen bridging. 

In the case of the one-to-two adducts, there exists the 

possibility of cis-trans isomerism as shown in the following diagram. 

® 

CIS TRANS 

The one-to-one adducts of bidentate ligands are thought to be cis 

complexes because of the inability of the ligand to span the trans 

positions. 

Sorne of the experimental methods available for the determination 

of molecular structure of coordination cornpounds are: X-rqy diffrac

tion, nuclear magnetic resonance, Raman and infrared spectroscopy. 

These and other techniques have been used for stereochemical studies 

of sorne Group IV coordination compounds. The resulta are summarized 
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briefly under separate headings, as follows. 

X-ray Diffraction 

The structures of a number of hexahalo ions, MX6 -
2, of 

Group IV ( which may be regarded as adducts between Jau. and 2r) have 

been determined by X-r~ diffraction studies. These include SiF6-
2
, 

-2 -2 
GeF6 and GeC16 {10, 11, 12). In each case, it has been confirmed 

th at the anions possess a symmetrical octahedral structure. The same 

resulta have been found for the complex halides of tin (lJ). 

Although no systematic x-r~ studies of MX4 adducts have 

yet been made, some valuable structural information bas recently been 

obtained. For exam:ple, the adduct between pyridine and trimethyltin 

chloride {viz. Ue3ClSn•Py) bas been shown by an x-r~ analysis to 

possess an unsymmetrical trigonal bipyramid structure {14). The three 

methyl groups lie in the equi torial plane of the molecule and the 

chlorine and pyridine are in axial positions. The tin atom has thus 

been shown to be pentacoordinated in this adduct. 

The phosphoryl chloride adduct of titanium tetrachloride 

(TiC14 •Pocl3) has been shown, by X-ray diffraction, to be a dimer (15 ). 

Double chlorine bridges exist between two titanium atoms so that there 

is an octahedral arrangement of bonds about each titanium atom. This 

is in agreement with the work of Rivest (9) who found polymerie 

adducts of TiCl4 with substituted ureas. 

The problem of ois-trans isomerism in the MX4•2L coordination 

compounds has not yet been thoroughly studied by X-ray methods. The 

only complexes whose configurations have been established by X-ray 

measurements are SnC14•2POc13 which is cis octahedral, and GeCl4•2Py, 

which is trans (16, 17)• 
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Although X-ray diffraction is an exceedingly valuable tool 

for structural studies, it has two major drawbacks. Firstly, struc

tural studies usually take a great deal of time, particularly when 

dealing with crystals of low symmetry. Secondly, diffraction patterns 

must be obtained for complexes in single crystal form which is 

usually very difficult to prepare. 

NMR Spectroscopy 

Nuclear magnetic resonance spectroscopy has been used to 

elucidate the structure of a number of tin and titanium tetrafluoride 

complexes utilizing the spin of Fl9 (18). On the basis of the split

ting of the fluorine chemical shift into two peaks, indicative of 

two different environments of the fluorine atoms, it was concluded 

that these adducts have the cis octahedral configuration. These ex-

periments were carried out in solution, however, and there exists the 

possibility of partial dissociation of a trans adduct (dissociation 

is common in the tin halicte complexes (19, 20) resulting in two kinds 

of fluorine atom configurations in solution - square planar in the 

adduct and tetrahedral in free MF4• 

Brown and Kubota (20) have pointed out that it is necessary 

to carr,y out additional measurements, such as molecular weight deter-

minations, in order to test for possible dissociation of the adducts. 

This is because NMR spectral studies must be made on dilute solutions 

of the complexes in inert solvents. In addition to the dissociation 

problems in solutions, most of the adducts of llX4 have a very low 

solubility in the common organic solvents (2, 21). 

Raman Spectroscopy 

The use of Raman spectroscopy in studying the stereochemistry 

of group IV tetrahalide complexes has been limited to the complex 

hexahalo ions, SiF6-
2 

(22, GeF6-2 (23), SnF6-2 (24), SnC16-2 (25), 
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PbC16-2 (26) and TiC16-2 (22). 

The spectra of the fluorides were obtained in aqueous hydro

fluoric acid, those of the chlorides in aqueous hydrochloric acid and 

the bromide in aqueous hydrobromic acid. In each system the species 

in solution was the dibasic acid, H2l!JC6· The Raman results showed that 

the ions possessed regular octahedral symmetry around the central atom. 

This agrees with the X-r~ diffraction studies carried out on salts of 

these anions. 

The most serious difficulty in the use of Raman spectroscopy 

in stuqying the structures of adducts of Ml4 is that the materials to 

be studied must be either in solution or in the vapour phase. As men

tioned previouslY, most of the MX4 complexes are insoluble in inert sol

vents and, in addition, most dissociate completely on being heated in a 

vacuum (2). Thus Raman, like the X-ray and NMR techniques, has major 

limitations in structural investigations of MX4 complexes. 

Infrared Spectroscopy 

There have been a nurnber of infrared investigations of coor

dination compounds of MX4. These investigations can be divided into two 

groups: (i) studies of the nature of the bonding between MX4 and the 

ligands, and (ii) studies conceming the structures of the adducts. 

The titanium tetrachloride (27) and silicon tetrafluoride 

(28) complexes with dimethyl formamide, a ligand which can coordinate 

through the oxy5en or nitrogen atoms, provide good examples of the type 

of bonding. The infrared spectra of these adducts reveal that the 

carbonyl ( C • 0) stretching frequency is reduced compared wi th that of 

the free ligand. This indicates that the electron density of the car-

bonyl bond has been decreased on coordination, strongly suggesting that 

bonding takes place through the oxygen atom. Similar studies have been 

made on urea and thiourea complexes of MIL. (29, JO) and on a number of 
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ethyl acetate complexes (31). 

Infrared spectroscopy has also been used to show the 

relative acceptor properties of some of the Group IV tetrahalides. 

Sheldon and T,yree (32, 33), for example, studied the interactions 

of phosphorous and seleni1..1n o:xychloride ligands ·with tin and silicon 

tetrachlorides. With SnCl4, major frequency shifts in the P = 0 

and se = 0 stretching vibrations were observed. On the other hand, 

there were no frequency changes observed in the spectra of the 

ligands dissolved in pure SiCl4, indicating that SnCl4 is a much 

stronger Levds acid than SiC14• Similar results were obtained by 

Lappert and Smith using dimethyl sulphoxide {34). 

Information regarding the nature of the bonding in the 

Group IV adducts can be derived from measurements made in the rock 

salt region (4000 to 650 cm-:) of the infrared spectrum only if suit-

able ligand bands appear in this region. In order to observe the 

frequencies of the metal-halogen and metal-donor atorn bonds, and 

hence obtain structural data, it is necessar,r to go to lower frequen

cies. The potassium bro:r::d.de region extends to 400 cm-~, caesium 

bro:r::d.de to 260 cm-~ and caesium iodide to 200 cm-~. This appears to 

be the practical limit for prism optics but recently Carlson (35), 

using a grating instrument, was able to achieve 75 cm-:. 

Low frequency infrared spectroscopy has been used to great 

advantage in studying the stereochemistry of I.c<L. •21 conplexes. 

Assuming the ligands to have spherical symmetry, the molecular point 

group of the trans adduct is %h and that of the cis adduct is c2v· 

Therefore marked differences will be observed in the spectra of the 

complexes in the region where the metal-halogen and metal-cloner atorn 

vibrational frequencies occur. In addition, infrared spectra of the 
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solid complexes, as mulla or KBr dises, are readilY obtained. This 

giTes infrared spectroscopy a marked adYantage over most of the other 

methods of determining structure which require the complex to be in 

dilute solutions or the vapour phase. 

Beattie et al have measured the law frequenc.y infrared 

spectra of several Greup IV addition compounds. They compared the 

spectra of trans-GeCl4•2Py with the cis adducts of GeCl4 and 1,10-

phenanthroline and 2,2 1-dipyridyl (bidentate ligands) and observed one 

Ge-Cl stretching frequency for the trans adduct, two broad absorption 

bands for the 2, 2 •-dipyridyl adduct and three bands for the 1,10-

phenanthroline adduct (19). In addition, they have shown that the 

silicon tetrachloride and tetrabromide adducts of pyridine (viz. 

SiC14 • 2Py and SiBr4 • 2Py) have the cis-octahedral structure (36). The se 

resulta were based on a comparison of the infrared spectra of these 

adducts with those of the corresponding 1,10-phenanthroline and 2,2•

dipyridyl adducts. 

Clark (37) has studied the infrared spectrum of the 2,2•

dipyridyl adduct of TiCl4 in the CsBr region and round three Ti-Cl 

stretching bands. Similar resulta have been obtained by Gutmann et 

al (38) for a number of adducts of SiF4 wi th various amines including 

2,2 1-dipyriqyl. One Si-F stretching band was observed for the mono

dentate ligand complexes and two for the bidentate ligand complexes. 

Guertin (39) observed two broad bands due to Si-F stretching vibrations 

in the spectrum of the ethylenediamine complex of SiF4. The arnmonia 

adduct of SiF4, on the other hand, showed onlY one Si-F stretching 

frequency (28). 

srmmetry properties of molecules and ions are an invaluable 

aid in the study of infrared and Raman spectroscopy. A great deal of 
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useful information can be gained from considerations of molecular 

geometry and s.ymmetry (40). For example, the number of fundamental 

frequencies, their degeneracies, and the shapes of the normal modes 

corresponding to each frequency can be determined. In addition, the 

selection rules for bath infrared and Raman spectra, covering the over

tone and combination frequencies as well as the fundamentals, can 

readily be obtained from a s,ymmetry analysis. The magnitudes of the 

frequency and the amplitude of a given vibration, however, cannot be 

derived from symmetry alone, although the use of ~etry greatly re

duces the difficulties in calculating these quantities. 

The present study will be concerned firstly with the deter

mination of the metal-halogen vibrational frequencies, and secondly, 

utilizing these frequencies, with the determination of the structures 

of the complexes. The use of infrared absorption measurements in dif

ferentiating between cis and trans octahedral adducts has been demon

strated recently by Beattie et al {19, 36) who have shown the existence 

of cis-SiCl4•2Py, trans-GeCl4•2Py and trans-SnCl4•2Py. In the present 

study, attempts will be made to explain these and other experimental 

results on the basis of symmetry and group theoretical considerations. 

A full symmetry analysis of the cis and trans isomers of the 

Group IV tetrahalide complexes will be described and comparisons of 

the sym~etry predictions and the experimental resulta will be shown. 

Assignments of the infrared absorption frequencies will be made and 

then utilized in determining the stereochemistry of the pyridine, iso

quinoline, 2,2 1-dipyridyl and tetramethylethylenediamine adducts of 

the fluorides, chlorides and bromides of tetracovalent silicon and 

germanium. 
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EXPERIMENTAL 

The following electron-pair donors (Lewis bases) were 

used in reactions vd. th the tetrahalides (Lewis ac ids): pyridine 

(:Fy), isoquinoline (IQ), 2,2'-dipyridyl (dipy), tetramethylethylene

diamine (enMe4), dimethyl formamide (DHF), triethylamine (EtJN), 

dimethyl aniline (DMA), N-methyl pyrrole (MP) and pyrrole (Pyr.), 

and the following reactions were studied: 

Silicon tetrafluoride (Sif4) with IQ, dipy and fYr• 

Silicon tetrachloride (SiC14) with P,y, IQ, dipy 

Silicon tetrabromide (SiBr4) with P.y, IQ, dipy 

Germanium tetrafluoride (GeF4 ) with Py, IQ, dipy, enMe4 

Germanium tetrachloride (GeCl4) with all bases except pyrrole 

Germanium tetrabromide (GeBr4) with Py, IQ, dipy. 

Purification of ~~terials 

(1) Lewis Bases 

All Lewis bases, except 2, 2 t-dipyridyl, were distilled 

(usually twice) from calcium hydride in an atmosphere of dry nitrogen. 

The use of nitrogen was especially necessary in the distillation of 

isoquinoline which oxidizes in air even at room temperature. In all 

cases, the boiling points were in close agreement with those given in 

the literature. It was not necessary to purif,y the 21 21-dipyridyl 

because i ts mel ting point (70-71 °) compared favourably wi th the 

literature value of 69.7° (41) and an infrared spectrum revealed no 

impurities. 

(2) Lewis Acids 

Of the six Lewis acids, three were used directly and three 



-11-

were purified. Those used directly were GeCl4 (Germanium Research 

Institute-Electronic grade), GeBr4 (Chemicals Procurement-99.999%) 

and SiBr4 (Anderson-Purified). Silicon tetrachloride (Fisher-Practical) 

was distilled twice from copper turnings. The boiling point was 57.0-

57.30 compared to the literature value of 57.57° (42). 

Silicon tetrafiuoride (Hatheson), a gas at room temperature, 

was purified by first bubbling it through concentrated sulphuric acid 

and then through a -78°C trap. Its puri ty was checked by vapeur 

pressure and molecular weight measurements. 

Germanium tetrafluoride was prepared by the thermal decom

position of barium hexafluogermanate according to the method of Dennis 

(43). It was purified in a vacuum system as follows. The bulk of any 

SiF4 impurity was removed from crude Gef4 by several distillations 

at -13oPC. The residue of the first distillation was then condensed at 

-96°c with repeated flashing off of the vapeurs. An infrared spectrum 

of the purified GeF4' measured in a gas cell equipped with KEr windows, 

was identical with that of a pure sample. 

(3) Solvents 

Carbon tetrachloride, benzene and n-hexane, used as solvents 

for the various preparations, were dried over calcium hydride and then 

fractionally distilled. 

Preparations of Adducts 

The free tetrahalides of Group IV and their addition compounds 

are very hygroscopie. To prevent hydrolysis all manipulations of ~ 

and their adducts were carried out in a dry box containing dry nitrogen 

or, for gaseous MX4 compounds, in a high vacuum system. In addition, 

equipment such as flasks, syringes, etc., were thoroughly dried prior 

to use. 
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(1) Precipitation from Solution 

Adducts of Si014, SiBr4, GeC14 and GeBr4 were prepared by 

adding solutions of the Lewis acid to solutions of the Lewis base. 

The concentration of each solution was such as to insure a slight 

excess of base and to yield 2 to 3 g. of complex. 

Upon combining the two solutions, immediate precipitation 

of white solids occurred except in the case of the GeBr4 adducts 

all of which were pale yellow. The precipitates were filtered on 

scintered glass funnels in the ~ box and washed with pure solvent 

and in some cases wi th anhydrous ether. They were dried by suction 

using an oil pump equipped with a liquid air trap. This method of pre

paration was simple and c onvenient. 

The complex salt, caesium hexachlorogermanate (Cs2GeC16) was 

prepared from Ge014 and CsCl according to the method of Fialkov (44). 

(2) Silicon Tetra~~?ride Bubbling 

Adducts of silicon tetrafluoride l'li th 2, 2 • -dipyridyl and 

isoquinoline were obtained by bubbling purified SiF4 into n-hexane 

solutions of the base. The concentrations of the solutions were adjusted 

to yield approximately one gram of complex. The white precipitates ob

tained in each case were filtered in the dry box as previously described. 

(3) Germanium Tetrafluoride Condensation 

Adducts between GeF4 and 2,2•-dipyridyl, isoquinoline and 

tetramethylethylenediamine were prepared in a high vacuum s.ystem by con

densation of the Lewis acid onto a n-hexane solution of the base. 

r~rmanium tetrafluoride was condensed at liquid air temperature and the 

mixture was allowed to warm to -450 at which temperature a precipitate 

was observed. The system was recooled with liquid air and then slowly 
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warmed to room temperature to insure complete consu."'lption of GeF4 • 

In the preparations of Gefh ·dipy and GeF4 •enMe4, sol vent 

and any unreacted fluoride were removed by pumping in the vacuum 

~stem. The solid product was then removed from the reaction flask 

in the dry box. The infrared spectrum of the GeF4 •dipy complex 

showed the presence of a small amount of unreacted (free) ligand. 

The spectrum of the GeF4•enMe4 complex, on the other hand, revealed 

that there was no excess base in the sample. The GepU2IQ adduct was 

separated from the solvent and any unreacted starting material by 

filtration in the dry box. 

Chemical Analysis 

Halogen determinations were done on nost of the complexes. 

The fluorine content of SiF4•2IQ and SifU•dipy was obtained according 

to the method of Belcher (45). Potentiometric titrations using a 

silver-silver halide electrode and standard silver nitrate were done 

on the chloride and bromide adducts. Since pyridine and other strong 

Lewis bases readily comulex ldth silver ion and thus interfere with 

the analysis, it was necessar.y to remove these ligands before titrat

ing with silver nitrate. 

A weighed sample of the material to be an~sed was carefU11Y 

dissolved in water. The solution was made alkaline with potassium 

hydroxide and then heated to just below the boiling point for a few 

hours. During the heating process (a form of steam distillation) the 

characteristic odours of the ligands were observed, strongly at first 

and then gradually disappearing. eydrolysis occurred as follmvs, 

MX4 • 21 + 2H20 

2LHX + 2HX+ 4KOH 

) 

) 

M02 + 2LHX + 2HX 

4KX + 2L + UH20 
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where LHX is the amine hydrohalide. The resulting solution of 

potassium halide was acidified to a pH of 4-S and titrated with stan-

dard silver nitrate solution. 

Infrared Spectra 

A Perkin-Elmer Infracord double-bearn spectrometer equipped 

with sodium chloride optics was used to record spectra of all com

pounds over the frequency range 3800-6So-~ A dual-grating Perkin

Elmer model 421 spectrometer was also used over this range when higher 

resolution and accuracy were required. Calibration of the instruments 

was checked using a standard polystyrene film. For the low wavenumber 

spectra, 714-263 cm-~, the model 421 was equipped with caesium bromide 

optics. Prior to measurement of a spectrum in this range, the instru-

ment was thoroughly nushed out with dry air, using a compressor pump 

and "Drierite" and silica gel columns. This was necessary to ma.intain 

the lowest possible concentration of water vapour in order to minimize 

infrared energy loss and to provide additional protection for the 

caesium bromide prism. 

Spectra were obtained as nujol mulls spread between sodium 

chloride plates in the high frequency range and between caesi~~ bromide 

plates in the low frequency range. Samples were prepared in the dry 

box. To protect the caesium bromide plates (which are easily scratched 

and readily susceptible to hydrolysis), thin films of polyethylene 

(Dow Chemical co. 11Handiwrap 11 ) were used. This material shows no ab

sorption bands below 700 cm-t and permits approximately 75-80% 

transmittance. In addition, it is inexpensive and convenient to use 

with nujol mulla. 
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The spectra of a few complexes were measured as KBr 

dises. Thin dises of infrared quality KBr have a useful frequency 

1. -1 -1 range from q000 cm • to 26.3 cm • although increased absorption was 

-1 observed near .300 cm • However, such dises showed weak absorption 

bands at 3400 and 1650 cm-!, due to water, which is almost im

possible to remove completely. 

The spectra of all ligands, except 2, 2 '-dipyridyl, were 

obtained as liquid capillary films between sodium chloride and 

caesium bromide plates. The nujol mull technique was used for 

2,2'-dipyridyl. 

Spectra of the complexes in dilute solutions were not 

obtained because of their low solubility in inert organic solvents 

and spectra as thin sublimed solid films were not obtained because 

of a lack of a suitable low temperature infrared cell. 
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RESULTS 

General Resulta 

Table I contains the analytical resulta of those complexes 

for which halogen determinations were done, and the infrared resulta 

(NaCl region) of all the adducts. The term ttgood spectrum11 sig

nifies that the spectrum compares well ldth that of the free ligand 

and the corresponding GeCl4 adduct (which becauae of the good analy

tical data, was taken as a standard of comparison) and shows no 
-1 bands around 2500 cm • due to the hydrolysis product - the amine 

hydrohalide salt. 

Nuttall et al (46) observed a strong absorption band in the 

spectrum pyridinium chloride at 2450 cm-~ and in the spectrum of 

the corresponding bromide at 2650 cm-! These bands are due to the 

N-H stretching vibration and the difference in frequency between the 

chloride and the bromide was attributed to stronger hydrogen bonding 

in the chloride salt. 

In this -work the hydrobromide salts of isoquinoline and 

2,2'-dipyridyl were prepared and their spectra showed strong absorp

tion bands at 2640 cm-~ and 2580 cm-~, respectively. In the spectra 

of SiBru•2IQ and GeBru•2IQ there was a strong band at 2640 cm-! and 

-1 in the spectrum of SiBr4 •dipy, there was a band at 2580 cm • , 

indicating the presence of hydrolysis product impurities. For this 

reason, spectra in the CsBr region of the two amine hydrobromides 

were measured and in this way the infrared bands due to hydro halide 

impurities in the spectra of the complexes were identified and 

accounted for. 

If a coordination compound is being reported for the first 

time, the word 11newn apnears in the reference column in Table I. 

If an adduct has been prepared before, the literature reference is given. 
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TABLE I 

Analytical and Infracord Results 

% Halogen General 
Complex Content Infrared Reference 

Found Cale. 
Results 

SiF4"2!Q 28.93 29.19 Good Spectrum 47 

SiF4•dipy 20.23 20.97 " Il 38 

SiCl4 • 2Py 42.60 43.22 Il Il 48 

SiC14•2IQ 32.84 33.11 Il Il 47 

SiC14•dipy 41.65 43.47 Il Il 47 

SiBr4•2Py 63.19 " Il 36 

SiBr4• 2IQ 52.76 Con tains Some H."P.* 47 

SiBr4•dipy 63.45 Il Il Il 47 

GeF4•2Py 24.77 Good Spectrum 49 

GeF4•2IQ 18.68 Il " New 

Gef4•dipy 24.93 " Il New 

GeF4•enUe4 28.70 Unknown ** New 

GeClh "2Py 37·95 37.98 Standard 5o 

GeClh•2IQ 29.97 30.02 Il New 

Gecl4•ctipy 38.30 38.27 " 51 

GeCl4 •enMe4 42-35 42.91 Unknown iHE- New 

GeCl4•20MF 39.16 39.33 Standard New 

GeBr4•2Py 57.10 58.08 Good Spectrum 51 

GeBr4"2IQ 48.18 49.12 Contains Sorœ H. P.* New 

GeBr4•dipy 57.85 58.26 Good Spectrum 51 

*H.P. = I{rdrolysis product. Spectrum shows sorne bands due to the 
awine-hydrobromide. 1 **Complex spectrum around 25uo cm-. for GeF4•enMe4 and GeCl4•enHe4· 
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In addition to the new compounds listed in Table I, 

the following new s,ystems were investigated and found to produce 

no addition compound when the reactants were added together in an 

inert solvant at room temperature: 

Siyt 

GeC14 

GeClu 

GeC14 

pyrrole 

triethylamine 

N,N-Dimethylaniline 

N-methylpyrrole 

These resulta are in agreement with those of Beattie and Webster (52) 

who obtained no adduct in the SiCl4-triethylamine system, and Piper 

and :tochow ( 28) who obtained no adduct in the SiCl4-N, N-dimethylaniline 

system. 

Infrared Resul ts 

The infrared spectra, in the CsBr region, of all the adducts 

listed in Table I are shawn in Figures 1-7· The spectrum of SiFL.-2P.r 

(Figure 1), taken from Guertin (39), has been included for comparison. 

In addition, the spectra in the NaCl region of the adducts, SiFL.·2IQ 

and SiF4•dipy, are shown in Figure 8. Following each figure is a 

table containing the infrared band assignments of each spectrum. 
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FIGURE 1 

Infrared Spectra of the Pyridine Adducts of SiX4 

The Spectrum of Sif4 •2Py is that of Guertin (39). 
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TABLE II 

Infrared Bands of SiX4 • 2Py 

SiF4•2Py 
wavelength (Microns) Assignment 

14.78 s ligand 
15.27 m Il 

16.52 w Il 

21.10 VS Si-F deformation 
21.40 VS Ligand 
25.20 w Il 

SiC14•2Py 

Wavelength (Microns) 

14.79 s Ligand 
15.32 rn " 16.50 vw Il 

20.75 vs Si-Cl stretch 
21.50 VS ligand 
24.25 vs Si-Cl stretch 
25.90 vs Il Il 

33.65 w Unassigned* 

*See page 49 of the Discussion. 

SiBr4 •2Py 
wavelength (•.ücrons) 

14.89 s Ligand 
15.46 m Il 

16.60 vw Il 

20.45 w Unassigned 
21.28 s Ligand 
23-90 s Si-Br stretch 
27.15 s Il tl 

28.60 s Il Il 
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FIGURE 2 

Infrared Spectra of the Pyridine Adducts of GeX4 
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TABLE III 

Infrared Bands of GeX4•2P,y 

GeF4•2P,y 

Wavelength (Microns) 

14.76 s 
15.40 m 
16.28 vs 
22.13 m 
JO.JO vs br. 
Jl. 70 vs br. 
JJ.20 VS br. 

GeCl4•2Py 

Wavelength (Microns) 

14.70 s 
15.35 rn 
16.25 w 
22.20 s 
25.20 w 
)0.60 s br. 

wavelength (Microns) 

14.86 s 
15.60 rn 
16.60 w 
22.42 s 
J0.40 w 
J5.4o vs br. 

Assignment 

Ligand 
Il 

Ge-F stretch 
Ligand 

~see page 51 for the dis
(Cussion of these bands 

Ligand 
Il 

" 
" Il 

Ge-Cl stretch 

Ligand 
Il 

Il 

" Unassigned* 
G-Br stretch 

*See page 52 for a discussion of this band. 
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FIGURE 3 

Infrared Spectra of the Isoquinoline Adducts of SiX4 
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TABLE DT 

Infrared Bands of SiX4 • 2IQ 

SiF4•2IQ 

wavelength 
lh.70 
15.60 
16.28 
17.65 
19.25 
20.40 
21.05 
21.66 
22.28 
26.43 
29.00 

SiC14 •2IQ 

wavelength 

15.60 
17.85 
19.10 
20.08 
21.75 
22.50 
25.25 
27.00 
29.50 

SiBr4•2IQ 

wavelength 
15.62 
16.10 
17.95 
19.60 
20.20 
21.07 
22.55 
25.10 
25.60 
26.65 
27.92 
28.80 

(l'fierons) 
w 
B 

w 
s 
w 
vs br 
vs 
8 

w 
w 
vw 

(Microns) 

m 
m 
w 
vs 
VS 
w 
s 
VS 
vw 

(l;ticrons) 
w 
w 
w 
m 
w 
s 
m 
w 
w 
w 
m 
m 

Assignment 
Ligand 

Il 

Il 

!1 

Il 

Ligand + Si-F deformation 
Ligand 

Il 

If 

Il 

tl 

Ligand 
Il 

Il 

lt 

Il 

Il 

Il 

Si-Cl stretch 
Ligand 

Ligand 
HYdrolysis Product 
Ligand 
nydrolysis Product 
Ligand 
nydrolysis Product 
Ligand 

Il 

Rfdrolysis Product 
Ligand 
Hydrolysis Product 
Si-Br stretch 
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FIGURE 4 

Infrared Spectra of the Isoquinoline Adducts of GeX4 
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TABLE V 

Infrared Bands of GeX4·2IQ 

GeF4•2IQ 

Wavelength (:Microns) Assignment 

15.70 s Ligand 
16.25 vs Ge-F stretch 
18.05 m Ligand 
20.70 s Il 

21.22 s " 21.70 w tl 

24.80 w Il 

26.00 w Il 

29.70 vs br !••• page 57 for discussion 31.20 VS br 
32.20 VS br of these bands. 

~Cl4•2IQ 

wavelength (Microns) 

15.80 m Ligand 
16.05 w Il 

18.50 m Il 

19.60 m Il 

20.68 s Ligand 
21.35 s " 22.00 w " 25.20 m Il 

30.10 vs br Ge-Cl stretch 
32.30 m Unassigned 
36.40 w " 

GeBr4•2IQ 

Wavelength (:Microns) 

15.70 w Ligand 
15.85 w !1 

16.10 w Hydrolysis Product 
18.55 w Ligand 
19.62 m Hydrolysis Product 
20.80 m Ligand 
21.10 s Hydrolysis Product 
21.40 m Ligand 
25.25 w Il 

25.70 vw Hydrolysis Product 
27.95 m Il Il 

30.30 m Unassigned* 
36.90 m Ge-Br stretch 

*See page 52 for the discussion of this band. 
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FIGURE 5 

Infrared Spectra of the 2,2•-Dipyridyl Adducts of SiX4 
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TABLE VI 

Infrared Bands of SiX4•dipy 

wavelength (lncrons) 

15.o6 w 
15.62 w 
17.10 8 

18.40 w 
20.25 s 
21.75 vs 
20.00 vs 
23.18 s 
23.80 s 
25.20 VS 
26.65 VS 
28.55 w 
32.05 w 
33.00 w 

*See page 59 for discussion of these bands. 

wavelength (lücrons) 

15.oo w 
15.40 w 
16.17 w 
20.60 s 
21.15 s 
23.20 vs 
23.55 VS 
23.85 s 

SiBr4•dipy 

Wavelength (Microns) 

15.oo w 
15.33 w 
16.10 rn 
18.65 w 
21.15 s 
23.25 VS 
24.oo s 
25.70 s 
27.60 s br 

Assignment 

Ligand 
" Si-F stretch 

Ligand 
Si-F deformation 
Ligand 
Si-F deformation 

Il Il 

Ligand 
Si-F deformation 
Unassigned-:<-

n 
Il 

Il 

Ligand 
ft 

Il 

Il 

Si-Cl stretch 
Il Il 

Il " Ligand 

Ligand 
fi 

" Il 

Il 

Si-Br stretch 
Ligand 
Si-Br stretch 

Il Il 
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FIGURE 6 

Infrared Spectra of the 2,2 1-Dipyridyl Adducts of GeX4 
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TABLE VII 

Infrared Bands of GeX4 •d.ipy 

GeF4•dipy 

wave1ength (Microns) 

15.07 m 
15.35 m 
15.80 s 
16.17 VS 

16.40 s 
18.85 w 
20.90 \Y 

21.65 m 
24.05 m 
25.20 vr 
26.60 w 
30.00 VS br 
34.35 vs 

GeCl4•dipy 

wavelength (Microns) 

15.20 w 
15.48 w 
21.80 m 
24.00 m 
29.75 s 
30.60 s 
33.70 m 

GeBr4•dipy 

Wave1ength (Microns) 

15.30 w 
15.62 w 
16.22 vw 
22.05 m 
24.10 m 
34.40 s br 

Assignment 

Ligand 
Il 

Ge-F stretch 
Il Il 

Il Il 

Il Il 

Ligand 
Il 

Il 

Free ligand impuri ty 
Ligand 
Ge-F deformation 

Il Il 

Ligand 
n 
Il 

Il 

Ge-Cl stretch 
Il Il 

Il Il 

Ligand 
Il 

Il 

Il 

Il 

Ge-Br stretch 
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FIGURE 7 

Infrared Spectra of the Adducts 

GeF4•enMe4 

GeClL. • en~~e4 

GeCl4•2DMF 
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TABLE VIII 

Infrared Bands of GeF4•enMe4, GeCl4 •enMe4 and GeCl4•2DMF 

GeF4 • en1.~4 

Wavelength (Microns) Assigrunent 

16.25 vs Ge-F stretch 
16.55 VS Il Il 

16.80 VS Il Il 

18.50 m " Il 

20.00 w Ligand 
22.45 w " 24.90 w Il 

29.50 s r~-F deformation 
31.00 s Il " 32.00 s br " Il 

GeCl4•enMe4 

Wavelength (Microns) 
16.80 w Ligand 
18.75 w " 19.40 w fi 

19.96 w Il 

22.13 m Il 

24.95 m tl 

30.30 VS Ge-Cl stretch 
31.50 VS br Il Il 

34.80 s Il Il 

GeCl4•2DMF 

wavelength (Microns) 

14.20 VS Ligand 
15.20 w Il 

23.80 vs Il 

24.40 VS Il 

29.65 VS br Ge-Cl stretch 
35.50 m Unassigned 
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FIGURE 8 

Infrared Spectra in the NaGl Region of the Adducts 

SiF4 •2IQ 

SiF4•dipy 
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TABLE IX 

Infrared Bands of SiF4•2IQ and SiF4•dipy from 

~ -1 -1 8/0 cm • to 700 cm • 

SiF4•2IQ 

Frequency ( cm-} ) Assignment 

840 s Ligand 
835 s Il 

795 s Si-F stretch 
770 w Ligand 
745 s n 

740 m Il 

SiF4•dipy 

( 
-1 

) Frequency cm • 

830 vw Ligand 
795 s Si-F stretch 
772 s Ligand 
765 vs Si-F stretch 
742 VS " n 

728 s Ligand 
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FIGURE 9 

Infrared Spectra of the Ligands in 

the CsBr Region 

Legend 

Py = Pyridine 

IQ ;;;: Isoquinoline 

dipy = 2,2•-dipyridyl 

enMe4 = Tetramethylethylenediamine 

DMF = Dimethylformamide 
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TABLE X 

Infrared Bands of Free Ligands* 

Pyridine (Py) 

J.4.40 VS 

16.75 m 
24.90 m 

Isoquinoline (IQ) 
15.74 m 
19.20 w 
19.88 w 
20.85 s 
26.45 w 

2,2 1-Di.pyridyl (dipy) 
15.50 m 
16.25 m 
23.45 w 
25.oo s 

Tetramethylethylenediamine (erüJe4) 

19.60 w 

*Values in microns 

20.20 w 
22.60 w 
25.50 m 
28.90 w 
29.60 w 

Di.r.J.ethylformarnide (DUF) 
15.42 s 
28.75 s 
31.50 s 
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Table XI contains a list of the trans-~•21 adducts 

together with their lk-X stretching frequencies. These adducts, as 

discussed in the s.ymmetry analysis (Appendix I), belong to the point 

group !th and the M-X stretching modes have the symmetry type Eu. 
Table XII contains the cis-!~-21 adducts and the adducts of 

bidentate ligands together w.i. th their M-X stretching fundarnentals. 

These compounds belong to the point group C2v and the three M-X 

stretching fundamentals of each adduct have the symmetry types A1, 

B1 and B2• A full discussion of the spectral interpretations and band 

assignments will be given in the Discussion and the results of a sym

metry analysis are found in Appendix I. 

TABLE XI 

M-X Stretching Fundamentals of Trans Adducts 

Adduct M-X ;vavelength Frequency 
Bond Microns cm-l 

siF4 • 2Py(a) Si-F 13.42 795 

SiF4•2IQ Si-F 13.38 793 

Sicl4•2IQ Si-Cl 27.00 370 

SiBr4•2IQ Si-Br 28.80 348 

aeF4 ·2Py Oe-F 16.28 615 

Gef4•2IQ Ge-F 16.25 615 

Gec14•2:py Ge-Cl 30.60 327 

GeC14•2IQ Ge-Cl 30.10 332 

GeCI4•2DMF Ge-Cl 29.65 337 

GeBr4•2Py Ge-Br 35.40 282 

GeBr4•2IQ Ge-Br 36.90 271 

(a)after Guertin (39) 

Figure 

8 

3 

3 

2 

4 

2 

4 

6 

2 

4 
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In addition to the stretching fundamentals given in 

Tables XI and XII, the spectra of the tetrafluoride complexes 

show ether absorption bands due to H-F vibrations. The spectra of 

trans-SiF4-2Py (Figure 1) and trans-SiF4 •2IQ (Figure 3) contain 

strong bands at 21.10 microns (474 cm-~) and 20.40 microns 
-1 (490 cm .) respectively. These bands have been assigned to the 

Si-F deformation modes of sy:mrnetry type Eu· In the case of the cis

SiF4-dipy adduct (Figure 5) there are a large nurnber of Si-F bands 

in the CsBr region and una~biguous assignments of these are not 

possible. A sirnilar situation arises in the spectra of all the corn-

plexes of GeF4 in the vicinity of 31 microns. These results will be 

considered in more detail in the Discussion. 
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TABLE XII 

M-X Stretching Fundamentals of Cis Adducts 

Adduct lVI-X wavelength Frequency 
Figure Microns cm-~ 

Sif4.dipy Si-F 13.42 795 
lh.92 765 
14.51 742 

SiCl4 •2Py Si-Cl 20.75 482 
24.25 412 1 
25.90 386 

SiCl4•dipy Si-Cl 21.15 474 
23.20 431 5 
23.55 425 

SiBr4·2Py Si-Br 2390 419 
27.15 369 1 
28.60 350 

SiBr4•dipy Si-3r 23.25 h30 
25.70 389 
27.60 362 

GeF4•àipy Ge-F 1).Ro {)JJ 
16.17 619 6 
16.40 610 

GeF4•enMe4 Ge-F 16.25 615 
16.55 605 7 
16.Ro 595 

aec14•dipy Ge-Cl 29.75 336 
30.60 327 6 
33.70 296 

Gec14 •enHeu Ge-Cl 30.30 330 
31.50 318 7 
34.80 288 

!:'xeBr4 •dipy Ge-Br 34.40 291 6 
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Spectral Comparisons 

This section will deal with three infrared spectral 

comparisons: (i) the spectra of GeCl4 • 2Dt1F and free dimethyl 

formamide; (ii) the spectra in the NaCl region, of adducts of 

pyridine, isoquinoline and 2,2•-dipyridyl compared to the free 

bases; (iii) the spectra in the CsBr region of pyridine adducts of 

J.Dr4, including tin adducts (data taken from Beattie et al (19, 36). 

The Adduct GeCl4•2D~AF 

In order to obtain a stable oxygen-donor adduct, it was 

decided to attempt the preparation of the di~ethyl formamide com

plex of r~c14. As mentioned in the introduction, this ligand can 

coordinate through the oxygen atom or the nitrogen atom. With 

titanium tetrachloride (27) and silicon tetrafluoride (28), coor

dination takes·place through the oxygen atom. 

With GeCl4, a white solid, analysed as GeClL.•2DMF, was 

obtained. The infrared results showed that the carbonyl stretching 
-1 

frequency of the adduct was 1650 cm • The free base carbonyl 

stretching frequency is 1676 cm-! (27) showing a decrease of 26 

cm-! due to coordination. ~nis decrease, like the similar decrease 

in mlF complexes of TiC14 and SiF4, strongly suggests that bonding 

to the germanium atom occurs through the oxygen atom. 

Pyridine, Isoquinoline and 2,2•-Dipyridyl Adducts 

As observed by Hulme (17) and Gill (53), the infrared 

spectra in the NaCl region of the pyridine adducts of ~.c\4 are all 

very similar to each other and to the free base. The sal'!le similar-

ities were observed in the spectra of isoquinoline and 2,2•-dipyridyl 

adducts. 
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There were some small changes in the spectra of the bases 

on coordination. One region of the spectrum that showed sorne regular 

changes was that between 700 and BOO cm-~ where, in aromatic systems, the 

out-of-plane carbon-hydrogen deformation vibrations occur (54). 

Table XIII shmvs the frequencies of the C-H out-of-plane 

deformation modes of the adducts of pyridine, isoquinoline and 2,2•

dipyridyl, to~ether with those of the free bases. The positions and 

intensities of these bands label them as these C-H modes and, moreover, 

a complete infrared analysis of pyridine has shown that both the 
-1 -1 

748 cm • and 705 cm • bands are due to this kind of vibration (55). 

TABLE XIII 

C-H Out-of-Plane Deformation Frequencies* 

Ugand Free Base Adduct 

748 760 
Pyridine 

705 675 

Isoquinoline 740 755 

754 775 
2,2•-Dipyridyl 

737 722 

. ~ *Frequenc1es expressed in cm • 

From the table, it is evident that on coordination to MX4, 

sorne of these frequencies increase while others decrease. These 

results agree with those of Hulme (17) on the pyridine ~stems, and 

with Shilt and Taylor (56) and Clark (37) on the 21 2'-dipyridyl systems. 
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CsBr Spectra of Pyridine Adducts 

In the spectra of the pyridine adducts of SiX4 (Figure 1) 

there is a strong band around 21.40 microns (467 cm-!) and in those 

of GeX4 (Figure 2) around 22.20 microns (450 cm-!) which is due to 

a ligand vibration. Beattie et al (19, 36) have observed similar 

resulta and, in addition, observed that for the tin tetrahalide 

adducts of pyridine, this band occtœs near 23.25 microns (430 cm-~). 

4 -1 . The free base has a moderately intense band at 03 cm • wh1ch has 

been interpreted as a skeletal vibration and has been labeled, 

\1l6b (55). This assignment has been applied to the above mentioned 

bands in the spectra of the adducts. 

Table XIV contains the values of \116b for a number of MX4 

adducts of pyridine. Figure 10 shows a plot of \116b against the 

atomic weight of M. 



• 

Lewis 
Ac id 

SiF4 

SiC14 

SiBr4 

*Sii4 (a) 

Ge FU 
GeCl4 

GeBr4 

SnCl4 (a) 

Sni4 (a) 

CH3SnCl3 (a) 

*Occurs as Sii4•uPy 

(a) after Beattie 

- LJ-

TABLE XIV' 

Wave1ength 
Microns 

21.40 

21.50 

21.28 

21.52 

22.13 

22.20 

22.42 

23.20 

23.40 

23.40 

467 

465 

h69 

h65 

452 

450 

446 

431 

427 

428 
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FIGURE 10 

Graph Show.i.ng the Frequency, \116b' of 

P,yridine in Coordination Compounds of 

Silicon, Germanium and Tin Tetrachlorides 

Plotted Against the Atomic Weight of the Metal 
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DISCUSSION OF RESULTS 

The infrared spectroscopie measurements of the metal

halogen stretching frequencies, which are listed in Tables XI and 

XII, show that all the adducts of bidentate ligands and the 

pyridine adducts of SiC14 and SiBr4 possess the cis-octahedral 

structure. The other pyridine adducts, including SiF4 • 2Py, and the 

isoquinoline adducts have the trans-octahedral structure. 

This discussion will consider the above conclusions con

cerning the preferred stereochemistry of the addition compounds of 

silicon and germanium tetrahalides. The infrared absorption band 

assignments, which are given in Tables II to IX, will be fullY dis

cussed and alternate assignments of sorne of the bands will be con

sidered because in some instances it was not possible to unequivocally 

assign a given band. 

The symrnetry properties of the adducts have played a major 

role in the infrared band assignments and in the differentiation 

betvreen the cis and trans isomers. 'l'he syr.xnetry analysis, given in 

the Appendix shows that the trans adducts (D4h s~nmetry) have one 

doubly-degenerate metal-halogen stretching fundamental which is 

infrared active while the cis adducts (C2v s~etry) have four non

degenerate metal-halogen infrared active stretching fundamentals. 

Schematic diagrams of these M-X stretching modes are shOY;n in Figures 

ll and 12 on pages 80 and 81 of the Apnendix. In addition, all the 

vibrational fundamentals of the cis and trans isomers are listed in 

Table XVII on page 77 of the Appendix. 

The selection rules used in the syr.xnetry analysis, however, 

are strictly valid for the spectra of materials in the vapeur phase 

or in dilute solution. All the snectra shawn in Figures 1 to 8 were 
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obtained froo crystalline compounds and hence, as discussed in the 

~~etry analysis, solid state interactions complicate the interpreta

tions of the measured spectra. Solid state effects are apparent in 

some spectra and these will be considered in the discussions to follow. 

Another tool of group theory that has proven invaluable in 

the interpretation of spectra has been the Correlation Tables (57). 

In such a table, the irreducible representations of high ff,fmffietry 

groups are related to tho se of groups of lower symmetry. Thus the fun

damental vibrational frequencies of the hexahalo complex ions of Group 

IV (i.e. MXt(2) which have a symrnetrical octahedral structure and belong 

to the point group, ÛJl' can be related to the fundamental M-X vibrations 

of the trans (Duh) and cis ( C2v) octahedral adducts of MXU. This will 

be done to show the origin of the M-X bands in the spectra of the 

adducts. 

The infrared and Raman spectroscopie resulta of a number of 

Group IV hexahalo anions are listed in Table xv. The notation used for 

the frequencies is taken from Nakamoto (58). The Flu bands are infrared 

active: ~ 3 is considered to be a stretching frequency and \14 a defor

mation frequency. The Alg' Eg and F2g are Raman active: \J 1 is the 

totally symmetrical stretching frequency, VI 2 is a doubly degenerate 

stretching frequency and \15 is a triply degenerate deformation 

frequency. The F2u modes are totally inactive. 

Table XV contains a reproduction of part of the Correlation 

Table of the point group, ÜJI' taken from Cotton (57). 
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TABLE XY 
-? 

Fundal'!lental Vibrational Frequencies of l.~ -* 

Anion Alg Eg Flu Flu F2g F2u Reference 
Id, rlz. \13 \1,. \1r \1, 

SiF6-2 656 510 730 480 22, 59, 19 

GeF6-2 627 454 600 350 318 23 

GeCl - 2 
6 308 19 

SnC16 - 2 311 229 294 158 25, 60 

SnBr6-2 185 135 95 25 

*All values reported in cm-~ 

TABLE X:JI 

Correlation Table for ~, D4h and c2v 

ÛJJ. D4h C2v 

Alg Alg Al 

Eg Alg + B].g Al+ A2 

Flu A2u + Eu Al+ B:J.. + B2 

F2g B2g + Eg Al+ ~ + B2 

F2u B2u + Eu A2 + B:J.. + B2 
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The principle is to correlate the fundamental frequencies 

of the :MX6 -2 anions with th ose of the adducts of the corresponding 

11.XQ_. As an example, consider SiF 6- 2• The infrared spectrum of the 

potassium salt, K2SiF6, shows a band at 730 cm-! (59): this is \13. 

The trans adducts of SiF
4 

all possess Si-F fundamental frequencies 

close to this value. The spectrum of Sifh •2IQ (Figure 8) has an 

Si-F absorption band at 793 cm-~ Which from the s,ymmetry analysis 

has been labeled the Eu stretching fundamental. Similarly, the 

adducts of SiF4•2P,y and SiF4•2rn13 possess Eu stretching frequencies 

-1 ~ -1 ) of 795 cm • (39) and 72/ cm • (28 respectively. The correlation 

table shows that the Flu frequency of the '1,. breaks down to Eu 

(and A2u) in ~h. 

Considering the M-X stretching modes in general, there is 

in Oh one infrared active stretching fundamental which is correlated 

to one infrared active M-X stretching fundamental of D4h• On going 

from Oh to C2v, however, Flu breaks down into three infrared active 

M-X stretching modes. In addition, Alg of Dt is correlated to Alg 

of ~h' both modes being infrared inactive. However, this in turn is 

correlated to A1 of C2V which is active in the infrared. Thus one 

expects that the trans adducts will have one M-X stretching fundamental 

frequency in the vicinity of the Flu stretching frequency of MX6-2 and 

the cis adducts will have three. In addition, the cis adducts should 

have a fourth M-X stretch in the infrared with a frequency close to 

that of the Alg mode of la6-2. In the discussion, to follow the 

number of experimentally observed JI-X stretching bands is used to 

distinguish between the cis and trans octahedral structures. 

Pyridine Adducts 

The infrared spectra in the CsBr region of the pyridine 
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adducts of SiX4 and r~X4 are shawn in Figures 1 and 2 respectively. 

Tables II and III contain the wavelengths of the bands together 

with their assignments. The problem is to determine which bands 

are due to metal-halogen or metal-nitrogen vibrations and which are 

due to vibrations entirely within the ligand molecule, i.e. the 

!!ligand bands. n 

The three bands near 15-16 microns in all the spectra 

(except that of GeF4•2P,y) are clearly due to li~and vibrations. 

The frequencies are virtually unaffected by changes in M or x. In 

the silicon tetrahalide complexes there is a strong band around 

21.40 microns which is also assigned to a ligand vibration: the 

~16b of pyridine. The corresponding band in the GeX4•2P,y spectra 

is found near 22.20 microns. This assignment agrees with that of 

Beattie (36) and will be discussed later in more detail under a 

separate heading. 

In connection wi th the M-X vibrations, three defini te 

Si-Cl and Si-Br stretching bands are found in the spectra of 

SiC14 • 2Py and SiBr4 • 2Py. The spectra of the corresponding 2, 2 '

dipyridyl adducts (Figure 5) also show three Si-X stretching 

frequencies. These results also agree with those of Beattie (36) 

who, in addition, observed three Si-Cl bands at 21.05, 22.60 and 

23.55 microns in the spectrum of SiC14-o-phenanthroline. Thus 

the suectroscopic evidence strongly suggests that SiCl4•2Py and 

SiBr4•2P,y possess the cis-octahedral structure. 

In the spectrum of Sic14 ·2Py there is a weak band at 

33.60 microns (297 cm-!) which is not present in the spectra of 

other pyridine adducts. Beattie (36) proposes this is a fourth 
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Si-Cl stretching fundamental. As discussed previously, four tl-X 

stretching fundamentals are expected for cis adducts. However, 

there is no corresponding band in the spectrum of cis-SiCl4•dipy. 

The 33.60 micron band of SiCl4•2Py is tentatively assigned to a 

Si-Cl stretching fundamental but this assignment must await con-

formation. 

The band at 21.10 microns (475 cm-~) in the spectrum of 

SiF
4

•2Py is the doubly degenerate Si-F in-plane deformation fun

damental of Eu sym.r:J.etry. Table XV shows that V/ 4 for SiF 6-2 occurs 

at 480 cm-~ and this fundamental is correlated ta the Eu mode of 

trans-SiF4•2Py. Guertin (39) has also observed the Eu Si-F defor

mation frequency at 475 cm-1 in the spectrum of trans-SiF4•2NHy 

Each of the Flu fundamentals of point group ~ give A2u 

modes in D4h' in addition ta the Eu modes. From the sym.r:J.etry 

analysis it is evident that there are two A2u fundamentals in the 

trans adducts - the M-X out-of-plane deformation and the assymetric 

M-L stretching mode. In general, in-plane deformation vibrations 

occur at higher frequencies than the out-of-plane modes, as, for 

example, in the carbon-hydrogen vibrations of benzene (54). The 

A~1 Si-F d~formation, which is infrared active, very likely occurs 

at frequencies lower than 260 cm-! Beattie et al (36) claim that 

the force constant for the Si-N bond stretching probably small 

and hence the frequency will be low, esnecially YJ:hen the ni trogen 

is part of a heavy ligand molecule. In addition, this vibration 

probably occurs as a very Yreak band, especially in solid state 

spectra, and thus iR not observed, or is wBsked by stronger bands. 
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There is a weak band at 20.45 microns in the spectrum of cis-SiBr4•2Py 

which is completely masked in the spectra of the other SiX4•2P,y 

adducts and which is absent in the spectra of the GeX4•2py adducts. 

This band may be due to one of the two infrared active Si-N stretch

ing modes of the cis adduct but this has not been confinned and the 

band is listed as "unassigned 11 in Table II. 

The spectrum of GeF4•2P,y sho-ws a strong band at 16.28 

microns (61.5 cm-!) due to the Eu Ge-F stretching fundam.ental of a 

trans adduct. This fundamental is correlatedwith the F1u C\13) 
-2 wh' h 1 of GeF6 ~c occurs at 600 cne. (23). The spectrum also reveals, 

however, a broad absorption which is resolved into three bands at 

30.30, 31.70 and 33.20 microns. Table XV shows that \14 of GeF6-2 

occurs at 350 cm-~ or 28.60 microns. For a trans adduct of GeF4, 

there should be one Ge-F deformation fundamental around this frequen

cy, as observed in the trans adducts of SiF4• 

The follo?dng is an attempt to explain the origin of these 

three bands in the spectrum of GeF4•2Py. Solid state or D2h s.rm

metry complications as discussed in the ~~etry analysis, m~ occur 

for this complex, but these should split the fu fundamental into 

two non-degenerate fundamentals, and hence, two bands, closely 

separated, should result. There was no evidence, moreover, that 

the 16.28 micron band, the EU stretching fundamental, was split 

into two bands. It is possible that the A2u Ge-F deformation or 

A2u Ge-N stretching mode, or both, may occur near 30 microns, but 

this has not been verified. Alternately, the co~lex wight have 

the cis structure, and hence a larger number of infrared active 
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fundamentals, but this seems unlikely when the band at 16.28 microns 

in this spectrum is compared wi th the corresponding three absorption 

bands in the soectrum of cis-GeF4•dipy (Figure 6) and cis-GeF4·enMe4 

(Figure 7). 

The spectrum of r~Cl4·2P.Y shows a strong band at 30.60 

microns (327 cm-~) in agreement with t.hat of 330 cm-! obtained by 

Beattie et al (19). This band is due to the Ge-Cl stretching mode 

of 'F-u symmetry of a trans adduct and is correlated wi th \!3 of GeC16-2 

occurring at 308 cm-! (19). The band is not symmetrical and shows 

evidence of splitting into two bands, which, if genuine, is probably 

due to solid state interactions. A second spectrum, at a lower nujol 

mull concentration, showed a more symmetrical band with no evidence 

of splitting. Furthermore, as stated in the introduction of this 

thesis, GeC14•2py has been shown by an X-r~ diffraction analysis to 

possess the trans-octahedral structure (17). 

The corresponding Eu fundamental in the spectrum of GeBr4. 2Py 

occurs at 35.40 microns (282 cm-!). It is interesting to compare the 

half-widths of the three r~-X stretching bands. The spectra are cali

brated linearly in microns and hence the wavelength half-widths for 

Ge-Cl and Ge-Br are much larger than for Ge-F as observed. A calcu

lation of the half-widths in wavenumbers, however, shows that the three 

are very similar: 26 cm-~ for the r~-F band, 35 cm-! for the Ge-Cl 
-1 

band and 20 cm • for the Ge-Br band. 

The only absorption band of the pyridine adducts that has 

not been discussed is the weak one occurring at 30.40 microns in 

the spectrum of GeBr4 • 2Py. There is no band around this wavelength 
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in the spectra of the SiX4 adducts and the region is masked in 

the spectra of the other GeX4•2Py. The band may be due to the 

A2u Ge-N stretching fundamental. There is a weak band at 30.30 

microns in the spectrum of trans-GeBr4 • 2IQ which may be given the 

same assignment. This interpretation is not definite, however, 

and awaits further experimental verification. MOre adducts of 

GeBr4 need to be prepared and their spectra analysed in the CsBr 

region. 

Isoquinoline Adducts 

The spectrum of SiF4-2IQ in the NaCl region is shawn in 

Figure 8. As discussed previously, the strong band at 793 cm-1 

is due to the Eu Si-F stretching fundamental of a trans-octahedral 

adduct. The other absorption bands listed in Table IX are known 

to be ligand bands from a study of spectra of other 1.1X4-isoquino

line adducts in this frequency range and by comparison with the 

spectrum of pure isoquinoline. 

It is interesting to compare the frequencies of the Eu 

stretching modes of SiF4•2Py (795 cm-~), SiF4•2IQ (793 cm-~) and 

SiF4•2NH3 (725 cm-~). The aromatic ligand complexes have signifi

cantly higher values for this frequency than the anmonia adduct. 

The higher frequencies for aromatic base adducts are also observed 

in cis-SiF4•dipy (Fi0~e 5) and cis-SiF4•en (en = ethylenediamine). 

The snectrum of the latter shows two Si-F stretching bands at 740 

and 715 cm-~ (39), one of which is an unresolved doublet. 

The higher values of the Si-F stretching frequencies in 

the aromatic s.ystems are due to greater Si-F stretching force 



- 54 -

constants which in turn i s due to a greater electron densi ty of 

the silicon-fluorine bonds. The problem is to explain Why the 

aromatic ligands product a greater electron density in the Si-F 

bonds than do the aliphatic ligands. This can be explained, at 

least qualitatively, in one of two ways. 

Firstly, if the aromatic ligands form stronger silicon

nitrogen bonds (the coordinate link), then a greater build-up 

of electronic charge at the silicon atom would result. This charge 

build-up would be partly dissipated by the strong electronic at

traction of the electronegative fluorine atoms resulting in an in-

creased charge density in the Si-F bonds. The greater the charge 

centered at the silicon, the greater will be the charge attracted 

by the fluorine atoms. 

The second explanation assumes that the aromatic ligands 

form weaker Si-N bonds than do the aliphatic ligands. This would lead 

to a s~ller electronic charge build-up at silicon in the aromatic 

systems, and this in turn would result in a greater degree of 

p_ -d_ back-bonding from fluorine to silicon. The greater the back-
t\ ,, 

bonding the higher the electron density between the silicon and 

fluorine atoms. 

Al though nei t.her explanation has been verified, there is 

more experimental evidence in support of the second. Yluorine is 

known to have a strong tendenc:r ta undergo supplementary partial 

back-bonding. For example, in the boron halides, flu0rine in BF3 
forms stronger partial double bonds than do chlorine or bromine in 

the corresponding BCl3 and BBr3 (61). In addition, silicon is 

known to be a good back-bonding accepter atom as evidPnced in com-
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pounds like trisilylamine, (SiH3)3N (62). FurthPxmore, in the reaction 

of these bases with protons, ammonia is known to be a stronger base 

than pyridine. The base constant of ammonia is 1.8 x 10-S whereas 

that of pyridine is 2.3 x 10-9 (42). 

There is, however, no direct experimental evidence that 

p _ -d _ back-bonding occurs in the adducts of SiF4. Moreover, both 
1\ ,, 

the pyridine and ammonia adducts have comparable stability as evidenced 

by the following heats of reaction data: 

Sif4(g) + 

Sif4(g) + 

2NHJ(g) -4 SiF4•2NHJ(s) -L1H = 54.6 kcal/mole (63) 

2Py(g) ~ SiF4•2Py(s) -6H = 50.1 kcal/mole (64) 

Thus, the relative basicity towards SiF4 is not of the same magnitude 

as the relative basici ty towards protons. Clearly more experimental 

work is needed. In the first place, more adducts of SiF4 with aromatic 

and aliphatic ligands should be prepared and their infrared spectra 

studied. secondly, there is a need for experimenta, such as measurements 

of heats of formation and heats of dissociation of the adducts, which 

could establish the relative strengths of the coordinate bonds. 

The spectra of the isoquinoline adducts in the CsBr region, 

shown in Figures 3 and 4, present sorne difficulties in their interpre

tation. This is mainly.due to the relatively large number of ligand 

bands found in the spectra of the complexes, and to the fact that the 

relative intensities of sorne of these bands appear to be different in 

different spectra. A.s a result metal-halogen bands, especially in the 

silicon halide adducts, cannot be assigned unequivocally. The spectra 

of SiBrL. • 2IQ and GeBr4 • 2IQ are further complicated by the presence of 

several bands due to the isoquinoline-hydrobromide salt, a hydrolysis 
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product of the addition compound. 

In the spectrum of SiFù•2IQ there is a relatively broad 

absorption band at 20.ùO microns which is not characteristic of 

ligand bands in this spectral region. The spectra~ of SiClù•2IQ 

shows a strong sharp band at 20.08 microns while that of SiBrù•2IQ 

has a band at 20.20 microns. The broad band at 20.40 microns in 

the spectrum of Sif4•2IQ is thus considered to be an unresolved 

doublet containing the above-mentioned ligand band and the Eu Si-F 

deformation fundamental of the trans adduct. As discussed in the 

previous section, the Si-F mode occurs at 21.10 microns in the 

spectrum of the pyridine adduct of SiFù• 

The strong absorption band at 21.05 microns in the SiF4·2IQ 

spectra~ however, might possibly be due to the Si-F deformation 

vibration. This band corresponds more closely to the Eu Si-F defor

mation vibration in the pyridine adduct. However, the 21.05 micron 

band is probably due to a ligand vibration corresponding to the bands 

at 21.75 and 22.55 microns in the spectra of SiC14•2IQ and SiBr4.2IQ 

respectively. There an almost constant shift of about 70-80 

microns toward lonser wavelengths on going from the fluoride to 

chloride to bromide. This suggests that the modes of vibration, al-

though influenced somewhat by the halogens, are the same in each 

adduct. The corresponding ligand band in the spectra of the germanium 

halide adducts occurs between 21.25 and 21.50 microns. 

The spectrum of SiC14•2IQ shows two strong absorption bands 

at 25.25 microns (396 cn11) and 27.00 (370 cm-~). The latter has 

been assigned as the Eu Si-Cl stretching fundamental of the trans

octahedral adduct. The 2).25 micron band is thought to be a ligand 
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band, corresponding to the bands at 26.43 microns for SiF4•2IQ and 

2.5. 20 microns for ('J€Cl4 • 2IQ (Figure 4). However, the intensi ty of 

the 2~.25 dcron band in the SiC14•2IQ spectrum is much greater than 

that of the 26.43 micron band of SiF4. 2IQ and yet the other ligand 

bands in the latter spectrum are more intens~. Perhaps the 25.25 

micron band of SiC14·2IQ is due to an Si-Cl stretching vibration an<' 

the tvvo Si-Cl stretching bands result from solid state splitting of 

the Eu fundamental. 

The Fu LI-X stretching ftmdar:Ientals in the spectra of the 

other complexes occur as follows: SiBr4•2IQ at 28.80, GeF4•2IQ at 

16.25, GeC14•2IQ at 30.10 and GeBr4•2IQ at Y··90 !:l.icrons. The 

spectra of the two bromide adducts are complicated by the presence of 

severaJ. bands due to hydrolysis impuri ty. The se bands were identi fied 

by examining the infrared spectrum of the hydrolysis product, the 

hydrobronrlde salt of isoquinoline. 

As observed in the spectrum of C~F4•2P,y, there are three 

strong absorptions around 30 microns in the spectrum of GeF4•2IQ• 

The previous discussion of these absorption bands in the spectrurn of 

the pyridine adduct of GeF4 also applies to the isoquinoline complex. 

ExaJT.ination of the 16.25 micron band of GeF4•2IQ reveals it is a 

sharp, symrnetrical band, as Ymuld be e.x:pected for the Eu Ge-F stretch-

fmldamental of a trans adduct. 

In the spectrum of GeCl4 • 2IQ there is a weak shoulder at 

32.30 microns. This shoulder may be due to solid state splitting, 

although this was not observed for the pyridine adduct of GeCl4• 

Anoth~r possibili ty is that this sho1üder may be due to the A2u Ge-N 

stretching mode of an adduct with trans symmetl"'J. As nentioned 
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previously, the bands at 30.40 and 30.30 microns in the spectra of 

GeBr4•2Py and GeBr4•2IQ respectively, may be clue to the assyraetric 

1e-N stretching mode. In addition, one of the three bands around 30 

microns in the spectra of the GeF4 aclducts of these ligands may be 

assigned to A2u Ge-!-! stretching. It is likely that for sirnilar 

ligands, the wavelengths of the metal-donor atom stretching vibrations 

would be relatively insensitive to changes in X a.'t'ld L· 

Thus the interpretation of the infrared spectra leads one to 

conclude that all the isoquinoline adclucts possess the trans-octa

hedral structure. The cis adducts of lJ::!CU wi th the bidentate ligands, 

2,2'-dipyridyl and tetramethylethylenediamine show three definite I!.-X 

stretching vibrations. In addition, the pyridine adducts of SiCl4 and 

SiBr4 also have three Si-X stretching fundamentals. This is to be 

compared with the single (and in sorne spectra possibly two) M-X 

stretching fundamentals for the isoquinoline adducts. 

In addition to the infrared evidence, Miller and Onyszchuk 

(64) measured calorimetrically the heats of fornation of the pyridine 

and isoquinoline adducts of LlX4. They found that the magnitude of the 

heats of formation of GeX4·2Py, GeX4•2IQ and SiX4·2IQ followed the 

sequences F >Cl> Br and Ge). Si. The pyridine adducts of SiX4, however, 

showed values in the order of Cl > Br> F and for the chloride and bromide 

eyste::ts, Si> Ge. The anomalously high values for SiCl4 • 2Py and 

SiBr4•2Py were considRred to be due to their existence in cis-octa

hedral form. 

2,2 1-Dipyridyl Adducts 

EX:amination of the spectrum of SiF4•dipy in the NaCl region 

(Figure 8) reveals five strong absorption bands between 800 and 
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-1 and 720 cm • The bands at 772 and 728 cm-~ are li5and bands. This 

is known from studies of the spectra of othP.r MXu •dipy adducts. For 

example SiClu•dipy shows these ligand bands at 775 and 722 cm-~ 
Hence the other three bands in the spectrum of SiF4 .dipy are unques

tionably due to the three Si-F stretching fundamentals of a cis 

adduct. The triplet, correlated with Flu' V! y of SiF6-2 is made up 

of s.ymmetry types Al, B1 and B2· It is not possible, however, to 

assign any one of the three fundamentals to a particular symmetry 

type. 

The fourth Si-F stretching mode, which is correlated with 

A1g, 'dv of SiF6-2, might occur at 17.10 microns (585 cm-~), There 

is a strong absorption band at this wavelength in the spectrum of 

SifU•dipy (Figure 5) which is absent in all the ether 2,2 1-dipyridyl 

adducts. Table XV shows that \11 of SiF6- 2 occurs at 656 cm-~ In 
-1 

ad~~tion, Guertin (39) obtained a moderately intense band at 601 cm • 

in the spectrum of the ethylenediam.ine adduct of SiF4 ( c2v symmetry) 

which may also be due to the fourth si-F stretching mode. These 

assignments are not unequivocal, but they are reasonable possibilities, 

especially in view of tbe high intensity of the 17.10 micron band 

in the spectrum of SiF4•dipy. 

In addition to the 17.10 micron band, the spectrum of 

SiF4•dipy has several bands which are not found in the spectrum of 

the trans adducts of SiF4 or in the spectra of the other MX4 .dipy 

adducts. The bands at 21.75 and 23.80 !!lierons are known to be ligand 

bands from spectral comparisons with the other 2,2•-dipyridyl adducts. 

This leaves five strong bands - at 20.25, 22.00, 23.18, 25.20 and 

26.65 microns - and three weak bands - at 28.55, 32.05 and 33.00 

microns - unaccounted for. 
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Three Si-F deformation modes, correlated with F1u,\14, of 

SiF6- 2, are exoected in the vicinity of the corresponding Eu mode of 

the trans adducts of SiF4• In addition, the ~etry analysis predicts 

a fourth infrared active Si-F deformation mode (Al symmetry) and an 

infrared inactive Si-F deformation mode (A2 symmetry). Thus four of 

the five strong bands can be assigned to Si-F deformation vibrations. 

It is possible that the A2 mode m~ also be active in the solid state 

spectrum, although bands arising from this kind of activity are 

usually weak ones (65). The assymetrical and sywmetrical Si-N 

stretching modes, both of which are infrared active, may occur in the 

spectrum of SiF4•dipy in the CsBr region. There is, however, no 

evidence for any Si-N vibrations in the spectra of the other adducts 

of SiX4. 

A complete assignment cannat be made for all bands in the 

spectrum of SiF4•dipy. In addition to the solid state Gelection rule 

complication, the interpretation of this, and other, spectra is further 

complicated by a lack of accurate knowledge of the sample concentra

tion in the nujol mull. Thus the three weak bands in the spectrum of 

Si1"'4 •dipy may conceivably be ligand bands which are not observed in 

the spectra of the other 2,2•-dipyridyl adducts, the spectra of which 

were taken in lower nujol mull concentrations. It is clear, however, 

that adducts with the cis structure produce more infrared active ~.i-X 

vibrations than do those with the trans structure, in support of the 

predictions of the symmetry analysis. 

The results obtained for the 2,2•-dipyridyl adducts of SiClL., 

SiBr4 and GeC14 agree substantially with those of Beattie et al 

(19, 36). In each spectrum, the three M-X stretching bands expected 

for cis adducts are observed (Figures 5 and 6). The spectrum of 
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GeBr4·dipy shows only one Ge-Br stretchine band at Jh.40 nierons. 

Presumably, the other Ge-Br fundamentals occur at wavelengths beyond 

the range of the CsBr optics. 

The spectrum of Gef4•dipy reveals a triplet near 16 microns 

which is attributed to the three Ge-F stretching modes. In addition, 

there is a weak band at 18.8.5 microns which may be the fourth Ge-F 

band correlated to Alg of GeF6-2. Table X!/ shows that \11 of 

GeF6-2 occurs at 627 en-~ or 1.5 .95 :r:J.icrons. The spectrum of the 

tetra~ethylethylenediamine adduct of GeF4 (Figure 7) has a moderately 

int.ense band at 18 .So microns which also may be due to the fourth 

Ge-F stretching modE of that adc1uct. However, the spectra of 

SHt·dipy and SiBr4 •dipy also contain weak bands around 18 microns 

and these are ligand bands. Thus the two bands in question (for each 

GeFl..;. adduct) are likely ligand bands, although the possihility that 

they might be ctue to Ge-F stretching cannat be ruled out entirely. 

The two strong bands at JO.OO and Jh.J5 microns in the 

spectrum of Gef4•dipy are Clue to G€-F deformation J110des. .As shovm 

in Table :w, the Flu deformation fundamental of GeF6-2 ( \14) occurs 

at JSO cm-~ (28.60 ~icrons). 

Tetra!'!'lethylethylenediarnine Adducts 

Figure 7 shows the spectra, in the CsBr range, of GeFh•enl!Ie4 

and GeCl4 • enJ;ie4 • The three Ge-F stretching bands of the cis adduct 

are found arouncl 16 microns in aereement wi th the re sul ts for 

Gef4•dipy. As discussed in the previous section, the moderately in

tense band at lP,.)Q nierons may be nue to the fourth Ge-F stretching 

!TIOde. The spectrum of GeC14 •eni-'ie4 does not possess a band of moderate 
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intensity at 18.)0 :rr'ccrons but, shows three weak bands near 19 

microns. The nujol r:1ull concentration of GeCl4 •enUe4 is Greater 

t.han that of the GeF4 adduct as shown by the absorption bands at 

22 and 25 microns. Thus it. is reasonable to propos~ that the lfl.50 

micron band of GeF4•en1,:e4 rnight. not be rlue to a ligand vibration. 

The absorption bands around JO microns in the spectrun 

of SeF4 •entre4 are due to the Ge-F deformation vibrations. The 

three absorption bands at JO.JO, )1.50 and J4.80 microns for 

GeCl4•enMe4 are due to the Ge-Cl stretching vibrations of a cis 

adduct. This agrees w1 th the results obtained for the 2, 2 1-dipy-

ridyl adduct of GeClL,• 

The Dimethyl Formamide Adduct of OeClL. 

The only dir.:ethyl formarùde adduct prepared and studied 

in this work was that of GeCl4. The band at 29.65 microns (337 cm-1) 

is very likely due to the Ge-Cl stretching mode of a trans adduct. 

The frequency of this band agrees closely with the Ge-Cl stretching 

bands of trans-GeCl4•2Py and trans-Gf'ClL,•2IQ. The two strong bands 

near 24 microns in the spectrum of GeClu•2DI:Œ' are ligand bands cor

responding to the two bands at 28.75 and Jl.)O microns in the spec-

trum of the free ligand (Figure 9). 

As mentioned in the results section, the spectrum of this 

complex in the NaCl range shows that the carbonyl stretching band 

occurs at lh50 cm-!, a decrease of 26 wavenumbers from that of the 

free base. This result strongly indicates that coordination to ger

manium takes place through the carbonyl o:xygen atorn of the ligand 

(27, 28). 
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An explanation for the lowering of the carbonyl stretching 

frequency on coordination is based on a consideration of the follow-

ing resonance hybrids of the ligand: 

I II 

If coordination takes place through the oxygen atom, 

structure II is enhanced and the electron density of the carbonyl 

bond is lovrered. If coordination is through the nitrogen atom, 

however, structure I is enhanced and the electron densit,y of the 

carbonyl bond is increased. Since the electron density and force 

constant are directly related and since the stretching frequency is 

proportional to the force constant, a decrease in electron density 

would result in a decrease in the stretching frequency. This result 

is observed in the infrared spectrum and thus the conclusion is that 

coordination takes place through the oxygen atom. 

\116b of Pyridine 

Table XIV and Figure 10 show the relationship between the 

frequency, '\1 l6b' of coordinated pyridine in adducts of SiX4, GeX4 

and SnX4 anrl the atomic weight of the central metal atom. The mag

nitude of this frequency has been found to be sensitive to changes in 
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the central atom but insensitive to changes in the type of halogen 

(36 ). 

In free pyridine, a molecule of C2v syrmnetry, \116b 

(at 402 cm-~) is due ta an out-of-plane skelatal vibration of ~m

metry type B2 (55). In this mode the nitrogen atom oscillates in a 

perpendicular fashion to the plane of the aromatic ring. Since the 

nitrogen atom is bonded to the central metal atom in the adducts, 

the nature of the metal atom will influence the motion of the 

nitrogen. The resulta show that the frequency of this vibration 

is greater in the adducts than in the free base. 

The linear relationship shawn in Figure 10 clearly demon-

strates that the nature of the metal atom has a marked affect on 

the magnitude of this frequency. The re are two possible explanations 

for this linear relationship. Firstly, the metal atom may also under-

go a displacement in this node,in which case the frequency will 

depend on the mass of the metal atom. Secondly, the force constant 

for \116b may be affected by the strength of the coordinate bond 

(i.e. the l~N bond) of the adduct which appears to be in the arder 

Si <Ge < Sn (2). Thus the stronger the M-N bond, the smaller will 

be the force constant of \116b and hence the smaller will be the 

magnitude of this frequency. Bath explanations are consistent with 

the observed changes in the magnitude of this frequency. 

The Problem of the Metal-Nitrogen Vibrations 

As discussed previously, the bands near 20 microns in the 

spectrum of cis-SiBr4•2 Py, and the bands around JO microns in trans

GeBr4•2Py and trans-GeBr4•2IQ could not be unambiguously assigned to 

ligand or metal-halogen vibrations. Consequently, the interpretation 
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that these bands may be due to metal-nitrogen stretching modes was 

put forward. In addition, Ge-N bands might occur in the spectra of 

trans-Gefh•2P,y, trans-GeF4•2IQ and trans-GeC14•2IQ, all in the region 

of 30 microns. These assignments, although appealing with respect 

to the predictions of the symmetry analysis, are subject to con-

siderable doubt and must remain tentative. 

Beattie and co-workers (36) have proposed two very good 

arguments against the presence of silicon-nitrogen vibrations in the 

CsBr spectra of adducts of SiC14 and SiBr4. Firstly, in their 

spectra, there was no need for any Si-N assignrnents, even in the 

spectra of adducts having the cis structure and hence a larger number 

of active fundamentals. Secondly, they claim on theoretical grounds 

that because the silicon atom is using its Jd-orbitals as the 

accepter orbitals, the Si-N bonds in the adducts would be relatively 

weak. This would mean a low value of the stretching force constant 

for these bonds and hence a low value of the stretching frequency. 

Gill and co-workers studied the infrared spectra of a 

large number of transition metal complexes of pyridine over the fre

quency range 4000 to 400 cm-~ (53). They observed no bands above 

400 cm-~ ( 25 microns) which they could not assign as purely pyridine 

vibrations. Clark and Williams (66) have obtained metal-ligand 

stretching vibrations of a number of pyridine and other nitrogen

donor ligand complexes of sorne transition metal halides in the region 

8 -1 of 2 0 to 220 cm • In addition, Bicelli, in a study involving the 

C-N bonds of pyridine, has predicted that the metal-nitrogen stretch

ing modes of the pyridine-transition metal complexes would occur in 

the frequency range 150 to 250 cm-~ (67). 
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These arguments, together with those discussed on page50 

invalidate the tentative assignments of the metal-nitrogen fre-

quencies. However, it should be noted that the arguments concerning 

the Group IVA adducts are qualitative and have not been fully inves

tigated. Beattie et al, for example, did not measure spectra of 

SiFh and GeFù adducts which rnight well contain bands due to Si-N 

and Ge-N stretching. In addition, there has been no systematic 

quantitative experimental work on the relative bond strengths and 

force constants of the coordinate links in these compounds. Clearly 

there is a very great need for further study of these addition com

pounds, especially their heats of for~ation, and their infrared and 

Raman spectra. 

The Problem of the Preferred Structures 

The apparent anomalous structures of SiClù•2PY and SiBrù•2P.Y 

have not been explained. Why do these two adducts have the cis con

figuration whereas the ether pyridine adducts and all the isoquino

line adducts the trans? The explanation probably involves the par

ticipation of the d-orbitals of silicon and germanium in the coor

dinate bonding. Two d-orbitals are used directly in bonding through 

the octahedral sp3ct2 hybridization. This leaves three empty d-or-

bi tals which may participate in further bon ding by p_ -d _ overlap " ,, 
from filled p-orbitals of the halogens or 7\-electron from the ligands. 

Perhaps the cis structure is obtained for SiClu•2PY and SiBru•2P,y 

because this configuration lAads to better p_ -d_ overlap between 
• 1\ 1\ 

the silicon and the halogens. Horeover, the reverse would be true for 

Sif4•2P.y and the pyridine adducts of the germanium tetrahalides. In 

addition, the isoquinoline adducts of SiClu and SiBru, which have 
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fairly large and bulky ligand molecules, have the trans structure 

because of steric effects - large ligand-ligand repulsions in the 

cis positions. The author is unable to explain why this kind of 

ï\-bonding would be favoured in one adduct by one structure and in 

another adduct by the ether structure. There is a wide scope for 

further experimental and theoretical studies in this field with the 

"structural Yfhy 11 question taking uppermost importance. 
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The purpose of the present investigation was to attempt 

to differentiate, using infrared absorption spectroscopy, between 

the cis and trans octahedral structures of the coordination corn-

pounds of silicon and &ermanium tetrahalides. The complexes were 

of the type J.fX4 • 21 and MX4 • LL where !,i is Si or Ge, X is F, Cl or 

Br, L is a monodentate ligand (pyridine and isoquinoline) and LL 

is a bidentate ligand (2,2 1-dipyridyl and tetramethylethylenedia

mine ). Th~oretically, according to the symmetry properties for each 

structure, infrared spectroscopy can be used to distinguish between 

cis and trans structures and the experimental results have confirmed 

this. 

The infrared measurements have shown that the adducts of 

!.Œ4 'Arith the bidentate ligands possess the cis-octa.Y}edral structure. 

The infrared spectra obtained for these adducts are all consistent 

with spectra of molecules possessing C2v symrnetry. The pyridine ad

ducts of SiCl4 and SiBr4 also show spectra consistent with c2v sym

metry and hence are considered to be cis isomers. on the other hand, 

the pyridine adducts of SiF4 and of the three tetrahalides of ger

manium give infrared results which are consistent with spectra of 

molecules possessing D4h symmetry, the ~maetry of the trans-octa

hedral adducts. Similarly, the infrared spectra of all the 

isoquinoline adducts (including those of SiC14 and SiBr4) show that 

these molecules have the trans-octahedral structure. 
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APPENDIX 

The central idea which links infrared and Ra'Ilan spect.ros

copy to the symmetry and geometry of a molecule is the fact that 

each normal mode of vibration forms a basis for or 11belongs ton 

an irreducible representation of the molecular point group. This 

means th at the normal coordinate of a gi ven norTial mode will trans

form according t0 the symmetry properties of the irreducible re

presentation to which that normal mode belongs. If a normal mode 

is found to b~long to a one-dimensional irreducible representation 

then the frequency associated with it is non-degenerate. If, on 

the ether hand, belongs to a two-dimensional irreducible 

representation, then there are in fact, two such norma~ r:~odes as

sociated vdth a doubly degenerate frequency. The same applies to 

three-dimensiona~ irreducible representations and triply degenerate 

frequencies. 

~~etry can also give the activities of the normal modes. 

The infrared active modes belong to the sarne irreducible representa

tions as do the x, y and z basis vectors or, put in another way, 

transform in the sa'lle way as do the trémslations along the x, y and 

z axes. Ra'!lan active modes show the same synmetry properties as 

the squares and binary products of the x, y and z vectors. EXamina

tien of the character table of the point eroup for the relevant 

molecule will give the desired irreducible representations and hence 
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the activity of each normal mode. 

The selection rules for infrared and Raman spectroscopy 

are described in detail by Wilson, Decius and Cross (40). The fun

damentals of group theory, representation of groups and their ap

plications to spectroscapy are described by cotton (57). It is the 

method outlined by Cotton that was used here in the symmetry analyses 

of the coordination compounds of 1![4• 

This analysis is concerned with stretching and deformation 

vibrations of bonds attached to the central metal atom. These in

elude M-X and M-L bonds. The relevant point group symmetry is the 

symmetry surrounding the central metal atom. The ligand vibrations 

(a term used for modes within the ligand molecule itself), because of 

their complexity, will not be treated in this analysis. 

Before carrying out the analysis, two assumptions have to 

be made. Firstly, the ligand molecules are treated as single atorns 

(L) attached to the metal atom, and secondly, the monodentate ligands 

are assumed to be able to rotate freely about the U-L bonds. These 

assumptions are made to simplify the analysis and gi ve the L 11atom 11 

spherical symmetry. In the adducts, however, there is a strong pos

sibility that the lisands cannot rotate and the effect of a fixed 

ligand, relative to the }AX4 plane in the trans adducts, on the s,ym

metry of the molecule will also be considered. In addition, it will 

also be shown that there are additional complications arising from 

the fact that the experimental results were obtained for solid sarnples 

and condensed phase infrared cannot be treated as simply as vapour 

phase and dilute solution spectra. 
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s.ymmetry nlements of the Trans Isomer 

Examination of the trans-1<1Y--4 ·21 (see page 3 ) reveals 

that the molecule contains the following s.rmmetry elements: 

Identity element 
4-fold axis along the L-M-1 bonds 
2-fold n " n L-"M-1 " 
2 2-fold axes along the X-M-X bonds 
2 2-fold " bisecting 11 X-M-X angles 

4-fold improper axis coïncident with c4 
Horizontal mirror in the plane of MX4 

center of inversion at 1§ 

2 Vertical mirrors along the X-U-X bonds 
2 n n bisecting " X-H-X angles 

Hence the molecule belongs to the point group ~· 

Symmetry Elements of the Gis Isomer 

E 

The cis-:MX4 ·21 (page 3 ) has the following symmetry 

elements: 

Identity operation 
2-fold axis bisecting the L-M-1 angle 

Vertical mirror 11 

Il Il 

Renee the molecule belongs to the point group C2v• 

srmrnetry Analysis 

To each of the n atoms of a molecule are attached x, y and 

z cartesian vectors with all Xn parallel, all Yn parallel and all 

Zn parallel. These are known as the Cartesian displacement vectors, 

or external coordinates. The symmetry operations of the group (one 

operation from each class of elements) are applied to these 3n dis-
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placement vectors and a reducible representation of dimension 3n is 

generated. 

This representation is then reduced to a set of irreducible 

representations of the point group and this set contains all the 

normal modes of the molecule. Fror1 this set the six normal modes 

of translation and rotation (five for linear molecules) are deleted, 

leaving the Jn-6 genuine vibrational normal modes. 

The next step is to consider the internal displacement 

vectors (coordinates) and Jn-6 are required. There are n-1 bonds 

and hence n-1 bond extensions, all of which are independent. The 

remaining 2n-5 coordinates are made up of the various bond angle 

changes of the molecule. It is necessary, however, to insure that 

the deformation coordinates are truly independent. For example, 

consider the 1.1J% square plane and the in-plane angle changes. The 

following redundancy condition holds: 

== 0 

where .tlai means the change in the ith angle • 

. This means that the four angles are not independent coor

dinates. The method of treating a redundancy condition of this kind 

is first to assume all four angles are independent and then, after 

the s,ymmetry analysis on the four coordinates is completed, to delete 

from the list of irreducible representations the totally syrrunetric 

mode as a spurious result. All four angles are considered because 

of convenience in the symmetry analysis. 

As in the case of the external coordinates, the internal 

vectors are operated on by the group elements and reducible represen

tations are generated. These are then reduced to sets of the irreducible 
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representations of the group and in this wa;y, the stretching and bending 

contributions to the normal modes, according to their syu~etry types, 

are derluced. 

trans-1.fX4 • 21 

There are seven atoms and hence twenty-one external coor-

0inates and the dimension of the reducible representation, r ' is 

twenty-one. The following result for r was obtained. The pJ.ements are 

U.sted according to classes of ele!!lents as found in the charact.er 

E 

21 

C2 

-3 

2C2' 

-3 

2C2" i 

-1 -3 

2S4 

-3 

This was reduced to give the follovdng result: 

~ = _,n 

The translational modes belong to -

A2u (z) and Eu (x, y) 

The rotational modes belong to -

Hence the benuine representation is as follows: 

3 

~n-6 = 2Alg + + B2g + Eg + 2A2u + B2u + JEu 

Turning now to the internal coordinates, consider first the 

M-X bonds. Since there are four, the dimension of the representation 

four. The follovring result was obtained: 

f;,;_x E 2C4 c2 2C2' 2C2" i 2S4 6h 2 Cv· 2 G:n v - - - -4 0 0 2 0 0 0 4 0 0 

This was reduced to give -

r;_X = Alg + Blg + Eu 
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In the sar:1e vray it can be shawn that for the U-L stretching 

vibrations -

f;"'f-L = Alg + A2u 

and for the X-tr-X in-plane deformations -

Ç-H-X {in) = Blg + Eu (only 3 independent vectors} 

For the X-M-X out-of-plane and L-1.1-L modes, it is more 

difficul t to find the proper coordinates. The best way to proceed 

to con si cler what is left over from Gn-6 ( external coordinat es); 

this is -

In the H.'X4 square plane system (5-atomic, D4h) the out-

of-plane modes belong to A2u and B2u (68). In the linear carbor. 

dioxide molecule, there is a doubly degenerate bending frequency of 

symmetry, Eu, and a doubly degenerate rotationa.l pair of modes of 

symmetry type, Eg (69). 

Hence we can now complete the internal coordinate analysis 

on the tra11s-l':f.\4 •21. The X-1!.-X out-of-plane deformation modes are 

described by the following result: 

G-M-X (out) 

and the L-M-L deformations, by -

rr;_M-L = 

Note that the Eg modes become genuine vibrations in the 

trans-MX4 • 2L molecule because this kind of motion will not impart 

angular momentu.r:1 to the molecule due ta the fixed position of the 

MX4 plane. 
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As in the case of the trans isomer, a reducible representa-

tian of dimension of twenty-one is generated. 

E 

21 

This is reduced to -

3 

The translational rodes belong to -

The rotational modes belong to -

(z). 

GV' 
s 

Hence the genuine representation is as follows: 

In the internal coordinate analysis, for the four M-X 

bonds, the following result is obtained: 

r;:.X = 2Al + Bl + B2 

For the U-L bond stretching -

r;:L = Al + Bl 

For the X-M-X deforma.tions -
1 

1'21'1-X : 3Al .,. A2 + ~ + B2 

However, the reèundancy condition removes one of the A1 modes because 

only five coordinates are independent. 
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= 

Those modes left over from Ç-6 are-

Consider now the case of water (C2v)• This molecule has 

one genuine deformation mode of ~etry type A1 and three rotational 

modes of syrmnetries A2, BJ_ and B2 ( 70). The last three become 

genuine vibrations when applied to the L-M-L deformations of cis-

Hence in this molecule, the L-M-L deformations belong to -

= 

Point Group D2h 

This alternate molecular point group of the trans isomer 

applies to adducts in which the ligand molecules are not free to 

rotate. For example, pyridine is a planar molecule (C2v) and hence 

a rotation of 90° about the nitrogen-3-carbon axis (a C4 operation) 

is not a ~etry operation. There is a possibility that the pyridine 

molecul~s (the same would hold for isoquinoline) m~ be held fixed 

through hydrogen bonding between the atoms and the halogen atoms in 

the l.f.Xh plane. It must be noted, however, that there is no experi

mental evidence either for or against such hydrogen bonding. 

The analysis using n2h syrmnetry yields the follovd.ng 

genuine representation: 

= 

The re sul ts of the internal coordinate analyses are 

listed in Table XVII, together with those of the D4h and C2v groups. 
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In addition, the activities of the various modes are given using the 

following notation: 
Raman active = R 

Infrared Il = I 

Bath Il = R, I 

Inactive - N -

TABLE XVII 

Normal Modes of MX4 • 2L 

Mode D4h D2h C2v 

M-X Alg Blg Eu 2Ag B2u BJu 2Al Bl B2 
R R I R I I R,I R,I R,I 

M-L Alg A2u Ag ~u Al Bl 
R I R I R,I R,I 

X-M-X B2g Eu Blg B2u BJu 2A1 A2 
in-plane R I R I I R,I R 

X-IJ-X A2u B2u Au ~u Bl B2 
out-of ...pJane I N N I R,I R,I 

L-!l-L Eg F-\l B2g BJg B2u B3u Al A2 Bl B2 
R I R R I I R,I R R,I R,I 
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As shown, the E modes in D4h break down to two non

degenerate modes in n2h. For example, consider the L-M-L deformations 

in pyridine adducts. Broadside motions (flapping) would be expected 

to occur at frequencies different from those of edgewise motions of 

the pyridine rings. This would apPly to both the 11gerade" and 

11ungerade 11 symmetries. With respect to the metal-halogen modes, 

however, it is possible that localized four-fold S'Jill!lletry in the li'DC4 

plane may be preserved and give rise to doubly degenerate E modes 

involving metal-halogen bonds. The only wqy to make an unequivocal 

choice between D4h and n2h by spectroscopie means is to stuày the 

comnlete infrared and Raman spectrum and assign all the fundamentals. 

Table XVII also shows that for the trans isomer (D4h), 

there are five infrared active fundamentals, five Raman active funda

mentals and one that is inactive. For the cis isomer (C2v), the 

table shows that there are thirteen infrared active and fifteen Raman 

active fundamentals. Thus infrared and Raman spectroscopy should 

provide an excellent means of distinguishing between the two isomers. 

The vibrations that are particularly valuable in this connection are 

the metal-halogen stretching modes. The trans isomer has one infrared 

active E-X stretching fundamental whereas the cis isomer has four. 

The exPerimental results will show that the metal-halogen stretching 

frequencies of adducts of silicon and germanium tetrahalides (exclud

ing the iodides) occur over the frequency range from 800 to 265 cm-~ 

and that the number of bands observed in the spectrum is determined 

by the s~~etry of the central atom. 

The shapes of the normal coordinates of the J'"i-X stretching 



• 

modes are shov.n in Figure 11 for the trans-IlX4•2L (D4h) and in Figure 

12 for the cis-;.DC4 • 21 ( C2v). The arrows in the diagrarns represent 

the directions of changes in positions of the atoms but do not 

represent the magnitudes of such changes. ~Jrrunetry considerations 

alone cannat give the amplitudes of vibrations, only the directions of 

the motions of the atoms. 

Solid State Infrared Spectra 

The foregoing symmetry analysis cornpletely general but 

the results concerning the activities of the normal modes are applicable 

only to isolated systeMs, ~- .e. vapour phase and dilute solutions. In 

the case of condensed phase spectra, the interactions between a given 

molecule and its neighbours change the selection rules (71)• 

In arder to carry out the conplete sy:'IT!letry analysis on the 

vibrations of MOlecules in crystalline solids it is necessary to know 

the space group of the crystal and the nu.'!lber of molecules per unit cell 

of the CFJstal. The molecule is considered to occupy a site which is 

defined as a point left invariant by sorne of the operations of the 

space grou? and this is called the site group (71, 72). 

The si te Sytll"'letry is the key in deducing selection rules for 

solid state spectra. In arder that a given si te group be acceptable 

for a s~~~etry analysis, it must be a sub-group of both the crystal

loc;raphic space group and the MolAcular point group and hence in :r.:tany 

systems an unequivocal choice is easily marle. Once a suitable site 

group is found, the sy::1netry analysis is carried out on the basis of 

the si te symm.etry rather th an the molecular synnnetry as in the case of 

isolated molecules • 
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FIGURE 11 

Norrnal Coordinates of the Uetal-Halogen Stretching 

Uodes of the Trans-!.~~ • 2L Point Group, D4h 
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FIGURE 12 

Normal Coordinates of the M:etal

Halogen Stretching Modes of the 

Cis-MXL_ • 21 Point Group, C2v· 
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In this dissertation, however, the site s.ymmetry 

approach was not considered. The only adduct, for Which the 

space group is know:n, which was studied by this author, is trans

GeCl4•2Py (17). All the systems studied in this work will be 

treated as isolated systems as a first approximation although 

mention will be made or some possible effects of site symmetries 

in the discussion of the experimental resulta • 
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