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This dissertation is concerned with the applications of infra
red, photoelectron, ultra violet spectroscopy and electron diffraction
techniques to the investigation of the structures of some silyl and
germyl acetylenes.

Chapter 1 is concerned with the preparation and characterization
of the acetylenes MH30CX where M = Si, Ge and X = C1, Br, MHS’ CFS'

Chapter 2 is concerned with the He I photoelectron spectra of
MHSCCX when M = Si, Ge and X = H, C1, Br, MH3. These spectra are
compared and discussed in relation to their ultra violet spectra
and with respect to the halogen and group IV elements present.

Chapter 3 is concerned with the electron diffraction studies
of silyl chloro-, germyl chloro-acetylenes, disilyl and digermyl
acetylenes. Their structures are discussed with respect to microwave
and electron diffraction sfudies of related compounds. The limitations
of microwave and electron diffraction studies are also discussed.

Chapter 4 is concerned with the assignment of the infra red
and raman speﬁtra of MHSCCX'when M= Si, Ge and X = C1, Br, MH3 and
CFS' The infra red and raman spectra of silyl and germyl perfluoro-
methyl acetylenes are reassigned with the aid of the spectra of the
fully deuterated compounds.

Chapter 5 is concerned with the theory of rotation-vibration
interaction, with respect to the infra red spectra, of symmetric
top molecules. The effect of coriolis coupling and centrifugal
distortion on the rotational spectrum of a rigid rotor is discussed.
The effect of free internal rotation in a symmetric top molecule

is also discussed.



Chapter 6 is concerned with the analysis of perpendicular
bands of the symmetric top molecules, MH3CCX when M = Si, Ge and
X = Cl, Br, Mi;, CFS’ Several perturbations are analysed and
explained in terms of Fermi and coriolis rotational interactions.
The structures and zeta constants are compared with those of

other acetylenes.
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Introduction

The explanation for all chemical phenomena lies in molecular
structure and geometry. In the 18th and 19th centuries, molecules
were found to have definite compositions, which led to theories of
structure and bonding. Classical analysis and intuition slowly built
up a picture of structures within molecules; for example, concepts
of tetrahedral carbon atoms and the ring structure of aromatic
compounds .

At the turn of this century, advances in physics, together with
the realisation of quantum effects by such people as Plank, Bohr
and Rutherford paved the way for the development of quantum mechanics
by Schroedinger, Dirac and Born in the 1920's. These developments
have shown how molecular geometry and bonding are related. Since
that time many rapid spectroscopic and diffraction methods have
become available to the modern chemist for the elucidation of
molecular structure; among these are infra red, raman and photo-
electron spectroscopy and electron diffraction.

Low resolution infra red spectra often act as '"'finger-prints"
for particular functional groups and, with the help of raman spectra,
can identify the symmetry of small molecules. For example, carbon
tetrachloride has only two active infra red bands, but three active
raman bands, suggesting the tetrahedral nature of this molecule.

In a similar way, the point group of a particular molecule can often
be established from vibrational spectra.

Medium resolution infra red and raman spectra reveal band shapes

which can indicate whether the molecule is linear, a symmetric top, a
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spherical top or an asymmetric top. At sufficiently high resolution
and under favourable circumstances, a band can be resolved into a
number of components. Analysis of these bands yields information
concerning the moments of inertia within the molecule and the way in
which they change from vibration to vibration.

Force constant calculations can be made, using the observed
vibrational frequencies, to determine the contribution of each
""equivalent atom pair'' vibration in a particular normal vibration.

In favourable circumstances, anharmonicities and coriolis constants
can also be calculated.

Electron diffraction is a good method for determining the
distances between atoms within a molecule. The molecular parameters
so derived, unlike those obtained from infra red data, are averaged
over all populated vibrational states within the molecule. Compari-
sons with data obtained from infra red or microwave spectroscopy give
valuable information about changes in molecular structure between
different vibrational states. In some circumstances information
concerning thg shape of vibronic potentials is obtained. For example,
electron diffraction studies of silyl isocyanate suggested that
there was a maximum in the potential well for the torsional vibration
about the nitrogen atom even though there was no evidence for this
occurring in the infra red isothiocyanate spectrum. The "shrinkage"
effects occurring between the bonded and nonbonded distances can
be studied in terms of the excited deformations present and the
magnitude of amplitudes of vibration within the molecules.

Ultra violet photoelectron spectroscopy yields information about

the electronic structure and the interactions between different atomic
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orbitals present. Fine structure on the bands, when present, shows
how the molecular geometry changes between the ground state and the
molecular ion. Ultra violet spectra can sometimes show how the
molecular geometry changes in excited states. Assignments of these
spectra can be facilitated by a knowledge of the photoelectron
spectra.

This dissertation is concerned with the applications of these
techniques to the investigation of the structures of some silyl and
germyl acetylenes. Before the work described here was started,
silyl and germyl perfluoromethyl acetylene were preparedl. The
structure of the silyl compound was determined by electron diffraction
while tentative assignments of the infra red spectra of the two
compounds were also given. Rotational fine structure was observed
on three fundamental modes, suggesting that these molecules were free
internal rotors. At this time the only similar compounds that had
been reported were silyl acetylenez, germyl acetylenes, disilyl
acetylene4 and silyl methyl acetylenes, of which the last two appeared
to be internal rotors. Although the infra red spectrum of disilyl
acetylene had been reported the rotational fine structure had not
been studied in detail and so no structural information was available
for direct comparison with that of the other acetylenes.

In this work four novel acetylenes of type MHSCCX where
M = Si, Ge; X = halogen, MH are synthesed and their rotational
fine structure analysed to see whether internal rotation had any

noticeable effect on the structure of the MHS group.



CHAPTER 1

Preparation and Characterization of

Some Silyl and Germyl Acetylenes
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1.1 Preparation of Silyl and Germyl Acetylenes

6 7

The monos, dihalo” acetylenes and the methyl halo-acetylenes
are all extremely well known. The majority of them are prepared in
high yields by "halide exchange' with a suitable lithium salt8 in

ether or liquid ammonia. For example,

LiY + HC

82

Lic=C-X

YZ LiY + YC = CX

where X, Y are halogens. The latter solvent camnot be used with
silyl or germyl compounds without destroying, sometimes violently,
the M-H bonds. Ether can be used with these compounds, though its
use as a bulk solvent does lead to difficulties in the separation of
the products from the solvent.

The most suitable method for the preparation of these acety-
lenes involved evaporation of the solvent under reduced pressure

before adding silyl or germyl halide to the lithium salt.

Preparation of silyl chloro-acetylene

Silyl chloro-acetylene was prepared by "halide exchange'' above
with lithium chloro-acetylene. The lithium salt was prepared in the
absence of air and water by allowing methyl lithium to react with
cis or trans dichloroethylene in an ether medium.

EtZO

2 LiMe + CZH2C12 —  L3C1 4 i€ = C—ClL + 2 MeH
Addition of silyl halide yielded the product

LiC=C=-=Cl + SiH3Br -+ LiBr + SiH3C =L« 61
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In a typical experiment, methyl lithium (12 m moles) in ether
solution, was placed in a greaseless tap ampoule. Dichloroethylene
(6 m moles) was condensed into the ampoule and the mixture warmed
to room temperature. Effervescence was immediate and rapid. The
methane produced and the ether were taken from the mixture after
effervescence had ceased, leaving a white solid residue. The
vessel was '"pumped'" under vacuum for about an hour to remove the
majority of the residual ether.

Silyl bromide (6 m moles) was then condensed into the vessel
and allowed to vapourise. After five minutes the volatile products
were removed to a liquid nitrogen trap.

The products were passed through a trap held at -120°C into a
trap cooled by liquid nitrogen. Silane (= 1 m mole) condensed in
the liquid nitrogen trap. The contents of the -120°C trap were
fractionated through a -96°C trap. The required product, together
with a trace of ether, condensed at this temperature while the major
byproduct, chloro-acetylene, passed through. The trace of ether
could not be rgmoved efficiently from the silyl chloro-acetylene
by fractional condensation.

Boron trifluoride did not react with silyl chloro-acetylene
although it is known to form a complex of relatively low volatility
with ether. An excess of boron trifluoride was added to the impure
silyl chloro-acetylene using the apparatus shown in figure 1.1.
Boron trifluoride was condensed into bulb A. Tap C was closed and
the contents of A allowed to evaporate. The sample of silyl chloro-
acetylene was condensed into bulb B and allowed to warm. Tap C was

opened and closed with care until the pressures in A and B were
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Figure 1.1
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the same. The mixture was left to equilibrate for fifteen minutes.

The products were removed to a liquid nitrogen trap and then
fractionated through a -45°C trap. The ether-—BF3 complex condensed
at this temperature; excess of boron trifluoride and the silyl
chloro-acetylene passed through. Fractionation at -120°C removed
the boron trifluoride from the silyl chloro-acetylene.

Silyl chloro-acetylene (4.1 m moles) was obtained from the
above method. The yield, based on the quantity of silyl halide
added, varied from 60% to 70%.

It was discovered that silyl chloride and silyl fluoride could
also be used to prepare this acetylene. The deuterated species was

made in a similar manner using deuterated silyl bromide.

Preparation of germyl chloro-acetylene

Germyl chloro--acetylene was prepared by the same method as that
described for silyl chloro-acetylene.

In a typical reaction, methyl lithium (10 m moles) was allowed
to react with dichloroethylene (5 m moles) in ether solution. The
ether and methane produced were removed from the reaction mixture
after effervescence had ceased and the residue was "'pumped" under
vacuum for about an hour. Germyl chloride (5 m moles) was condensed
into the reaction vessel and allowed to react for five minutes,
before the products were condensed into the trap cooled by liquid
nitrogen. The products were fractionated at -120°C and -96°C. The
sample, in a trap held at ~96°C, was ""pumped'' under vacuum for three
hours to remove the remaining ether. The sample was then fractionated
at -46°C to remove some involatile impurities.

Germyl chloro-acetylene (3 m moles) was obtained. The yield,



cilf

based on the quantity of germyl halide used, varied from 50%-60%.

Preparation of disilyl acetylene

Disilyl acetylene was prepared from dilithium acetylene although
it has been prepared previously by halide exchange with the magnesium
grinard4. The reaction of tetra-bromo ethane with a threefold excess
of methyl lithium at -40°C did not give the expected product, lithium

bromo-acetylene, but a mixture of dilithium and monolithium acetylene.

EtZO

HBrZCCBrzH + LiMe — LiBr + Brzc = CBrH + MeH

EtZO

BrZCCBrH + LiMe — LiBr + BrC = CH + MeH

LiCCH + MeBr
BrC = CH + LiMe

e

LiCCBr + MeH

EtZO

LiCCH + LiMe —— LiCCLi.

Clearly the relative strength of the (C = C) - X, CI-I3 - X,
(C=C) -Hand CH; - H bonds play an important role in deciding
which reaction course is followed.

This reaction scheme was modified, by using a fourfold excess
of methyl lithium, to give a maximum yield of disilyl acetylene.

In a typical reaction methyl lithium (20 m moles) was allowed
to react with tetra-bromo ethane (5 m moles) at room temperature in

an ether medium. The ether and gaseous products were removed under
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reduced pressure after completion of the reaction. The remaining
solid was "'pumped" under vacuum for about an hour. Silyl bromide
(10 m moles) was condensed into the vessel and allowed to react for
five minutes. The products were removed to a trap cooled by liquid
nitrogen and then fractionated at -120°C. Silane and silyl acetylene
passed through the trap at -120°C. The remaining ether was removed
by continuously "pumping" the sample for several hours while it was
held at -78°C.

Disilyl acetylene (3.5 m moles) was produced. The yield, based

on the quantity of silyl halid added, varied from 63% to 70%.

Preparation of digermyl acetylene

Digermyl acetylene was prepared in an analogous manner. In a
typical experiment methyl lithium (15 m moles) and tetra-bromo ethane
(3.7 m moles) were allowed to react together at room temperature.
The ether and gaseous products were removed after completion of the
reaction. Germyl chloride (6.2 m moles) was added to the solid and
reacted for five minutes. The products were removed to a trap cooled
by liquid nitrogen, and then fractionated through a trap at -64°C.
The required product, digermyl acetylene, condensed at this temperature
but any remaining ether or starting material in the sample passed into
a liquid nitrogen trap.

Digermyl acetylene (1.6 m moles) was obtained. The yield, based

on the quantity of germyl halide reacted, varied between 45% and 50%.

Preparation of silyl bromo-acetylene

The attempted preparation of lithium bromo-acetylene from methyl

lithium and tetra-bromo ethane was not successful. The sodium salt
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was prepared, in an attempt to make silyl bromo-acetylene, by
dissolving sodium in liquid ammonia and then treating this solution
with dibromoethylene at -64°C until the blue colouration had been
discharged. The ammonia was removed under vacuum and the salt was
left under vacuum for several hours to ensure that the last traces
of ammonia had been removed. Extreme care was needed in handling
the dried salt because shock of any sort could cause detonation of
the solid.

Silyl fluoride was carefully added to this salt and then left
to react for a few minutes. The products were removed and frac-
tionated at -120°C to remove any silane that had been produced.
Fractionation at -96°C separated some disiloxane impurity from the
sample of silyl bromo-acetylene. Silyl bromo-acetylene was purified
by '"pumping'" on the sample, while it was held at -78°C, for several
hours to remove bromo-acetylene. The reactions involved in this

system are set out below.

liq
Na + NH3 il NaNH2
NHS
liq
NaNH2 + HBrCCBrH —* HCCBr + NaBr
NHz
liq
HCCBr + NaNH2 — NaCCBr + NH3
NH;

NaCCBr + SiHSF — NaF + SiHSCCBr.
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Silyl bromo-acetylene was not produced when silyl bromide was
reacted instead of silyl fluoride: slight decomposition of silyl

bromide was the only reaction.

Preparation of silyl perfluoromethyl acetylene

Silyl perfluoromethyl acetylene was prepared using the same
method described by Andersonl in which silyl halide was exchanged
with the perfluoromethyl acetylene grinard reagent.

In a typical experiment, magnesium (0.3 gm) was allowed to
react with methyl iodide (1.2 mls) in an an ether solution for two
hours. Perfluoromethyl acetylene (10 m moles) was condensed into
the reaction vessel and reacted until effervescence ceased. The
solvent and excess of starting materials were removed under reduced
pressure. Silyl bromide (10 m moles) was condensed into the reaction
vessel after the solid had been dried under vacuum. The reaction
was stopped after 10 minutes by condensing the volatile contents
- of the vessel into a trap cooled by liquid nitrogen. If the reaction
was left too long, the quantity of silyl product tended to decrease.
The products were fractionated through a trap at -130°C to remove
silane and perfluoromethyl acetylene. Fractionation at -120°C
removed any remaining ether and unreacted silyl bromide from the
required product. The yield varied from 40% to 50% based on the
quantity of silyl bromide added. The deuterated analogue was

prepared in a similar manner using deuterated silyl bromide.

Preparation of germyl perfluoromethyl acetylene

Germyl perfluoromethyl acetylene was prepared using the same

method as described for the preparation of silyl perfluoromethyl
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acetylene. Germyl chloride was used as the exchange agent, deutero

germyl chloride being used to prepare the deuterated acetylene.

1.2 Mass Spectra of Silyl and Germyl Acetylenes

The mass spectra of the two perfluoromethyl acetylenes have
been described elsewherel. The mass spectra of the other acetylenes
were obtained although a complete breakdown pattern could not be
given due to the presence of inseparable impurities. The mass
spectra did show, however, consistent breakdown patterns for the
two series of compounds. For example, a range of peaks was observed

which corresponded to proton loss from the parent ion.

Mass spectra of the silyl and germyl halo acetylenes

The major breakdown path appeared to be loss of halogen followed
by cleavage of the M-C single bond

MHE C=C-X ML C=c'>m
n n n

The other route involved the production of a metastable ion with the

formation of the group IV halide.
. + +
M{ C=C-X »C, + Ml X

The base peak in silyl chloro-acetylene was at mass number 63.
This peak together with another half as intense at mass number 65
corresponded to a chlorineisotopic pattern. These lines could
therefore be attributed to the species sic1®. The 35C1,37C1 iso-

topic pattern is also evident at mass numbers 89, 91 and 90,92;



Table I.T Accurate Masses Of Some Silyl and Germyl Acetylenes

Species
28... 35
SlHZC2

8a:
SlHZC2

c1’

S o F

2 c1

28 81, +

SiHZC2 Br

74 PR Lo
: GeHZC2 C1

73 '35
GeH3C2 1

74GeC237

. +
812H4C2

2
7466 06en.c. *

372
72, 70 +
Ge GeH5C2

+
70Ge?6Ge

72Ge72GeH2+

c1’
28

a Peak was not properly resolved.

+ N

Mass Observed ‘Mass Calculated Error
88.961575 88.961431 2p.p.m.
90.958755 90.958482 3p.p.m.
134.908802 134,908998 2p.p.m.
134905527 - 134.905702 2p.p.m.
134.888236 134.887104 9p.p.m.
134.915089 134.915726 5p.p.nm.
83.985310 83.985156 2p.p.m.
170.852095 170.850725 8p.p.m.2
170.868780 170.868974 Ip.p.m.
170.884979 170.885123 Ip.p.m.
145.845130 145.845700 4p.p.m.
145.859429 145,859050 3p.p.m.
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the former pair was 95% of the height of the base peak and the
latter pair 30%.

Reduction of the ionizing voltage from 70 eV to 12 eV moved
the base peak to mass 90. This observation is consistent with
the parent ion being SiHsCCC1+ which readily loses a hydrogen
atom at higher ionizing voltages.

The base peak in the mass spectrum of silyl bromo-acetylene
is at mass number 53 corresponding to the species SiHCCT. A
bromine isotopic pattern is observed with two sets of peaks at
mass numbers. 133, 135 and 134,136 respectively. The peak at 134
mass units was 95% of the base peak height. The two sets of peaks
could be attributed to the species SiHZCZBr+ and SiH3C2Br+
respectively.

A similar isotopic pattern was observed at mass numbers 108,
110 and 107,109 corresponding to the species SiHsBr+ and SiH2+Br
respectively.

The base peak in the mass spectrum of germyl chloro-acetylene
occurred at mass number 135 in the midst of a series of lines
extending from mass number 131 to 138. This series of lines
corresponds to the ions of GeHnCZCI+ where n = 0, 1, 2, 3. Another
peak similar in intensity to the base peak occurred at mass number
109, in the midst of a 'GeCl' isotopic pattern. This series of
lines could be attributed to the ions GeHnCI+. The germanium
isotopic pattern was observed at mass numbers 95 to 101 and can be
attributed to the ions GeHnCE.

Accurate masses were measured for selected peaks of each

compound. The results are tabulated in table 1.1.
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Mass spectra of disilyl and digermyl acetylene

One breakdown route was cleavage of a M-C bond
+ +
MHnCZMHm 7 MHHCZ

A second route must occur involving a metastable ion leading to

the formation of a M-M bond
+ +
MHnCZMHm ® MHnHMﬁ

The base peak in disilyl acetylene occurred at mass number 84:
one of a number of peaks over the range m/e 80 to 86 corresponding
to the series of ions SiHnCZSiH;. Another series of peaks at
mass numbers 53-55 corresponding to the ions SiHnC; was observed.
Two peaks at 58 and 60 mass units respectively could be due to the
species SiZH; and SiZHZ'

Peaks between mass numbers 167 and 178 were observed in the
spectrum of digermyl acetylene. These corresponded to the species
GeH,_C,GeH .

A similar pattern was observed between mass numbers 142 and 150
which corresponded to the ions GezH;, 1w Lo 2w vecm g e THE
germanium isotopic pattern occurred between mass numbers 95 and 101
corresponding to the ions GeHhCE.

Accurate mass measurements on selected peaks of both compounds

are included in table 1.1. The presence of the ions of type

+ g
Gean was confirmed by accurate mass measurements.

1.3 Vapour Pressures, Boiling and Melting Points

The vapour pressure of silyl chloro-acetylene was measured over

the temperature range 210 to 280K. The temperature range used for
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silyl bromo-, germyl chloro- and digermyl acetylene was 220 to
280K. The vapour pressure data gave a linear relationship with
slope a and intercept b when loglOP was plotted against %, where P
is the vapour pressure and T is the temperature in degrees Kelvin.
These graphs are shown in figure 1.2. Extrapolation of each graph
to atmospheric pressure gave an estimate of the boiling points of
each compound.

The values of a and b found, the estimated boiling points and
measured melting points are tabulated in table 1.2.

The vapour pressure curve of digermyl acetylene deviates from
the linear relationship at high temperature. Measurement of the
mass of compound recovered and examination of the apparatus after
completing the vapour pressure determination showed that considera-
ble polymerisation had occurred.

The melting points of all the compounds were measured using the
"slip point" method. The material was condensed halfway along a
vertical glass tube. A glass indicator that would just slide along
this tube was rested on the solid compound. A bath whose tempera-
ture was lower than the melting point was placed around the vertical
tube. As the '"slip point' of the solid is reached, the indicator
falls to the bottom of the tube: this temperature is recorded as
the melting point of the solid. Several observations were necessary
for one compound so that consistent results were obtained. Inspection
after 30 seconds showed whether the sample melted sharply or not.

Disilyl acetylene had been prepared previously4 and vapour
pressure data was available from the literature. Two vapour

pressures of the sample were measured at widely spaced temperatures



Table 1.2. Vapour Pressure Constants, Melting and Boiling Points
and Molecular Weights
Compound a? b? B.P.(°c) M.P.(°0) M. Wt.
SiHSCC01 -1645 8.263 32 -86 90+3
SiH3CCBr -1763 8.194 59 -39 135+3
GeHSCCCI -1761 8.232 56 =156 139+4
GeHSCCGeH3 -1824 8.078 78 -18 17345
SiHSCCSiH3b -1434 7.417 43 =59 90+3
Pobs. Tobs. Tcalc.
SiH3CCSiH3 11.0 229.7K 224.9K
57.0 256.5K 253.4K
_a
a. From 10g10 P= Tt b.

Values from reference 4.
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and compared with the literature values. The calculated temperatures
are in close agreement: a 1% error in the intercept value b quoted
leads to about a 3 degree error on the calculated temperature.

The molecular weights of the compounds were checked by weighing
a known pressure of gas in a small bulb of known volume. The
molecular weights determined are given in table 1.2. The estimated
molecular weights of the pure gases are all within the experimental

eIrTors.

1.4 N.m.r. Spectra of Some Silyl and Germyl Acetylenes

The lH n.m.r. spectra of silyl chloro- and bromo-acetylenes,
germyl chloro-acetylene and disilyl acetylene were recorded in
either T.M.S. or chloroform solutions.

The spectra of three silyl compounds consisted of a singlet
with 2981 satellites. That of germyl chloro-acetylene consisted
of a singlet.

130 spectra were recorded on a Fourier Transform spectrometer
but, due to very long relaxation times and relatively weak
solutions, peaks were only observed in the case of silyl bromo-
acetylene. In this spectrum, two peaks were observed: one for
each carbon atom.

The n.m.r. parameters of these compounds are given in table

1.3. All p.p.m. were measured relative to T.M.S.



‘Table 1.3. " 'N.M.R. Parameters

T (230 L)
Compound Solvent (+0.02) ppm(+0.1) Hz(+1)
SiHSCCC]. ™S 6.18 217
SiHSCCBr CDCl3 6.10 6.62,74.95 220
SiH3CCSiH3 T™S 6.19 216
GeH3CCC1 T™S 6.00 -
GeI-Is{ZCGeH3 CDC1 3 5.91 -

+Vve ppm to high frequency of TMS.



CHAPTER 2

Photoelectron and Ultra-Violet Spectra of

Some Silyl and Germyl Acetylenes
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2.1 Photoelectron Spectra of Some Group IV Acetylenes

The photoelectron (p.e.) spectra of monohalog, dihalo
silyl11 acetylenes have been reported. The spectra have been
assigned on the basis of linear combinations of bonding orbitals
(1.c.b.o.) and using calculations involving semi-empirical methods
such as complete neglect of differential overlap (CNDO) or
intermediate neglect of differential overlap [INDO)lz’ls.

The p.e. spectra of silyl chloro- and bromo-acetylenes, germyl
chloro-acetylene, germyl, disilyl and digermyl acetylenes have been
recorded. The spectrum of disilyl acetylene was reported in the
literature during the course of this study. The spectrum has been
included as it has similar features to the spectrum of digermyl
acetylene.

The validity of Koopmans' theorem14 is accepted throughout.

Thus the observed ionization potential (i.p.) is equated with minus

the corresponding molecular orbital energy.

2.2 P.e. Spectra of the Haloacetylenes MHSCCX(M = 8i,Ge; X = C1,
Br, H)

Basis set orbitals

The basis set molecular orbitals (m.0.'s) are formed from a
combination of valence shell atomic orbitals (a.o.'s). These
a.0.'s are of aj and e symmetry classes because these acetylenes

belong to the CSV.point group. The a.o.'s are

np 21 an
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Hls ! Hls -
CZs By
C2p ay CZp e
Xn's |
n'p 4 Xn'p ¢

The nine a, a.0.'s combine to give nine a; m.o.'s which can

be represented as

931
Bal
antibonding MH, MC, CC, CX
7al
6al i
5a; MC/MH bonding Gﬂnp)
4a1 CX bonding
3a1 MC/MH bonding (Mns)
2a1 CC bonding
lal an "lone pair"

The s a.o.'s tend to be of much higher energy than the p a.o.'s;
this s/p separation dominates the a; bonding scheme.
The five e a.o.'s will combine to give five € m.o.'s which can

be described as
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Se
antibonding
de
3e CC "«" bonding
2e MH o bonding
n 1 "
le Xn'p lone pairs

There is strong evidence for extensive mixing of at least the le
and 3e m.o0.'s and it is likely that the 2e level interacts as well.
The highest levels that are expected to be occupied are Sal
and 3e requiring 22 electrons (supplied as 7 from X, 4 from M, 4
from each of two C's and 1 from each of three H's). In the case of
X being replaced by hydrogen, the levels corresponding to the Xh‘p
atomic orbitals disappear so that the highest occupied levels

are 4a1 and Z2e.

Assignments of the p.e. spectra

The p.e. spectra of the three haloacetylenes are shown in
figures 2.1 to 2.3, and that of germyl acetylene in 2.4. The
ionization potentials of these and some related compounds are given
in table 2.1.

Integrated band intensities for bands occurring below 15 eV
can be used tentatively as a basis for assignment, although this is
not always a safe guide if the m.o.'s in question are composed of
different types of a.o.'s.

The p.e. spectrum of germyl acetylene consists of three bands
below 18 €V. The first two bands are of roughly equal intensity.
This would be expected if each corresponded with ionization from

each of the two occupied m.o.'s of e symmetry; however, there is a
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vibrational progression at the low i.p. end of the second band;

implying that this band may cover ionization from the 4a, as well

1
as the le level. The first band (band I) will be the 2e m.o. which
will be mainly of 'n' CC bonding character. The le m.o. occurring

in the second band (band II) will be of UGeH3 bonding character.

It is expected that Jahn-Teller distortion in the ion corresponding
to this band will be comparable in size to that found in silyl and
methyl acetylenelg. Band II in fact has three distinct maxima:

the first, being the top of the vibrational progression, is almost
certainly the vertical i.p. associated with the 4a1 m.o.. This

m.o. is mainly OGeC bonding; the vibrational spacing is consistent
with this assignment. The second and third maxima can be assigned

to the two Jahn-Teller components of the le m.o. The spacing between
these levels is 0.60 eV, slightly smaller than that found in silyl
and methyl acetylenesl.

The third band (band III) at 17.2 eV will be the 3a1 m.o.,
of mainly ocH bonding character. The binding energy of this level
is close to that of the equivalent level in both silyl and methyl
acetylene.

The first three bands of the silyl and germyl haloacetylenes
have intensity ratios between 2:3:2 and 2:2:2 (in the case of silyl
bromo-acetylene the second two bands overlap, giving an intensity
ratio of 2:5). This indicates the presence of the three e m.o.'s

and one a, m.o. below 14 eV. The first band (3e) and third band

1
(1e) in silyl and germyl chloro-acetylene are sharper and more
intense than the second band (2e + 5a1) which is very broad. Band

I will be mainly '=' CC bonding and band III mainly the 'p ' chlorine
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lone pair although there will be extensive mixing between the two.
The second band will consist of the e GMHS orbitals. It is expected
to be broad due to a large vibrational envelope and Jahn-Teller
splitting. Another complication is due to the presence of the S\
bonding orbital ( 5a1) which is expected in this region. The Jahn-
Teller splitting in silyl acetylene is very large for the ecr‘HS
band (0.8 eV) while for disilane it is about half this value. Since
this effect is dependent on reduced mass, Jahn-Teller distortion is
expected in the 2e m.o.'s of both silyl and germyl chloro—acetylené.
Furthermore, it will be much stronger than any spin orbit coupling
present (AE for spin orbit coupling in Si atoms is 0.019 eVlSJ. The
broad peaks with maxima at 12.7 eV and 13.2 €V in silyl chloro-acetylene
could be assigned to the two Jahn-Teller components of 2e. No
distinct maxima can be observed in the corresponding region of germyl
chloro-acetylene. Vibrational structure on the beginning of band
IT is consistent with the 431 levels being present. The maxima
of this band occurs at about 12.5 eV in all three spectra.

The i.p.'s of the free chlorine and bromine atoms for the
transitions X{ZP3X2) - X+(3P2) + e are I(C1) = 13.01 eV and
I(Br) = 11.84 eV. The shift to lower i.p. on going from chlorine
to bromine should be, and indeed is, reflected in the p.e. spectra
of silyl chloro- and bromo-acetylenes. The peak corresponding to
the bromine p electron level occurs at 13.18 eV, in the midst of
the 5 a; and 2e (e UMHSJ m.o.'s. The corresponding level in silyl
chloro-acetylene is at 13.92 eV. The Jahn-Teller distortion of

the 2e m.o. in silyl bromo-acetylene will be of the same order as

that in silyl chloro-acetylene. The shoulder at 13.8 eV could be
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one component of this level: the other coming under the 'Pm' bromine
lone pair.

Bands at 17.2 eV and 17.1 eV in silyl and germyl chloro-
acetylenes respectively can be attributed to the CX bonding ( 431)
m.o. The corresponding band in silyl bromo-acetylene is at 16.36
eV, a shift to lower i.p. of 0.8 eV. This is comparable to the change
in energy of the 'P™' m.o.'s of silyl chloro- and bromo-acetylenes,
suggesting that this band also involves the p electron character
of the halogens.

The a; 9giH level has been assigned to the band occurring at

3
17.5 eV in silyl acetylene on the basis of simple self consistent

field calculationsll. The band occurs at about 18 €V in the silyl

L and silanelg; silane being assigned on the basis of observed

halides
vibrational structure. It seems likely, however, that this band in
silyl acetylene is mainly 9CH bonding character because similar levels
occur in both germyl and methyl acetylene. The band at 18.9 eV

would then be mainly USiH3 bonding character.

The bands occurring between 18.5 eV and 18.8 eV in the three
haloacetylenes could be assigned to this a; m.o. The bands are too
diffuse to see vibrational structure. Interaction with other
orbitals would excite vibrations other than the expected MH
stretching frequency and so cause broadening of the band.

The band at 20 eV in silyl acetylene has been assigned to the
.mainly e bonding level. Bands in this region occur in all three
haloacetylenes. The band in silyl and germyl chloro-acetylenes are

probably due to this bonding level because the chlorine 3s level

is not expected below the limit of the He I spectrum. Indeed the
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He II spectrum of silyl chloro-acetylene shows a band at 23.4 eV
which should be this 3s level. Silyl bromo-acetylene has bands
at 19.2 eV and 20.2 eV which should be mainly cc bonding and

bromine 4s in character. It is not clear, however, which is which.

Vibrational Fine Structure

Fine structure corresponding to vibrations of the ion have
been observed in six bands: in the three bands assigned to the 3e
levels of the halo acetylenes, Sal'm.o.'s of silyl chloro- and
bromo-acetylenes and the 431 band of germyl acetylene. The
molecular and ion frequencies are tabulated in table 2.2.

The 534 band of silyl chloro-acetylene has a progression of

L + 40 cm': consistent

six members with a band frequency of 900 cm
with the reduced skeletal stretching frequency expected with
removal of a SiC bonding electron. The two skeletal modes corres-
ponding to the SiC and CX stretches appear to be heavily mixed
because they occur outside the normal ranges of the CX and SiC
stretches.

The corresponding progression in silyl bromo-acetylene is

1 2nd 850

more diffuse but the band frequency lies between 800 cm
cm_l. This is again consistent with removal of a SiC bonding
electron. This vibration could be assigned alternatively to a
reduced SiH deformation indicating a sizable contribution of the
SiH bonding level to that of the SiC bonding level. Since the
positions of the vibronic levels in silyl bromo-acetylene could

not be accurately measured, it is difficult to distinguish between

these two assignments.



Table 2.2 Molecular and Ion Frequencies

SiH3€CCI v
2
v
3
v
"
v
5
v
10
SiH SCCBT v
3
v
4
v
5
GeHBCCH v
3
v
4
GeH3CCCl v
3
2
y
v
5
v
10

Vskel
Vskel

Gskel

a from U.V. spectra

b reference 62

X(A1)
@

2164
939

2 )
436

124

932

832
361

844P

530

833
88
348

110

930

150%

870

0202

1402

B(A
( 1%

900

806-850
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The 4ay band of germyl acetylene shows five maxima which appear

to form a double progression. The larger progression is in the order

of 900 ijl while the smaller is in the order of 600 cmﬂl. The

smaller progression is consistent with removal of a GeC bonding

electron. The larger progression is due to mixing of the GeC

level with the o) level.

MH
The 3e band of silyl chloro-acetylene shows a distinct
progression of about six members having band frequencies separated

by 930 cm._1 corresponding to either a skeletal stretch or a SiH

deformation. In most halo acetylenesg’10

, the frequency that is
excited is a reduced C = C stretching frequency corresponding to

loss of a bonding electron from the 'n' CC m.o. Mixing of this '#'
orbital with either the 2e or le orbitals will cause any totally
symmetric vibrations associated with these orbitals to become active
in the p.e. spectrum. Here it appears that the vibrational mode
corresponding to the skeletal stretch 05 the silyl deformation has
become the dominant feature of the spectrum. It is not inconceivable
that the reduced C = C stretch is approximately double this band

frequency at about 1860 cmfl. This order of frequency is observed

in comparable compoundsg’lo.
The 3e band of silyl bromo-acetylene shows a progression of

five members, the frequency separation being about 870 cm Y. This

is consistent with an increased skeletal stretching frequency. The
structure of the 3e band of germyl chloro-acetylene is very diffuse,

the bands overlapping, such that a reliable frequency cannot be

1 1

given, although it does appear to lie between 600 cm ~ and 850 cm ~.
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Removal of a 3e orbital electron is expected to increase the

C

C equilibrium bond length thus decreasing the frequency of the

C = C stretch. The C-X bond length will decrease because there is

1

less repulsion between the halogen ''lone pair' electron and the
C = C bonding electron, with the result that the frequency of the
skeletal stretch in the ion should increase.

It is possible that spin orbit coupling could affect the p.e.
spectrum of silyl bromo-acetylene. If the molecular orbital
involved in spin orbit coupling is expressed as a linear combination
of atomic orbitals with coefficients C. then the effective splitting

z is given by
_E 2
z ’ SN

where z, are the characteristic splittings of the component atomic
orbitals. In acetylenes, c, can be approximately determined using

the method used in the monohalo- and dihalo—acetylenesg’lo. Using

this method and a z value for bromine of 0.31 eVlS

, the spin orbit
couplings for the 3e and 2e levels in silyl bromo-acetylene are
approximately 0.11 eV and 0.19 eV respectively.

The splitting for the 3e band is the same order as the
vibrational splitting such that the effect is obscured by the
vibronic progression. The splitting on the 2e band is obscured by

overlap of the Sal and le bands, the latter being split by Jahn-

Teller distortion.

2.3 P.e. Spectra of Disilyl and Digermyl Acetylene

The symmetry configuration of these two diacetylenes can be

taken as DSd’ Dy or D3 where the two MH, groups are staggered,
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eclipsed or intermediate between the two. It is easier to expand
the basis set orbitals in terms of one of the higher symmetry
classes 1i.e. D3d or DSh' Both these groups have the same characters
although they belong to different symmetry species. In this section,
the DSd point group is used but whatever is said can equally be

applied to the DSh point group.

Basis set orbitals

The basis set m.o.'s are formed from a combination of valence

, € and e

1
shell a.o.'s. These a.o.'s belong to the alg’ A, g ¢

symmetry classes. The a.o.'s are

M a M a

ns 1g ns 2u
an alg an a an eg an ey
H15 alg His 22u His eg Ms &y
CZp alg CZp 4 CZP eg Czp e,
C25 alg CZS 2ou
The five a

1g a.0.'s will combine to give five alg m.o.'s which can

be represented as

o
Salg'

antibonding SiC, SiH
4alg-
Salg
Zalg bonding SiC, SiH, CC
la
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The five a,, 2-0. 's combine to give five a,, M.0. 's which are

represented as

SaZu-

4a2u antibonding SiC, SiH, CC
3aZ'.u —\

28, bonding SiC, SiH

laZu 3

The six e a.o.'s combine to give six € m.o.'s represented as

3eu

and o..

2e antibonding ToC SiH

u

3
eg_

2
g

leL1 bonding Live and OciH

1
ng

The expected occupied m.o.'s are Sal g ¥ 2a2u rie, # 2e_ requiring

g
22 electrons (supplied as 4 from each of two M, 4 from each of two C
and 1 from each of six H).

If the molecule is considered to belong to the D point group

then the classes change as; alg > a3 ay,

> a3 eu,eg + e, so that
the occupied m.o.'s are 3B, + 23, + 3e (levels for the D3 symmetry

molecule will be shown in brackets).



24—

Assignments of p.e. spectra

The p.e. spectra of disilyl and digermyl acetylene are shown in
figures 2.5 and 2.6 respectively. The i.p.'s are given in table 2.1.
Both spectra have six bands in them. The shape and relative
intensities of these bands are similar in the two spectra. The
first band (band I) is the Zeg(Se) band of mainly '“CC' bonding
character similar to band I of other acetylenes. The second band
(band II) is expected to contain both of the remaining e orbitals,
1eg and leu (2e + 1le). Both m.o.'s will be similar in energy as
the interaction between them will be smaller than for the corres-

11 16

ponding levels in disilane ~ and digermane . The expected energy

for these two m.o.'s will be the energy of the ecSiH3 m.o. in other
silyl and germyl acetylenes. Jahn-Teller distortion of the ion will
broaden both m.o.'s, the magnitude of which should be similar to
that found in disilane and digermane.

Band II should also contain the Salg ( 3a1} level just as the
53, 1level was present in this band of the silyl and germyl halo-
acetylenes. This m.o. will be one of the oMC bonding levels. No
vibrational fine structure is found at the onset of band II suggesting
that the Salg band must be obscured by one of the e bands.

The third band (band III) occurs at about 14 eV in both
molecules. This band is probably the 2a,5, (2&2) level being either
of %H °F e bonding character. The recent assignment of disilyl
acetylene using CNDO/2 calculations suggest that the 2a2u level is
mainly MH bonding and overlaps with one Jahn-Teller component of
the leg level. The last band (band VI) at around 20 eV is most

likely to correspond to the ]alg ( lal) m.o. which is of mainly
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Scc bonding character. The energy of this level is consistent with
that found in other acetylenes.
The two remaining bands are the Zalg ( Zal) and la2u (laz) m.o.'s
being mainly MH and MC bonding respectively. It is difficult to
3
predict in which order of energy they will come although the CNDO/2

investigation suggest the order is Zalg < la2 in binding energy.

2.4 Trends in Ionization Potentials

The energy levels in germyl acetylene are similar to those in
silyl acetylene. This is not surprising because the electro-
negativities of the silyl and germyl groups are approximately the
same. Those levels involving either GMH3 OT Oy bonding are shifted
to lower i.p.'s by about 2 eV in the silyl and germyl compounds
relative to those in the methyl compounds. This reflects the drop
in the first atomic i.p. corresponding to loss of a np electron
down the group IV elements. These are 11.3 eV for carbon, 8.15 eV
for silicon and 7.88 eV for germanium. This suggests that the 4al
and le m.o.'s in the acetylenes contain similar contributions from
the np atomic orbitals. A similar, although less pronounced,
effect is observed for the Salg, Zau, leu and 1eg levels of
disilyl and digermyl acetylene.

The order of the first i.p. in mono- and di- group IV acetylenes
is C < Si > Ge. This order is that found in other group IV
compound517’18. This order has been explained in terms of p » d
'm' bonding between the 'ncc' electrons and the vacant dm orbital
on the M atom. Since the strength of the interaction is determined
by the efficiency of overlap between the orbitals, the 'n' electrons

will be harder to remove in the case of éilicon.than either carbon

or germanium.
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The energy levels in silyl and germyl chloro-acetylene are
also similar in energy. The i.p. of the halogen np electron falls
by 1.2 eV on going from chlorine to bromine. A similar drop is
expected for those m.o.'s having mainly halogen np character. This
is found in the le and 4a; levels of the silyl halo-acetylenes
(2e in silyl bromo-acetylene). Unfortunately there is no data at
present on the i.p.'s of the methyl halo-acetylenes and no comparison
with the silyl and germyl compounds is therefore possible.

The p.e. spectra of monohalo2 and dihalo—acetyleneslo,
however, reflect the drop in i.p.'s of the halogens, not only in
those levels directly associated with the np electrons but also the
e bonding level. This has been interpreted in terms of extensive
mixing of the 7 m.o.'s in these molecules. Similar trends are

found in halodi- and tri--acetylenes19

. The Toe level in silyl

chloro- and bromo-acetylenes do not differ significantly from each
other suggesting either that there is little mixing in these molecules
or that the USiHS m.o. has a significant effect, in the opposite
direction from the an level, or the TeC level. The former is
unlikely considefing that the fine structure observed in band I

is in keeping with heavy mixing of at least the an m.o. with the

Tog M+O-

The energy of the m.o.'s of conjugated acetylenes are heavily
mixed forming extensive delocalized systems. To a lesser extent
the 'n' systems of hetero-acetylenes form these systems. The extent
of conjugation, hypoconjugation, p - d 'n' bonding within such
molecules cannot be differentiated, at present, by the use of semi-

empirical or "ab initio' calculations. Such calculations are not
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precise enough to allow anything other than a semi-quantitative
analysis of the photoelectron spectra, because they have to predict
both the ground state energy levels and the ionic state energy

levels.

2.5 U.v. Spectra

The u.v. spectra of disilyl and digermyl acetylene, silyl
chloro- and bromo-acetylenes, and germyl chloro-acetylene were

1 to 32,500 cn™! (190 nm to 310 mm).

recorded in the region 52,500 cm
The band frequencies are given in table 2.3 along with those of the
corresponding halo-acetylenes.

All the spectra have two bands above 190 nm although some of
these overlap extensively making the position of the band centres
unclear. The spectra of silyl and germyl halo-acetylenes are very
similar to those of the parent halo-acetylenes in position and
intensity. Silyl and germyl chloro-acetylenes possess a double

progression of bands on the absorption peak at 264 nm (38,000 cmfl).

‘The frequencies, listed in table 2.4, are excited approximately

1 1

every 160 cm ~ and 940 en! in silyl chloro-acetylene and 145 cm™

1

and 925 cm ~ in germyl chloro-acetylene which corresponds with the

ground state skeletal stretch vz and skeletal deformation V10

The activation of a bending vibration would suggest that the upper
state is bent. The corresponding band in chloro-acetylene has been
assigned to a 'w' ~» tr ® transition20 as have the absorptions at
225 nm in chloro- and bromo-acetylen321. It seems reasonable that
the bands in silyl and germyl chloro-acetylenes are also 'n' - by ®

transitions. The absorption visable beyond 190 nm (52,500 cm_l)

in silyl bromo-acetylene corresponds to a similar band in bromo-



*suotssaxloxd oTuoIqTA MOUS spueq (2

*1zZ @duaxayax (q

*07 @Juaxsjax (e

8uoxls Alsn  °*S*A

Suoxas *S

yeom AI9A *M°A
08T-00¢ *STA 000SS-00S61 00Z-ST12Z 'S 00S61-0009%
00Z-S2¢2 'S 0000S-00011 o¥Z-592 oy S 000ZH-0008¢
S9T-00Z *S*A 00009v-0000S 0T1Z-S¢2 'S 0008%-000TY
00Z-0¢2 'S 0000S~-000¢ ¥ 0yZ-592 N 000Z¥-0008<
08T~ *S°A 00055V 061-022 'S 000ZS5-000SY
00Z-027 1= 0000S-000S¥ 0g£Z2-0S2 TMEA 000 7-00001

(1) () () (;.0)
II pueq I pueq
BI302dS ‘AN *¢°Z OTIqEL

£He90D HeY

¢

TDOD"HeD

agnnHTS
TDDD®HTS
(E0H

2 TO00H

soToadg



a) .SiHSCCCI

Relative AE

v (cm_lg Intensity Progression 1 Progression 2
38260 1 160 950
38420 2 140 940
38560 4 - 970
39050 1 160 950
39210 1. 150 950
39360 2 170 920
39530 4 - 920
40000 1 160 =
40160 1 160 =
40280 2 170 950
40450 4 - 930
41230 2 150 -
41380 4 920
42300 4

b) .GeHSCCCl

=1, Relative AE

v (em ) : Intensity Progression 1 Progression 2
38440 1 160 950
38600 2 170 930
38770 1 - 910
39390 1 140 920
39530 2 150 920
39680 1 = 890
40310 1 140
40450 2 120
40570 1
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acetylene that has been assigned to a 'n' + o* transition.

The absorptions in digermyl acetylene are 'x' - '#*' and 'n' -
o* transitions for the 210 nm and 190 nm bands respectively corres-
ponding to transitions from the m.. bonding level.

All of the observed transitions must come from the w.. level

cc
because excitation from other levels would give rise to transitions
of much lower energy which are not observed. The p.e. spectra can
be used, in conjunction with the u.v. spectra, to determine the
energies of the upper state levels from the transition energies.
These are given in table 2.5. The assignment of other bands in u.v.
spectra (especially the vacuum u.v.), can be facilitated by knowledge
of upper state energies. Transition frequencies to these upper
states from more tightly bound m.o.'s can be predicted and compared
with those bands occurring at higher energies in the u.v. spectra.
Substituent effects, such as the extent of mixing of the '='
m.o.'s in similar molecules, affect the u.v. spectra in a similar
manner to the photoelectron spectra. For example the lowest energy
transition of chloro-acetylenezo and.bromo-acetylene21 occur at a
higher energy than the corresponding transitions in the silyl halo-
acetylenes and at a lower energy than the corresponding transition in
acetylene itself. This shift towards longer wavelengths as the number
of 'n' electrons increases in corresponding molecules appears to be a
common feature of many unsaturated systems. This change in wavelength
as the number of 'n' electrons increases, however, is not uniform

suggesting several effects are occurring.



‘Table 2.5. '~ Binding Energies of Excited Electronic
‘States.

Transition Energies Upper Level I.P.'s

(eV) (eV)
Species I.P.(eV) Band (I) Band (II) I II
SiH,CCC1 10.27 4.7 5:3 545 4.9
GeHSCCCl 10.19 4.7 5.4 5.5 4.8
SiHSCCBr 10.17 5.1 6.2 5.1 4.0
GeH,CCGeH 10.1 5.7 6.1 4.4 4.0

3 3



CHAPTER 3

Electron Diffraction Studies of Some

Silyl and Germyl Acetylenes
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3.1 Introduction

Gas phase electron diffraction data for silyl chloro-, disilyl,
germyl chloro- and digermyl acetylene were obtained using the
Balzer's K.D.G.2 apparatus at the University of Manchester Institute
of Science and Technology. The analysis of the data is presented
in this chapter.

Electron diffraction studies of these compounds were under-
taken to give accurate structures from which reliable values of the
rotational constants B could be computed. Analysis of the perpen-
dicular bands in the infra red spectra of these molecules requires
knowledge of these rotational constants.

It has been found, mainly from microwave studies, that the C - C
and C = C bond distances in a series of methyl acetylenes do not
change significantly even though some assumptions were made in
determining their structures. On the other hand, electron
diffraction studies of two silyl acetylenes by Andersonl have
shown significant variation in the C - Si and C = C bond lengths.
The C = C bond length was longer and the C - Si bond length shorter
in silyl acetylene than in silyl perfluoromethyl acetylene in which
a CF3 group replaced the hydrogen atom.

Similarly no difference has been observed in the C - C bond
lengths of methyl cyanide and methyl acetylenezz, but in both silyl
and germyl cyanide, the M - C bond is considerably longer than in
the corresponding acetylenesl’zs. This has been interpreted in
terms of electron withdrawal from the p -~ d 'n' component of the
M - C bond by the electron withdrawing group, explaining why the

methyl analogues do not show the same effect.



W

Studies of silyl chloro-, germyl chloro-, disilyl and digermyl

acetylenes were undertaken to see whether this trend was continued.

3.2 The Structures of Silyl and Germyl Chloro-Acetylenes

During exposure, the sample of silyl chloro-acetylene was
maintained at 250 K and germyl chloro-acetylene at 273 K with nozzle
temperatures of 296 K. Nozzle to plate distances of 250 mm, 500 mm
and 1000 mm were used: these gave ranges in the scattering variables
of 6 - 30 Rﬁl, 2 - 16 Rfl and 1 - 8 R_l respectively. The electron
beam had a wavelength of 0.05660 + 0.00005 nm.

The weighting function, correlation parameters and scale
factors are given in table 3.1. The intensity and final weighted
difference curves are shown in figures 3.1 and 3.2 respectively.

Both acetylenes were assumed to possess linear skeletons with
overall C3V symmetry in the vibrational ground state. The electron
diffraction pattern, however, represents a time average structure of
all occupied states so that the average structure is no longer linear.

In a molecule of type

H
M=C=-C'-X

\
e
the MH, MC, CC' and C' bonded distances, together with the HMC angle,
define the geometry of the ground state. If the M - C - C' and
C - C' - X angles are fixed at 180° then the M. . . C, C. . . X

and M . . . X nonbonded distances must be independently refined to

take account of the average structure. The HMC angle can be defined
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in terms of the H. . . C, H. . . C'or H. . . X nonbonded distances
and the HM bonded distances. Electron diffraction studies do not
generally give the position of the H atoms very well except when
scattering from the hydrogens is similar in intensity to that from
other atoms present. In silyl chloro-acetylene, the positions of
theH. ..C,H...C'and H. . . X nonbonded distances were
determined well enough to define the HSiC angle in terms of these
distances rather than fix the value of the HSiC angle and define
the three nonbonded distances in terms of this angle and the MH
bonded distance. These three peaks in germyl chloro-acetylene were
not well defined. As a result, a reasonable value of the HGeC angle
was chosen and the three H . . . nonbonded distances were defined
from this angle.

The radial distribution curves, P(r)/r were calculated after
each refinement and made the process of refinement easier.
Since in silyl and germyl chloro-acetylenes few overlapping peaks
are expected in the radial distribution curves, the peaks can be
readily assigned. As a result each bonded and nonbonded distance

and most amplitudes of vibration can be refined successfully.

Silyl chloro-acetylene refinements

The radial distribution curve is shown in figure 3.3. The
strongest peak corresponds to the Si . . . Cl nonbonded atom pair
distance at 4.6 R. The other two major peaks are the C . . . Cl
nonbonded atom pair distance at 2.8 & and the C' . . . Cl bonded
atom pair distance at 1.6 R. The peaks at a distance greater than
2 R correspond to various nonbonded atom pairs. The positions of
the majority of these peaks depend on the independent distances that

define the structure.
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Satisfactory refinements were carried out on the SiH, SiC, CC',
C'Cl bonded distances, the Si . . . C', C. . . Cl, Si. . . Cl,
H...C,H...C,H...Cl nonbonded distances and the ampli-
tudes of vibrations of the SiC, CC', C'Cl bonded and Si . . . C',
C...Cl', Si. . . Cl" nonbonded atom pairs.

The amplitude of vibrations of the SiH bonded atom pair would
not refine while the amplitudes of the CC' and C'Cl bonded atom
pairs were refined. The amplitudes of vibration of the H. . . C,
H...C',and H. . . Cl nonbonded atom pairs were not refined

but fixed at suitable value526.

The HSiC angle, and hence the
HSiH angle, was defined in terms of the three H . . . nonbonded

distances.

Germyl chloro-acetylene refinements

Attempts at refinement of the data for germyl chloro-acetylene
were not successful at first. It was discovered from the radial
distribution curve that germyl bromide was present and no account
of this had been made in refinement of the data. The quantity of
impurity was calculated for each camera height and the theoretical
scattering curve for each height was subtracted from the experimental
data. Although this operation leads to a reduction in the scale
factor for each camera height and hence larger errors than are
‘normal, a reasonable structure could be calculated.

The radial distribution curve, P(r)/r is shown in figure 3.4.
The major peaks correspond to the C' - Cl bonded atom pair, the
Ge - C bonded atom pair and the Ge . . . Cl nonbonded atom pair
distances at 1.6 %, 1.9 R and 4.7 R respectively. The outer peaks

are due to the various nonbonded atom pairs, the majority of which
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are defined in terms of the seven independent distances and the HGeC
angle.

Satisfactory refinements were carried out on the GeH, GeC,
CC', C'Cl bonded distances, the Ge . . . C', C. . . Cl, and
Ge . . . Cl nonbonded distances and the amplitudes of vibration of
the GeC bonded and Ge . . . Cl nonbonded atom pairs. The remaining
amplitudes of vibration were all set to reasonable valueSZ?. They
did not refine properly because information was lost when the
theoretical scattering curves for germyl bromide were subtracted
from the data.

The HGeC angle in this compound was fixed at a value in
keeping with other germyl compounds. The H. . .C,H. . . C'
and H . . . Cl nonbonded distances were defined in terms of this
angle since they do not contribute significantly to the overall
scattered intensity unlike the silyl analogue.

The final parameters and least squares correlation matrices
obtained for both chloro-acetylenes are given in tables 3.2, 3.3
and 3.4. The lowest R factor obtained for silyl chloro-acetylene
was 0.14 and for germyl chloro-acetylene, 0.35. The high value for

the germyl acetylene reflects the poor quality of data obtained

from the photographic plates.

3.3 The Structures of Disilyl and Digermyl Acetylene

During exposure, the sample of disilyl acetylene was maintained
at 250 K and digermyl acetylene at 273 K. The nozzle temperature,
nozzle to plate distances and electron wavelength were the same as

those used for silyl and germyl chloro-acetylenes.



Table 3.2a.

Molecular Parameters for SiH.,CCCl

3

Independent Distances:

R2

R4

R6
R7
R8
R9
R10

Si H
SicC
c ¢t
c* €l
Si C'
Si Cl
& Gk
HC

H C'

HCl

Dependent Angles

1

2

(C-Si-H)

(H-Si-H)

1

o
" ‘Distance(A)

502+0.012

.811+0.006
.232+0.006
.620+0.004
.998+0.009
.641+0.007
.831+0.007
.643+0.037
.786+0.052
.278+0.034

107.4+1.2

111.4+1.0

Amplitude
0.088 (fixed)
0.051+0.008
0.040+0.011
0.044+0.008
0.060+0.012
0.059+0.005
0.045+0.009
0.12 (fixed)
0.18 (fixed)
0.21 (fixed)



Table 3.2b.

Molecular Parameters for GeHSCCCl

Independent Distances:

R2
R3
R4
RS
R6
R7

Dependent Distances:

Ge H
Ge C
c ¢
¢’ Cl
Ge C'
Ge C1
CCl

R1

R4

HC
HG
H C1

HH'

Independent Angles

2 |

(C-Ge-H)

Dependent Angles

2

(H-Ge-H)

152 B

109.0 (fixed)

0

Distance(A)

.528+0.026
.926+0.010
.211+0.020
.635+0.013
.072+0.015
.701+0.009

.789+0.016

.838+0.024
.873+0.023
.426+0.020
.518+0.042

109.9

Amplitude

0.088 (fixed)
0.038+0.027
0.040 (fixed)
0.043 (fixed)
0.060 (fixed)
0.070+0.011

0.047 (fixed)

0.12 (fixed)
0.16 (fixed)
0.19 (fixed)
0.20 (fixed)
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The weighting functions, correlation parameters and scale
factors are given in table 3.1. Intensity and final weighted
difference curves are shown in figures 3.8 and 3.6.

Both acetylenes were assumed to have a vibrational ground
state of Dy 4 symmetry in which the hydrogen atoms of each end
group were staggered. Although the MH, MC and CC' bonded distances
and the HSiC angle completely define the ground state in a molecule

of type

H H!
‘\ /
H — M-C-C--M

o S

H

the M. . .C'and M. . . M nonbonded distances are also required
to refine independently so that a time average structure is obtained.
The HSiC angle in disilyl acetylene could be defined in terms of
the three H-skeletal nonbonded distances in the same way as the
corresponding angle in silyl chloro-acetylene was defined. The
HGeC angle in digermyl acetylene determined the three H . . .
nonbonded distances because they were not well defined from the
scattering data.

The radial distribution curve was calculated after each

refinement to assist with further refinement.

Disilyl acetylene refinements

The radial distribution curve, P(r)/r is shown in figure 3.7.
The major peaks belong to the Si - C bonded, the Si . . . C' non-
bonded atom pair and the Si . . . Si' nonbonded atom pair distances

at 1.8 R, 3.0 8 and 4.8 R respectively.
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Satisfactory refinements were carried out on the SiH, SiC, CC'
bonded distances, the Si . . . C', Si. . .S8i', H...C,H. .. C(C'",
H. . . Si' nonbonded distances and the amplitudes of vibration of
the SiH, SiC, CC' bonded and Si . . . C', Si . . . Si', H. . . C,
H...C,H. .. Si' nonbonded atom pairs. The H. . . H
amplitudes of vibration were fixed at suitable values because the
peaks corresponding to the H . . . H nonbonded distances do not
contribute significantly to the overall intensity.

The HSiC angle was taken as the average of the three triangles
defined by the SiH, SiC, and HC atom pairs, the SiH, SiC' and HC'

atom pairs and the SiH, SiSi' and HSi' atom pairs respectively.

Digermyl acetylene refinements

The radial distribution curve, P(r)/r is shown in figure 3.8.

The major peaks belong to the Ge-C bonded, the Ge . . . C' nonbonded
atom pairs and the Ge . . . Ge nonbonded atom pair distances at 1.9 R,
3.1 R and 5.0 & respectively.

Satisfactory refinements were carried out on the GeH, GeC, CC'
bonded distances, the Ge . . . C', Ge . . . Ge' nonbonded distances
and the amplitudes of vibration of the GeH, GeC bonded and Ge . . . C',
Ge . . . Ge', H. . . Ge' nonbonded atom pairs.

The amplitude of vibration of the CC' bonded distance would
not refine, tending to vanish if refined. This amplitude was fixed

27. Theé:-H o & &« Ho M e e Hy Hou oo (Cignd

at a reasonable value
H. . . C"' nonbonded amplitudes of vibration were fixed to suitable
values. The H. . . Ge' nonbonded amplitude refined to a reasonable

value.
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The Ge . . . Ge' nonbonded peak was very asymmetric in the
radial distribution curve. One reason is the magnitude of the
relative populations in the ground state and states involving the
two skeletal bending deformations. Since the lowest of the
excited states is that state having an excited symmetric bending
deformation and an energy of about % KT above the ground state,
the relative population is approximately 60% of the ground state
population. The larger wing of this asymmetric peak will be to
shorter distances.

Asymmetric peaks also appear because of large amplitudes of
vibrations occurring for atoms associated with the bending mode.
This is illustrated in figure 3.9. Consider the amplitude of
vibration in a linear molecule XYZ. The amplitude moves the atom Z
from Z' to Z'" and back. When Z is at Z', the effective nonbonded
X . . . Z distance has been shortened to XQ as shown in figure 3.9a.
The distribution of the XZ distance r(XZ) is shown in figure 3.9b.
Each point on the distribution curve is broadened by the skeletal
vibrations so that the overall distribution curve is as shown in
figure 3.9c: an asymmetric peak. The asymmetry is more pronounced
when the bonds are associated with excited vibrational states
because excited states have larger amplitudes of vibration than
ground state vibrations.

Use of a negative anharmonicity with the Ge . . . Ge' distance
will predict some of the asymmetry of the peak, even though no
physical significance can be attached to this anharmonicity. More
reliable distances and hence shrinkages for the Ge - C - C - Ge

chain are obtained if negative anharmonicities are used in such



figure 39 The Effect of the Amplitude of Vibration on the XZ
Non-bonded Distance

r(xz)

r(Xxz)
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circumstances. The best fit to the peak was obtained by refining
the stable parameters at different anharmonicities and then plotting
the Ge . . . Ge distance, the amplitude and the overall R factor (RG)
against the anharmonic constant (figure 3.10). The minimum in the
RG curve gave the value of the anharmonic constant with the best
overall fit to the data. The Ge . . . Ge distance and amplitude of
vibration could then be read directly from the graph.

The final parameters and least squares correlation matrices
obtained for disilyl and digermyl acetylenes are given in tables 3.5,
3.6 and 3.7. The lowest R factor obtained for disilyl acetylene

was 0.15 and for digermyl acetylene, 0.21.

3.4 Results and Discussion

Disilyl and silyl chloro-acetylene have SiC bond lengths of
1.825 & and 1.811 & respectively. These are similar to those observed
in the electron diffraction studies of silyl acetylene (1.813 EJI, tri-
methyl silyl acetylene (1.827 RJ and trimethyl silyl chloro-acetylene
(1.827 )28, A1l of these SiC bond lengths are (0.05-0.06) R shorter
than the SiC bond lengths of the methyl silaneszg. Digermyl and
germyl chloro-acetylene have GeC bond lengths of 1.906 R and 1.926 &
respectively. These values agree with the GeC bond lengths of other
germyl acetylenes determined by electron.diffraction28 and microwave
studies®® and are (0.05-0.07) R shorter than the GeC bond lengths in
methyl germanes. The shortening of the M - C bond length in acetylenes
has been attributed to an increased 's' character contributed from the
M atom.

The range of the C = C bond lengths observed for the four

molecules is wider than the range in other acetylemes. In silyl



Table 3.5a.

Molecular Parameters for.SiHSCCSiH3

Independent Distances

égglitude

(o)
Distance (A)
R1 Si H 1.462+0.006
R2 Si € 1.825+0.003
R3 cc 1.206+0.005
R4 51 C! 3.028+0.005
RS Si Si! 4.817+0.008
R6 HC 2.658+0.017
R7 H C' 3.768+0.031
R8 H Si' 5.475+0.025
Dependent Distances
1 H H 1.642+0.008
2 H H' 4.151+0.032
3 H H' 4.862+0.029

Dependent Angles

1
2

(C-Si-H)
(H-Si-H)

108. 58+(0.6)

110. 35+(0.6)

0.087+0. 006
0.049+0.006
0.024+0.012
0.060+0.004
0.081+0.004
0.115+0.018
0.219+0.036
0.223+0.022

0.21 (fixed)
0.2 (fixed)
0.2 (fixed)



Table 3.5b. Molecular Parameters for GeHSCCGeH

3

A. Independent Distances

0

Distance(A)
R1 Ge H 1.494+0.012
R2 Ge C 1.907+0.005
R3 c ¢! 1.216+0.013
R4 Ge C' 3.107+_0.007
RS Ge Ge' 4.959+0.007
B. Dependent Distances
1 H C 2.844+0.019
2 H C' 3.937+0.021
3 H Ge' 5.709+0.025
4 H H 1.595+0.009
5 H H' 4.079+0.029
6 H H* 4.830+0.022
C. Independent Angle
<1 (H-Ge-C) 112.92+0.25

D. Dependent Angle

<2 (H-Ge-H) 105.81+0. 69

Amplitude
0.095+0.010
0.037+0.007
0.034 (fixed)
0.044+0.007
0.077+0.003

0.12 (fixed)
0.16 (fixed)
0.195+0.026
0.2 (fixed)
0.2 (fixed)
0.2 (fixed)
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chloro-acetylene, the value of 1.232 ! for the C = C bond length is
exceptionally long compared to the normal range of 1.205 R to

1.212 R, The C - Cl bond length in this molecule, however, is

shorter than the average value: 1.602 R instead of (1.630 - 1.637)

R. These variations suggest considerable rearrangement in the electron

density within the molecule. Germyl chloro-acetylene, on the other

hand, seems to have more reasonable values for the C = C and C - Cl
bond lengths (1.211 R and 1.635 % respectively) even though the
uncertainties in these parameters are much larger than in silyl
chloro-acetylene.

In digermyl acetylene, the C = C bond length (1.216 R) is long
compared to the normal range for this bond, whereas the value in
disilyl acetylene (1.206 RJ is well within the normal range.

These acetylenes, as expected, have shrinkages associated with
distances greater than a single bond length along the linear chain.
The shrinkages are given in table 3.8. The shrinkages are larger
in magnitude for the germyl acetylenes than the silyl acetylenes.
.This is due to the larger mass of germanium causing larger amplitudes
of vibration, which in turn make the germanium atom spend more time,
on average, away from the equilibrium structure.

Within the experimental limits, the two bond shrinkages are
similar in size to the three bond shrinkages in the two chloro-
acetylenes. In the disubstituted acetylenes, however, they are
significantly smaller than the three bond shrinkages. This suggests
that the vibrational modes mainly responsible for the shrinkages
are different in the two cases. Care is needed in such an interpre-

tation because observed shrinkages are subject to large errors.



Bond Shrinkages

Table 3.8.
Compound Bond Bond Length
RS 2.998
SiH30001 R6 4.641
R7 2.831
RS 3.072
GeHSCCCI R6 4.701
R7 2.789
R4 3.028
SiHSCCSiH3
R5 4.817
R4 3.107
GeHSCCGeI-I3
RS 4.959

2 Bond 3 Bond
Shrinkage Shrinkage
0.045(20) .

- 0.022(20)
0.021(15) -
0.065(45) -

o 0.071(50)
0.057(50) =
0.003(13) =

- 0.038(20)
0.014(25) e

0.071(30)
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Generally, the data obtained for these four acetylenes are not
particularly good. It should be possible, with care, to obtain more
reliable sets of parameters. Use of electron diffraction with micro-
wave determinations enable a higher accuracy to be obtained than by
each technique individually by eliminating many of the faults
inherent in each method.

Over the last few years a number of acetylenes have been
studied by microwave and electron diffraction techniques in the hope
of elucidating effects such as hyperconjugation and p ~ d '«

37’38’39. These effects have been implied by variations in

bonding
bond lengths at the present limits of experimental observation.

Often comparison of bond lengths 1S not very satisfactory because
the bond length observed is dependent on the technique employed.

In addition to variations in bond lengths caused by the techni-
ques employed, there are other problems associated with the determina-
tion of structures. Unless sufficient isotopic species are analysed
in microwave studies only partial structures can be deduced. This
inevitably means that assumptions are made concerning the lengths
~ of some bonds; for example, the C = C bond distance in methyl bromo-

acetylene was assumed to be 1.207 + 0.004 R even though an electron

| +

diffraction study of bromo-acetylene suggested that the bond length
could have been outside of this range.

If one of the atoms lies near the centre of mass of the molecule,
for example the Cy atom in fluoro-acetylene, the individual bond
distances to that atom are not well defined even though the overall
chain distance may be accurately known. Isotopic substitution causes

a change in the bond length . Sometimes, neglect of this change can
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cause large errors to occur in the determination of other bond lengths;
for example in the determination of the structure of vanadyl (V)
chloridesz, the rotational constant Bg calculated from electron
diffraction studies and the rotational constant, Bz determined from
microwave studies differ significantly. When, however, the isotopic
variation of the V - C1 bond length (6 x 107 R) was taken into
account, the rotational constants became compatible within the
experimental limits.

On the other hand, electron diffraction techniques give accurate
ratios of different bond lengths as long as the peaks are well
defined on the radial distribution curve. The absolute value of each
bond length depends on correct scaling of the radial distribution
curve, which is dependent on the accuracy of the electron wavelength
employed and the measurement of camera height.

The structure of the four acetylenes studied along with those
of related compounds are shown in table 3.9. The type of bond
length determined is quoted together with the reference. A descrip-
tion of each type of bond length has been given by Robiette30.

The results obtained indicate that there appears to be little
correlation between the C = C bond lengths and the substituent
attached to the acetylene. The C = C bond lengths vary more than
the 0.008 R.spread assumed from microwave studies (rg values range
from 1.200 R to 1.232 R). The CH bond lengths are fairly constant
(1.050 R to 1.060 ®) as are the C-halogen bond lengths except in
silyl chloro-acetylene where the value found was shorter than the
normal range.

The C - C acetylenic bond lengths, however, vary considerably.

Both methyl acetylene and methyl chloro-acetylene have bond lengths



'Table 3.9. Structure of Some Related Acetylenes
Distance o » #

Molecule Type =€ =C=X =C-M
HC=CH T, .2120(4)
CH,C=CH r, .2073 1.0582 .4577
(CH,) ,CHC=CH T .200(5)  1.050(4) .495(11)
(CHy) ;CC=CH 8 .209(1)  1.055(1) .50(est.)
CPSCECH rg .211(5) .500(5)
CH,C=CCH, r .2135(6) - .4675(5)
(CH,C=CY, r .210(2) .434
HC=CC1 r . 204 1.637 .055
CH,C=CCL T .2069(5)  1.6371(5) .458(5)
(CHz) 5CC=CCL T, .210(5)  1.637(5) .468(5)
CFC=CC1 T, .199(5)  1.627(9) .453(2)
SiH,C=CH T, .221(5)  1.075(19) 1.813(4)
(CH,) ,SiC=CH T, .200(8) 1.050(5) .825(6)
SiH,C=CSiH, E, .206(5) - .825(3)
SiH,C=CC1 I, .232(6) 1.620(4) .811(6)
(CHz) .SiC=C1 r, .210(8)  1.630(5) .825(8)

...continued

Ref.
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Table 3.9 (Continued)

Molecule
SiHSCCCF3
GeH3CECH
GeHSCECGeH3
GeHsCECC1
(CHS)SGeCECC1
HC=CBr
CHBCECBr
C1C=CBr

HC=CF

Distance

“Type Teso

rg .207(9)
T, .208(1)
rg .216(13)
rg .211(20)
rg .215(5)
T, .216

A .207(4)
t .209(8)
T .198

- i

=C-X

TzceM

1.472(11)  1.825(6)

=

(o

=

|

.056

.635(13)

.630(5)

.784

.793(5)

.790(5)

219

1.896(1)

1.907(5)

1.926(10)

1.930(7)

1.051

1.46(2)

1.628(5)

150535

Ref.

25

28

58

59

84

79
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of 1.458 R, which is shorter than in t-butyl acetylene (1.500 R),
t-butyl chloro-acetylene (1.466 R} and i-propyl acetylene (1.495 R).
The Cmethyl = Ctert. bond length in the t-butyl acetylenes are also
shorter than the corresponding bond length in t—butaneSl.

A similar effect is observed in the corresponding silicon
compounds. Electron diffraction studies show that the Si - C bond
lengths in silyl acetylene (1.813 RJ and silyl chloro-acetylene
(1.811 ﬁ) are shorter than in trimethyl silyl acetylene (1.827 R) and

trimethyl silyl chloro-acetylene (1.827 R). Similarly the C Si

29

methyl ~
bond lengths are shorter than those in trimethyl silane

The lengths, however, of the Ge - C bonds in germyl chloro-
acetylene (1.926 RJ and trimethyl germyl chloro-acetylene (1.930 QJ
do not show the shortening observed in the methyl and silyl analogues,
although it should be pointed out that the value in germyl chloro-
acetylene is subject to a large standard deviation. In germyl
acetylene, this bond length is shorter at 1.90 R, The C - G,

Si - C, and Ge - C bond lengths in dimethyl acetylene (1.4675 R),
disilyl acetylene (1.825 R) and digermyl acetylene (1.907 ) do not
Ifit very well in the above scheme because although the bond lengths
in dimethyl and digermyl acetylenes are shortened, the disilyl
acetylene has a long Si - C bond compared to the other silyl
acetylenes.

Trends in bond lengths are not readily observed even when the
standard deviations are of the order 0.005 R. This suggests that
bond lengths are fairly insensitive to changes in bonding energy of
the molecular orbitals and substituent effects about the bond.

It is now possible by combining microwave spectroscopy with

electron diffraction studies to overcome many of the problems
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inherent in each separate technique. It is possible to reduce the
standard deviation to less than 0.001 R. The spread in bond lengths
of these acetylenes suggests that this order of standard deviation

would be enough to distinguish trends among related compounds.



CHAPTER 4

The Infra Red and Raman Spectra of

Some Silyl and Germyl Acetylenes
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4.1 Introduction

The gas phase infra red spectra of silyl chloro-acetylene and
its deuterated analogue, silyl bromo-acetylene, germyl chloro-
acetylene, disilyl acetylene and digermyl acetylene have been
recorded over the range 40 em™! to 4500 em™. The infra red spectra
of silyl and germyl perfluoromethyl acetylenes were reassigned with
the help of the spectra of their deuterated analogues.

The raman spectra of these acetylenes in the liquid phase were
recorded and preliminary studies were made on silyl chloro- and
disilyl acetylene in the gas phase.

Overtone and combination bands have been assigned on the basis
that the band frequency does not differ significantly from the sum
of the fundamental frequencies involved. Often more than one combi-
nation or overtone can be assigned to a given frequency. If some of'
these combinations camnot be eliminated by comparison with similar
molecules or from their band shape, then all plausible assignments
are given.

Analysis of the Q branch fine structure is dealt with in
chapters 5 and 6. Any frequencies quoted for the band centres of
such perpendicular bands are derived from that analysis.

The vibrational spectrum of disilyl acetylene has been
recorded by Lord4 although the lowest fundamental frequency was not
observed. The analysis of the rotational fing structure associated
with the perpendicular silyl bands only showed that the spacing
was consistent with a very low barrier to internal rotation. In
the present work, the lowest frequency has been observed and the
fine structure reanalysed with additional data.

Anderson! has assigned the infra red spectra of the silyl and

the germyl perfluoromethyl acetylenes, but the asssignments did not



44~

take account of a low bending vibration at about 100 cm_l. The

spectra have been reassigned with the help of data for the fully

deuterated species.

n

4.2 The Vibrational Spectra of MHSCCX; M=S5i, Ge; X =C1, Br

Molecules of the type MHSCCX where M = Si, Ge and X = C1, Br
have overall sz.symmetry. They have 5a1 and 5e normal modes of
vibration, each mode being infra red and raman active. These modes
with the approximate description of the vibration concerned are
listed in table 4.1.

Usually the assignment of these spectra are straightforward.
The three bands that show rotational fine structure can be assigned
to the perpendicular modes; the MH stretch, Ve the MH deformation,

and the MH, rock, v The band occurring near to the centre of

V73 3 8*

Ve will be the parallel mode of the MH stretch, Vi and the band
near to the centre of Vs will be the MH deformation, Vg The
acetylenic stretch, v, is expected in the 2100 en ! to 2200 en™?

region and could be close enough to v, to mix extensively with
"this band.

The two remaining a, modes, V4 and Ve, correspond to the M - C
and C - X stretching vibrations, though they are not well described
as purely one type or the other, generally occurring outside the
normal range of values for such modes in acetylene533’34. This
suggests extensive interaction of the "group vibrations' due to the
proximity in frequency and substantial mechanical coupling in the
molecules. Similarly, the two remaining e modes, Vg and V10
are not well described as purely M - C = C or X - C = C bending

vibrations.



‘Table 4.1. . The Fundamental Modes.of.MHSCCX
Description of mode a, symmetry e symmetry
MH stretch, VVH vy Vg
C=C stretch, vee Vo
MH deformation, &, V3 vy

a
MC stretch, vy vy

a
CX stretch, Vex Vg
MHS rock, pMHS Vg
M-C=C deformation, GMCC Vg
C=C-X defbrnmtionb S L

= » °cex 10

a) These skeletal stretches are heavily coupled.

b) These skeletal deformations are heavily coupled.
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‘deuterated analogue

The infra red spectra of silyl chloro-acetylene and the fully
deuterated analogue are shown in figure 4.1. The fundamental fre-
quencies given by the infra red and raman spectra are listed in
table 4.2. The assignments of frequencies to overtone and combination
bands are given in tables 4.3 and 4.4.

The gas phase raman and infra red frequencies of the fundamental
bands are in good agreement. The position of the silyl stretch, Ve
in the raman spectrum is not known with any degree of accuracy
because it is a weak shoulder on the side of the other silyl stretch,

v The higher frequency in the raman of the acetylenic stretch,

1°

V), appears somewhat anomalous although this shift can be explained

by a series of '"hot' bands altering the band shape in the two spectra.
The discrepancy between the frequencies of the silyl deformation,

Vo, is due to the different mechanisms involved in infra red and raman

spectroscopy. The infra red gives strong PQ and RQ branches while

the raman effect produces strong OQ and SQ branches. The position

of the centres of the Q branch progressions depends on the moments

of inertia, the coriolis constant and the band origin, with the

result that the RQO and SQO branches are in different positions.

The values shown are consistent with this pattern.

The RQO branch of the silyl rock could be at one of two

1 1

or 694.7 cm . Analysis of the rotational

frequencies, 683.4 cm”

structure did not help in clarifying the problem, although the raman

1

frequency and that of the overtone, Zvg at 1365 cm ~ in the infra red



‘Table '4.2.

Vi
V2
V3
Yy

Vs

vy

Vg

Vg

V10

..The.Fundamental.Frequencies.of.SiH3CCC1.and

_.SiDSCCCl.(Gas.PHésé).

SiH,CCCL SiD,CCC1
IR(cmY) Raman (cn ™)) IR (anb)
2193.1 2199 1574.8
2164.3 2171 2166.7

938.9 941 691.2

917.1 917 922.5

436 434 420

2192.4 2196 1603.5

944.% 936 676.5 or 665.8
693.7 or 685 535

682. 4

351 349 344

124 119 116



Table 4.3a Assignments of i.r. Frequencies of SiH.CCCl (gas phase)

v(ﬁmﬁl)

4390.

7

4383.0

4354

4319.

4317.
4310.

3128.

311I.
3102.

2970
2935
2876
2621
2590

2195.

2198.
2188.

2169.
2159.

1889,

1890
1881

1875
1867

1824
1652
1620
1460

1374,

1365

co O

(SRR |

o w

[N ]

Strength

=

= ¥ 8§ %

=

Vs

$ 2 8 g °

=

Structure

PR

centre of 'Q' branch

PR

centre of 'Q' branch?

PR

PR

centre of 'Q' branch

PR

PR

centre of 'Q' branch

PR

PR

centre of 'Q' branch

Assignment

2y
2

Zva (e)
£y (2.)

continued/....



Table 4.3a continued

a see text

v (cm-I) Strength
1256 i
1206 VW
I195 vw
I171 W
1157 vw
1142 W
1095 vw
1050 vw
992.2 VW
950.7 S
943.3

938.9 Vs
934.6

oo ™
810 W
694.7 or

683.3 .
476

464 W
436 s
351 W
310 - W
230 -
124 -

Structure

PR

centre of 'Q' branch?

centre of 'Q' branch

PQR

PR

centre of 'Q' branch

PR?

v ¥ 2v
6 10

Vv 4y
8 9 10



Table 4.3b Assignments of Raman Frequencies of SiH,CCCl (gas phase)

v (cm-Il Strength Structure Assignment
2199 Vs - v1
2196 W br sh : v
6
2171 m br v
2
2162 br Vrv o~y
2 9 9
2152 br v + 9 - 2v
2 9 9
2142 br v o+ 3y -3y
2 9 9
2133 br v.+ 4y -4y
2 9 9
2121
2115 a PR/S0
994 sp‘ sp
990 sp
955 sp
947 Sp
941 S
Q 8
936 br v
4“? » .
917 m
Q ¥
900 sp
685 w - v
8
670 m =
434 S i v
5
354
[ PR/SO
345 / ug
243
: w PR/SO 2
235 R/ le
I :
e s PR/SO ' v

10



Key to Symbols

w - very weak
w - weak

m - medium

s =strong

vs - very strong
br - broad

sh = shoulder

sp - spike

DP - depolarised
P - polarised

SD - standard deviation

Bond lengths are quoted in Angsfroms and I.R. band frequencies and energy:

levels are quoted in cm_I unless otherwise stated



Table 4.4a Assignments of i.r. Frequencies of SiD.CCCl (gas phase)

v [Cm—I) Strength
2580 W.
2170.7

2162.7 =
1603.5 s
1578.9

I574.8 Vs
1570.3

1265 W
926.6

918.5 W
695.8

682.2 VA
676.5 or .
665.8

535 m
420 m
344 W
116 m

Structure

v. asym: PR

centre of 'Q

PQR

PR
PR

centre of 'Q

'C"- type band

Assignment

VotVg



Table 4.4 b Assignments of Raman Frequencies of SiD,CCCl (1ig.)

v (CHI_I) Strength Polarization Kaaiprinent
2165 m 60% v,

1600 m DP UE.

1570 Vs 70% v,

680 s 30% \,3’\,7

423 m 60% v,

343 s DP v,

116 m DP v
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spectrum suggests that the former frequency is more likely: small
anharmonicities being observed for this overtone in other silyl
compounds .

Substitution of hydrogen by deuterium affects the vibrational
frequencies as expected, with the greatest shift in frequency occurring
for the five silyl modes. All the modes, except the skeletal
stretch, v,, decrease in frequency on deuteration; V4 increases
in frequency because the silyl deformation, vz, On deuteration is
removed from the vicinity of v,, thus decreasing the extent of inter-
action between them. If the interaction is strong, ) will be
lower in frequency than normal. Removal of this interaction will
cause v, to increase in frequency.

The shift in frequencies are all consistent with the Reiner-

35

Teller product rule”~. The calculated and observed products for the

a, symmetry species are 0.508 and 0.517 respectively. Those of the

T .

e symmetry species are 0.346 and 0.373.
It has been observed in molecules of the type MHSCCX, where M

is a group IV 'metal' and X = H, Halogen, that the acetylenic

stretching frequency, vy has several "hot" bands of the type, v, *

36

Wy = Ny associated with it” . In the infra red spectrum of

0
silyl chloro-acetylene, this region is obscured by the overlapping
bands of vg» although v, does appear to possesS a PR structure. In
the gas phase raman, however, a series of Q branches with rapidly
decreasing intensities occur to lower frequency of the main peak

.(figure 4.2a). These peaks éould be attributed to such a series of
"hot'" bands. The separation of the peaks is constant at between

1

9cem™ to 10 am Y. The relative intensities would fit a frequency



%)

a) v, Sil-I3CECCl Raman -

b) v, SiﬁgciCCl. IR




-47-

1t 140 et assuming a Boltzman distribution for

of between 100 cm_
the states; G.S., V102 2“10’ 3v10, . « . respectively. This value
agrees well with the observed raman frequency of 118 em L for V10

In the infra red spectrum of deutero silyl chloro-acetylene,

) should possess a similar pattern of "hot' bands.

As is shown in figure 4.2b, this band has a different band shape
from the expected PR curve. This can be explained by the overlap of
the PR envelopes of 2 with those of the series vy + V4 = My as
illustrated in figure 4.3.

L in silyl chloro- and deutero

The peak occurring at about 430 cm_
silyl chloro-acetylenes, assigned to the skeletal stretch, Ve, has no
apparent structure. Raman polarization studies in the liquid phase show
that this band is polarized. One explanation is that '"hot" bands
similar to those associated with v, are present, with the result that
the expected minimum in the band is obscured. Similar band shapes,
although more asymmetric, are observed for Vg in germyl chloro- and
silyl bromo-acetylene.

The gas phase raman spectrum of silyl chloro-acetylene con-

L t0 1000 et region.

tained some curious peaks in the 900 cm~
There were several sharp spikes on either side of the silyl deforma-
tions, vz and Vo These peaks are probably OQ and SQ branches of
Vo« The structure of this band was not studied in detail because
the laser of the raman spectrometer was operating at reduced POWer.
Similar structure was not observed in the Vg OF Vg region of the
spectrum because the bands were too weak.

Vg and v, . have PR envelopes in the gas phase raman spectrum,

10
consistent with the selection rules.



‘ Figure 4.3 Theoretical IR Bandshape of the Bands \JX*n(Vy-\J))

anharmonicity = 2x PR separation : '\Jy2 120 cni~!

a)

b) anharmenicity = PR separation : 3,120 cm™!
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The vibrational spectra of germyl chloro-acetylene

The infra red spectrum of germyl chloro-acetylene is shown in
figure 4.4. The fundamental frequencies are listed in table 4.5.
The assignments of overtone and combination bands to the infra red
and raman frequencies are given in table 4.6.

The acetylenic stretch, Vo, is similar to the corresponding
band in silyl chloro-acetylene (figure 4.5) being partially hidden
by the overlapping Q branches of the germyl stretch, Vg This
band does not appear to have a simple PR structure suggesting that
it has "hot'" bands affecting the shape of the band envelope.

Rotational structure occurs, as expected, with the germyl
stretch, Ve s the germyl deformation, Vg and the germyl rock, vg-

No rotational fine structure is observed on the other two e modes,
Vg and V10
In germyl chloro-acetylene, Vg has moved to low fre@uency
compared to the silyl analogue, reflecting the much heavier mass of

the germanium atom. The band shape of v is difficult to discern
due to the Q branches of v overlapping with this band. The
énvelope should consist of a PR structure but, as is shown in figure
4.6, it is possible that associated '"hot'" bands obscure the central
minimum.

The infra red spectrum has a strong asymmetric band at 347 cmfl,
having what could be PR branches, and a medium intensity band at
219 em™1 possessing no structure. These bands could be assigned to

the skeletal stretch, v, and skeletal deformation, Vg respectively.

5
The assignment of the 347 et band to Vg is supported by the

relatively strong combination, v, * vc at 2512 cm ! which is also



‘Table 4.5. The Fundamental Frequencies of GeH3CC61

Mode _ IR Raman
vy 2116 2111
Vo 2172 2166
Vs 832.9 824
Vi 888 880
Vs 348 -
Vg | 2117.5 2113
vy 884.4 880
vg 624.3 622
Vg - 339
V10 116 123

a) liquid phase.



Table 4.6a Assignments of i.r. Frequencies of GeH,CCCl (gas phase)

vgcm'I]
4283
4169.0

4168.2
4160.3

3060.3
3058
2975
2967

2949
2939

2867
2512
2172
2120.6
2116
1845
1760

1765
1758

1719
1658
1526
1450
1366

1248.7
1241.5

888
887.6

836.7
829.2

Strenggh

=

$ 8§ § F %

2

=

Vs

Vs

Vs

3

=

= § 2 8 § &

=

Vs

Structure

centre of ‘Q" branch
PR

centre of 'Q' branch

PRP

centre of 'Q' branch

PRb

centre of 'Q branch®
PR

br
br
br
br

PR

b

centre of 'Q branch

PR

V+V AV, 0V o4y 4V
§ 5§ 5 2%

Vv

continued/....



Table 4.6a continued

v(cm-I!

688.2
624.9

352
344

219
116

Strength

wn

Structure

centre of 'Q' branch

PR?

Assiment

2v y v v
5 5

v
8

d
Vo )

YAV
10

v
10

a PR structure is obscured by 'Q' branches of the overlapping

GeHS mode.

b 'Q branches observed but too weak to measure.

¢ this could be two separate bands.

d see text.



Table 4.6b Assignments of Raman Frequencies of GeH,CCCl (1ig.)

v (cm'I) Structure Polarization Assignment
2166 m | 60% v
2158 W =
a’ W DP
2113 Y6
2111 VS 70% \Jl
880 s 30% v,V
gy g
843 m -
824 s 60% v
3
684 W P 2\;9
622 W DP Ua
g 2
123 s DP v
10

a suggests that ue is to high frequency of vl
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observed at 2590 cmfl in silyl chloro-acetylene and deutero silyl

chloro-acetylene. The 2512 et

band, however, does not possess
a similar PR envelope to the 2590 an L band.
The liquid phase raman spectrum has a very strong, depolarised

1 and no band in the 220 cmt region. This suggests

line at 339 cm
that Ve and vg occur in the same region of the spectrum and that

the 219 cm-l band corresponds to 2“10 rather than.vg. This conclusion
is supported by the fact that polarization measurements on the 339
cm-1 raman band show a greater difference between the two normal
planes of polarized light than expected for a depolarized band.

This indicates the presence of a weakly polarized band around 339

an ! as well as Vg Vg is a weak band in the infra red spectrum

of silyl chloro-acetylene. It is quite conceivable that Vg is

hidden under v. in germyl chloro-acetylene, being too weak to be

5
observed. Loss of structure in the band at 2512 c:m-1 could result
from the combination, vy * Vg occurring with the much stronger band,

\?2 + \15.

The vibrational spectra of silyl bromo-acetylene

The infra red spectrum of silyl bromo-acetylene is shown in
figure 4.7. The fundamental frequencies are listed in table 4.7
and the assignments of the infra red and raman spectra are given
in table 4.8.

There is good agreement between the fundamental frequencies
observed in the infra red and raman spectra. Rotational structure
is observed on the three silyl bands, vg, v, and vg. The acetylenic

stretch, v, has moved to lower frequency relative to that found in

2
the two chloro-acetylenes and the silyl stretch, v; occurs to the



Table 4.7. = The Fundamental Frequencies .of .SiHSCCBr

Mode IR Raman®
v 2192.8 2195
Vo 2148.2 2145
V3 932.4 927
vy 832.2 830
Vs 360.7 360
Ve 2192.2 2195
V7 952.7 or 943

936.0
vg 681.7 =
Vg 325.5 325
V1o 114 118

a) 1liquid phase.



Table 4.8a Assignments of i.r. Frequencies of SiH.CCBr (gas phase)

v (Cm'I) Strength
3140 W
3120 W
2913 W
2850 W
2780 W
2507 W
2195.0 s
L
mse
1885 v
1858 W
1365

1357 B
1260 W
1190 W
I175 W
956.8 or

936.0 S
935.9

929.0 vs
835.3

829.2 %
682.7 s
440 W
360.7 m
325.5 W
114 m

Structure

centre of 'Q

PR

PR

PR

PR

branch

centre of 'Q' branch

PR

PR

centre of 'Q branch

asym. band

Assigg@nt

VAv, Vay
17 6 7

V*v, V4V
1 3 3 7



Table 4.8b Assignments of Raman Frequencies of SiH,CCBr (1ig.)

v (cm'IJ Strength Polarization Assiponment
2195 Vs 60% v and v
1 6
2145 Vs 60% v
2
943 s ? v
7
927 S T v
3
830 VW 90% v
Y
360 m 70% v
5
325 VS DP v
9
118 m DP v
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high frequency side of Vo This shift in frequency is similar in
magnitude to that found in other series of halo—acetylenes46. The
PR structure of v, is just discernable between the overlapping Q
branches of the other silyl stretch, v.

The structure of the acetylenic stretch, v, is obscured by
weak Q branches of Ve» but two distinct maxima of unequal intensity,
belonging to Vos have a separation of 10.5 em L. This is much
larger than other PR separations on ay modes, which are in keeping
with that predicted from Gerhart and Dennison®’ . This suggests
that the band shape is similar to v, in deutero silyl chloro-
acetylene and arises from overlap of v, with the "hot'" band series
\)2 + nvlo - 11\)10.

Substitution of the chlorine atom by a bromine atom has
lowered the frequencies of both skeletal stretches, v, and Ve
They now occur in the same region as the skeletal stretching modes
of dibromo—acetylenesg. As with silyl chloro-acetylene and germyl
chloro-acetylene, Vg is asymmetric with no PR band envelope. Ve is
much stronger in the infra red spectrum but in the raman spectrum
the relative intensities are reversed. This pattern adds weight
to the assignments of ve and vg in germyl chloro-acetylene. A
strong combination, corresponding to v, * v occurs at 2507 cmfl,
similar to the other halo-acetylenes studied.

The relative behaviour of the skeletal frequencies in these
three compounds is similar to that found in the dihalo-acetylenes
(figure 4.8). It is interesting that the silyl and germyl groups
behave in a similar manner to chlorine and bromine atoms respectively

when attached to the acetylenic group. Perhaps this is not

surprising in view of their similar masses.
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The two skeletal bending modes remain practically constant in
frequency in both series of compounds. The gradual drop in frequency

with increasing mass is not nearly as marked as the drop in frequency

of the skeletal stretches. This trend strongly suggests that Vg in
germyl chloro-acetylene is at 339 an™! rather than 220 cml.
4,3 The Vibrational Spectra of Molecules of Type MHSCCMHS;M = 5i,Ge

Molecules of type MHSCCMH3, where M = Si or Ge, can be considered
as possessing overall D3d symmetry although they are free internal
rotors and should be described by a more flexible point group such

as those described by Longuet—Higginssg. These molecules have 4 x a

1g?

3xa 4 xe and 4 x e, normal modes of vibration. Due to the

2u’ g
mutual exclusion principle, only the g modes are raman active and
only the u modes are infra red active. This makes assignments of
the bands relatively straightforward.

The eleven modes, with the approximate description of the
vibrations concerned, are listed in table 4.9. The MH stretches,
Vs Vg, Vg and vy, occur within 20 an L of one another while the

acetylenic stretch, v, occurs in the same region of the spectrum but

2
is separated from the former group of frequencies. Similarly the

Vzs Vgs Vg and vy

V14> Occur in the expected regions of the spectra. The symmetric

Mi; deformations, 3 and the MH; rocks, Vi, and
and asymmetric stretches, 2 and v,, occur outside the 'mormal
region associated with the M - C stretching frequencies. The

reason is similar to that evoked for the silyl and germyl halo-
acetylenes, namely that the 'group vibrations' have interacted

extensively due to strong mechanical coupling and their proximity




Table 4.9. The Fundamental Modes of .Pvdl-lS(JCl\*JI-I3

Description a1 azu E:g EE
Raman IR Raman IR
active active active active

MH stretch, “\H V1 Vg Vg V1o

Acetylinic stretch,

b+ V2 i i :
MH deformation ,
GMH V3 Vg Vg Vi3

Symetric skeletal
stretch, e sym

Asymmetric Skeletal

stretch MMC asym - V7 - -

MH, roc:k.s:vl\m3 L - V10 Viy

Synnnetri(_: skeletal
deformation, GMCC sym - - V11 =

Asymmetric skeletal

deformation, = ™ V15

GMCC asym
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in frequency within the molecules. The skeletal deformation
frequencies, Vi1 and'vls, are similarly outside their ''normal

frequencies.

The vibrational spectrum of disilyl acetylene

The infra red spectrum and raman spectrum of disilyl acetylene
are shown in figure 4.9 and the fundamental frequencies with those
observed by Lord4, are given in table 4.10. The liquid phase raman
frequencies observed by Lord are shifted up to 10 em ! from those
observed in the gas phase. This shift is adequately explained by
phase differences between the gas and liquid states. The spectral
assignments of the observed bands are listed in table 4.11.

The highest fundamentals in the infra red spectrum are the two
overlapping silyl modes, v and V12 corresponding to the a5 and e,
silyl stretches. The PR branches of Ve are partially obscured by the
Q branches of vipe
_ The asymmetric silyl deformation, Vg occurs at 913 cm_l and
possesses a distinct PQR band envelope although the Q branch is weak
compared to the R and P branches. As Lord has pointed out, the
bending mode, V15 does not form a series of '"hot" bands with this
mode otherwise the Q branch would be obscured by the overlapping
envelopes of the 'hot'" bands.

The structure of the asymmetric M - C stretch, vy is very
similar to that of the acetylenic stretch, v, in deutero silyl
chloro-acetylene, which has been assigned to '"hot'" bands overlapping

with the fundamental mode. It seems plausible that the structure of

Vg is due to the series of bands vy + nvyg - nvy e



Table 4.10. The Fundamental Frequencies of SiHBCCSiH3
" (gas phase)

This work

Mode IR(em Y)  Raman(cm™) Lord®
i 4 2198 2187
b : 2140 2132
i - 946 (930)P
Vi - 411 420P
ve 2189.0 - 2170
Ve 913.4 . 912
v 809.3 . 807
Ve - 2194 2187°
vg - 947 946°
— - (672 or 607°

684 )
sy = 293 297°
Vi2 2194.9 - 2190
s 943.8 . 946
Viy 69%.o or - 682
681.3

Vs 102 - e

a) reference 4.
b) 1liquid phase.

c) from vjo *+ vy assuming no anharmonicity.



Table 4.1Ia Assignments of i.r. Frequencies of SiH.CCSiH.(gas phase)

v (cmfI[

4389.1
4384.7
4380.5
4318.9

4322.4
4313.0

3166
3142.0

3136.5
3126.8

3108.5
3100.5

3045
3015
2971
2937
2871
2786
2495
2380
2194.9

2184.8
2193.2

1879

1857.5
1850.0

1625
1501
1373.0

1366.5
1358.4

Strengg

=

=

F § 2

Structure ‘Assigriment
PQR VAV, vV +v
1 5 5 8
. v A% e
centre of 'Q" branch oV, (&)
V o+ v a
PR 8 12 ( ZU.)
- V o+ V +V

centre of TI‘brancha

PR YV o+ V

3" s

vV o+ Vv Vv o+
PR 1 66 8
2 vV +V

2 s
- VeV, Vv

1 10 15
- »V 4V
2 14 15
- R
10 12 5 12
a IR
8 14
= EEY
5 11

. A"
centre of 'Q" branch 12

v
PR 5
vV #V VvV o4y
PR? 3~ 33 9 13
vV +V
PR 3 "8
A" + vV
br 10 a3
centre of 'Q branch Voo Vik (&)

PR Yedk (a2u)

continued/. ..



Table 4.IIa continued

v (cm"I Strength Structure Assignment
1251 VW - Vo4V
11 13
1217 m - V ¥V Vv 4V
L 7 6 11
948.2 Vs centre of 'Q' branch v
13
942.8
934.4 - R 2% s
9I7.5
913.4 Vs PQR v
908.8 6
817 sh
809.3 Vs central max. v
800 sh [
694.1 or
Vs centre of 'Q' branch
682.7 e of 'Q' bran Yok
397.1 _
w PR?
389.2 YisT Vi
360 W -
102 m - v
15

a see chapter 6



Table 4.I1Ib Assignments of Raman Frequencies of SiH,CCSiH, (gas phase)

v (cm_Il Strength Structure ~Assigriment
2198 Vs = v
1
2194 W sh v
2152 W br
2140 S - J
2
2136 m - vV +V =
2 15 15
2131 W sh vV +2v =2 v
2 15 15
2124 vw sh v +3v -3v
2 15 15
994 W Sp
947° m br vy
946 S Q v
3
943 b
W /
921 )
411 m V. asym. v
4
293 m br v
11

a centre of broad band

b series of peaks - see text.
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SRR

The silyl deformation, Vg» OCCurs, as expected, about 30 em L

below the perpendicular mode, kS The silyl rock, V14s OCCUTs at

L or 681.8 cm™!. The exact centre of the Q branch

either 693.0 cm
sequence is difficult to determine but a perturbation of some of the
rotational energy levels suggests that the former frequency is the
more likely centre although the latter frequency cannot be ruled
out.

The skeletal deformation, Vig» is observed at 102 cm—l. This
frequency is low enough to enable '"hot' band phenomena to occur.
"Hot'"" band sequences involving this frequency could move the PR

Lor 4 em™! due to changes in bonding in the excited

branches by 3 cm
molecule. This movement is large enough to obscure the central
minimum of a PR branch of about 8 cm ™t separation as occurs in v..
-In the raman spectrum, the non-degenerate symmetrical silyl
stretch, Vi is very much stronger than the corresponding degenerate
mode, vg; the latter band appearing as a shoulder on the former.
It is therefore difficult to determine the precise position of Vg
because the Q branches will be very weak and spread over a large
region of the spectrum.

The acetylenic stretch, v,, occurs to lower frequency of vy
and, like the corresponding band in the gas phase raman spectrum of
silyl chloro-acetylene, possesses a progression of bands to lower
frequency of the main band. These bands are assigned to the series
of combination bands Vy * vy - NWyc; the average separation of
each band is about 5 cmfl which is consistent with this assignment.

The silyl deformation, vz, appears as a strong sharp Q branch

in the gas phase, in contrast to the spectrum of the liquid compound,



B

where Lord has described vz as being weaker than the other silyl
deformation, vg. Vg at 946 an ! is on top of a broad band whose

maximum occurs at 947 an L.

This broad band has been assigned to the
degenerate silyl deformation, vy. A series of badly resolved peaks

(whose amplitude was greater than the background noise) occur between

0,

943 cm ! and 921 cm ™! and is probably due to the P’RQ and 2 Q

branches of Vg+

The band at 411 cm ! is assigned to the symmetric skeletal
stretch, Vgt The Q branch of this mode is asymmetric towards
higher frequencies. The occurrence of "hot'" bands of excited bending
modes is probably responsible for the shape of this band.

The remaining band at 293 cm_l is assigned to the symmetrical
skeletal deformation, v;;. This is a broad band having evidence
for a PR type of band shape.

The symmetric silyl rock, v was not observed, being too weak

10°
to be seen. However, the position of several combination bands

would suggest that this frequency is around 670 cm L. The infra red

1 i}

bands at 1362 cm — and 1372 cm — are probably due to the combination

Vgt V1g0 the two frequencies being the an and €, components
respectively. This combination band is analogous to the strong
combination occurring in digermyl acetylene and the strong overtone
in silyl and germyl halo acetylenes. If Y14 is taken as occurring

i §

at 693 am 1 then v, . will be about 670 cm L.

10

The vibrational spectra of digermyl acetylene

The infra red and raman spectra of digermyl acetylene are
shown in figure 4.10; the fundamental frequencies are given in table

4.12 and the infra red and raman frequencies are given in table 4.13.



Table 4.12. The Fundamental Frequencies of GeH:,,CCGeH3

Mode IR(_Cm-l) 'Raman(c:m"’l)a
V] - 2105
Vo ¥ 2127
V3 - 844
vy = 339
Vs 2115:1 -
Vg 842.3 -
vy 688.6 e
Vg - 2105
Vg - 876
Vig - 624
Vi1 - 278
V1o 2113.6 =
V13 902.6§ or =

883.2
Viy 623.54 -
Vis 91 =

a) liquid phase.



Table 4.13a Assignments of i.r. Frequencies of GeH.CCGeH, (gas phase)

v jcm-I}
4246
4162.8

4161.
4155,

-

3015
2986
2966
2957
2953.9
2I16.5

2116.5
2110.8

1841
1760

1756.4
1747.5

I5I0
1480
1430
1310
1255.5

1247.8
1242.7

1135

905.3
886.2

838.9
844.7
758.1
754.4

688.6

Strengzh

3

=

2 2 § 8 E %

=

Vs

VS

Structure

br

centre of 'Q' branch

PR
br
br
br
br
centre of 'Q' branch

centre of 'Q branch

PR

centre of 'Q' branch?

PR
sh
br
sh

-

centre of 'Q' branch
PR
PR?

centre of 'Q' branch

PR

PR

continued/...

' ASSigEment
vV + Vv ,U+\}
2 12 2 5
vV o4V e
8 12 ( U)
AV Y a
12(211J
vV + Vv
9 12
V +V. 0V 4V
1 1y 5 @
Vo +V
2 8
Vo+ v
3 9
V 4+ V ‘V'I-\’
3 12" 8 6
v
12
v
5
VvV VvV VvV
14
V.+V e
9 13 ( u)
R L ¢ T
9 13 2u
v + vV
10 13
V +V .V +V
R ¥ T R |
Vo4V
6 14
V o4V 4V
15
v +v (e)
10 14 U
VIR ) a,. )
10 14 ( 2u
LI b
11 6
v
13
v
6
AY)
7



Table 4.13a

continued

v (Cm-I)

623.9
426
356
91

Table 4.13b

Strength Structure ~ Assignment
Vs centre of 'Q' branch V14
vw br VvV o+ v
¥ 15
w - V.4V
11 15
m - v
15

v (cn D)

2127
2105
876
844
624
569
339
278

Assignments of Raman Frequencies of GeH,CCGeH, (1iq.)

Strength Polarization Assignment
w 70% v

2
Vs 90% vV, Vv

1 8
Vs 60% v

B
VS 80% v

3
W 70% v

10
VW 80% 2v

11

VW - v

L
Vs 60% v
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The highest fundamentals in the infra red spectrum are the
two germyl stretches, Ve and Vipe The PR envelope of Vg is clearly
visible amongst the Q branches of iy

The germyl deformation, Vg like its silyl analogue exhibits
a PR band shape, again suggesting that "hot" bands do not occur
with this mode.

The centre of the rotational progression of the germyl deforma-
tion, v13,15 not well defined although perturbation of the rotational
energy levels suggest that this band is at 886.0 e rather than
905.0 cm 1,

The asymmetric stretching mode, Vs, OCCUrs as a very strong
band at 689 cm L. This frequency is considerably lower than the
corresponding mode in disilyl acetylene.

From consideration of the disilyl acetylene spectrum, the

1

other skeletal stretch, v, is expected,at 260 cm ~. It is therefore

4
likely that the band at 278 cm_1 belongs to this mode. Vo has no PR

structure as in disilyl acetylene. "Hot" bands arising from the low

at 91 cm ! would cause this loss of structure.

bending vibration,

V15
The raman a'équencies were determined from liquid phase

spectra. The acetylenic stretch, v, occurs as a weak shoulder to
high frequency of the very strong germyl stretch, vi. The other
germyl stretch, Vg is not visible but is hidden under vy e

The two germyl deformations, v; and vy, are very strong bands

3 1

occurring at 844 cm — and 876 cm — respectively. The germyl rock,

Y10 is a very weak band at 624 cm-l. The symmetric deformation, L

at 278 c:m-l, is another extremely strong band.
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4.4 The Vibrational Frequencies of Molecules of Type.MXSCCCPS;
M=2S1i, Ge; X=H, D :

Molecules of the type MD(BCCCF3 where M = Si, Ge and X = H, D
can be described as belonging to the Csy, Symmetry point group although
a more flexible group should be used. These molecules have 7al and
8e normal modes of vibration and la, internal rotational degrees of
freedom.

The vibrational modes, with an approximate description of the
vibrations are listed in table 4.14. The simple description of these
modes breaks down when considering many of the lower frequency modes
due to strong mechanical coupling causing extensive interaction
between many of the '"'group vibrations'.

The MX3 group retains the group frequencies with the result
that these frequencies are easily assigned. Similarly the CF; group
stretches have a very characteristic pattern and these too are easily
assigned. It is, however, extremely difficult to assign many of the

other bands in the spectrum. As an aid to the assignment of the

spectra, use was made of the fully deuterated species.

The vibrational spectra of silyl and deutero silyl perfluoromethyl
acetylene
The infra red spectra of silyl perfluoromethyl acetylene and

its deuterated analogue are shown in figure 4.11. The fundamental
frequencies are given in table 4.15, and the assignments of overtones
and combinations for the hydrogen and deuterium compounds respectively
are listed in tables 4.16 and 4.17.

There is generally good agreement between the infra red and

raman fundamental frequencies although a few bands show a moderate



Table 4.14. .The Fundamental Modes .of .MHSCCCFS

Description

Acetylenic stretch,
Ve=C

MH stretch, “VH
CF stretch, VR
MH deformation, GMH

C-C skeletal stretch, Ve

MH3 rock, pMH3

CF deformation, SCF

M-C skeletal stretch, Ve

CF3 rock, DCFS

Skeletal deformation

Skeletal deformation

|

Vi

Va2

V3

Vy

Vg

Ve

V7

|

Vg

Vg

Vi1

Vi2

Vi3

Viy

V15



Table 4.15. The Fundamental Frequencies of Si.HSCC'CF3 and

. SiDLCCCF,
SiH,CCCF, SiD5CCCF4
vy 2228% 2219
vy 2202.0 1583
Vs 1275.0 1264
vy 926.2 712
vs 8782 874
Ve 690 660
vy 349 340
vg 2206.8 1606
Vo 1175 1176
V1o 945.2 685
Vi1 699.0 or 536
680.5
Vs 617 620°
vig | 464 458
vy 240 230
- 87 932

a) liquid phase Raman.



Table 4.16a Assignments of i.r. Frequencies of SiH,CCCF. (gas phase)

v (cm'I) Strength .
4405 VW
4360 vw
4345.1 W
4340 VW
3482 VW
3143.5 vwC
3126.0

3122.0 W
3118.3

2962 VW
2880 vw
2571 VW
2523 VW
2481 vw
2439 w
2316.4 m
2209.5 Vs
2205.4

2202.0 Vs
2197.5

2045.2 w
1953 VW
1883.5

1879.0 W
1875.4

I871 or VW
1861

186I.0 vw
1785 W
1745 W
1716 W

Structure

centre of 'Q' branch
PR?

centre of 'Q' branch

PQR

centre of 'Q' branch

PQR

PQR

centre of 'Q' branch

Assiggment

2y

10

(a,)



Tablei4.16a continued -

v (cmfI) Strength
1618 w
1478 W
I411 W
1378

1373 W
1368

1355 W
1278.3

1275.0 Vs
1271.5

1220.2 s
I1214.0

1175 Vs
1146 i
1115 W
952 n
9%9.2 Vs
930.1

926.2 Vs
921.7

858.3 5
806 "
690 5
092.7 or

68I.4

617 s
543

536

528 m
523

464 W
374 i

Structure

PQR?
PQR?

PGR

PQR

PR

centre of 'Q' branch

PQR

centre of 'Q' branch

PQQ'R

PQR?

Assiggment

15 10 15

13

v o+ 2v
14 15

continued/....



Table 4.I6a continued

v (cmfl Strength Structure Assignment
349 m - v

7
319 w - vV o+ v

14 15
240 w = v

14
87 VW - v

15

Table 4.16b Assignments of Raman Frequencies of SiH,CCCE. (liq.)

v (cm_l-) Strength Polarization ‘Assignment
2228 Vs - vl
2206 Vs 90% Vo, V

2 8
1265 W 60% va
1170 W DP vg
946 S DP v

10
924 s 50% v

L
878 Vs 90% v5
695 s 90% ve
620 w DP v

12
465 m DP v

13
358 s 80% v7
340 w P?
250 Vs DP v

14
98 Vs DP v

15



Table 4.17a Assignments of i.r. Frequencies of SiD,CCCF, (gas phase)

3
v (Cm—El Strength Structure Assignment
3108 W =
3088 VW = V o4V
1 5
3058 VW -
2990 W -
2982 w =
2870 W - V ey .V 4V
1 6 3 8
2436 W - vV o4+ v
3 9
2359 w - 2v
9
2329 W - vV o+V
L 8
2219 m - vl
2045 w ™ V AV 0V %V
2 13 5 9
1984 VW B Vo4V
3 b
1885 vw i VAV .V +V
3 12 4 9
1820 VW - vV oV
2 14
1805 VWW - vV +V
3 11
1606 [ - v
8
1583 s e v
2
1495 VW PQR?
1482 W =
1472 W -
1418 W PQR? 2v , v *V
L 9 14
1395 w =
1363
1353 w PR Vs s
1348 W - vV o#V
6 10
1268
1264 vs PQR v
1260 ¢
1253 Q?

continued/....



Table 4.17a continued

v (cm'Il Strength
1245 S
1231 S
1223 s
1206 s
1176 Vs
1140 m
1092 m
944 %
932 i
910 w
878

874 Vs
870

846 W
832

828 m
824

715

712 Vs
708

685 s
0664

660 Vs
656

628 W
598 m
536 Vs
458 W
375 W
340 S
305 W
230 W

Structure

PQR

PQR

PQR

centre of 'Q' branch

PQR

Assiggggnt
V o&V

L 11
2v

12

VooV

10 11

V +V 0V 4V

12

v

9

V o+V 2v * v

10 13 7 13
vV o+ Vv

4 14

2y

3

v

5
vV o+ Vv

12 14
v

N
v

10
v

6
v &V

11 15
v

12
v

11
v

13
v o+ 2v

14 15
v

7
Vo, oy

14 15
v

14



Table 4.17b Assignments of Raman Frequencies of E'>J'.D3CCCF3 (liq.)

v (cm-I) Strength Polarization Assi nt
2225 m 70% v
1618 m 50% \)8
1587 Vs 90% u2
1265 w P \)3
1160 w DP v,
877 m 90% vs
712 m 60% v

L
688 m DP v

10
663 m 70% ve
620 w DP v

12
538 w 70% )

11
462 W DP )

13
348 m 70% v

7
312 W P Vo4V

14 L5
238 Vs DP v

14
170 W 2v,

15

93 s DP v



Figure 4.II a) IR Spectrum of SiHSCCCF3

b) IR Spectrum of SiD:CCCFz
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phase shift. Q branch frequencies, where visible, were taken as
the vibrational frequency otherwise the centre of the band was used.
In the raman spectrum of the liquid, the acetylenic stretch,

V1 of silyl perfluoromethyl acetylene occurs at 2228 cm-l, appearing

as a distinct shoulder on the very strong silyl stretch, v v

2" 1
is not visible in the gas phase infra red spectrum because it is

hidden under the rotational fine structure of the perpendicular

silyl stretch, vge In the deuterated species, v, occurs at 2219 cm

1

in the infra red and at 2225 cm ~ in the raman spectrum, implying

that the hidden band in the gas phase infra red should occur at

about 2220 el

This frequency is also implied by the position of
the equivalent band in germyl and deutero germyl perfluoromethyl
acetylene. Interaction with the silyl stretch, v, in the silyl
acetylene, however, would increase this frequency compared to the

deuterated silyl acetylene or either of the germyl compounds. Such

1

an interaction is suggested by the shift of about 5 cm ~ in V1

between silyl perfluoromethyl acetylene and its deuterated analogue
when matrix isolated in argon at a ratio of 1:900. In deutero
silyl perfluoromethyl acetylene and in the germyl compounds, v,
occurs at much lower frequency than v, with the result that inter-

action between the two modes will be much reduced.

1

The silyl stretch v, occurs at 2202 cm ~ with the other silyl

stretch, vg which possesses rotational structure. Both bands have
a large isotopic shift on deuteration, moving both bands to around

1600 cm™ L.

The CI% stretch, vz occurs at 1275 cmfl. This mode appears

around this frequency as a very strong band in all molecules of type

1
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e PED - Cﬁswhere R = CI-I3 H, SiH3

silyl group does not alter the frequency significantly.

,GeHlz, CEz. Deuteration of the

The silyl deformation, v, occurs at 926.2 emL overlapping with
the fine structure of the other silyl deformation, V10° These two
bands move by a considerable amount on deuteration. There are bands

1 and 660 cm™!

in the deuterated compound at 712 cm_ , either of which
could be assigned to vy or the CF; deformation, V6 In the infra red
spectrum of silyl perfluoromethyl acetylene, V6 is hidden under the
rotational structure of the silyl rock, Vy1- The raman spectrum

1

suggests that this band is at 690 cm -. Vg should not be greatly

affected by deuterium substitution within the molecule. The only a;

1 and 660 cm™. 1t would appear that

bands, however, are at 712 cm
deuteration causes mixing of these two vibrations. As a result, one

vibrational mode increases in energy while the other mode decreases.

It is difficult to determine how much mixing has occurred because

the respective bands have similar intensities in the silyl and germyl
species.

The skeletal stretch, Vg is not a strong band in the infra red
spectrum of silyl perfluoromethyl acetylene and is consequently
hidden under the Q branch envelope of the silyl deformation, v10°
A weak band is present at 858 et which could be assigned to this
mode, although the raman spectrum indicates that this band is at
875 Cm_l, some 17 cm™t higher. In the deuterated compound this band

1

is clearly visible at 874 cm - in the infra red spectrum and is at

a similar frequency in the raman spectrum.

The other skeletal stretch, v, occurs at 351 cmpl in silyl

1

perfluoromethyl acetylene and 340 cm — in the deuterated compound.
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The low frequency of the SiC stretch and the high value of Ve, the
(-C stretch, suggest that these two modes are heavily coupled, as
observed in the other acetylenes studied.

The silyl rock, v,1 occurs in silyl perfluoromethyl acetylene

1 or 692.6 cm_l depending on which Q branch is taken as

at 681.4 cm_
the band centre. The spacing of the Q branches in this band and in
the other two degenerate silyl modes, Vg and Vig are similar to

that found in the silyl halides. As the rotational constant, A is
half as large as the value in the silyl halides, silyl perfluoromethyl
acetylene must possess a free internalmode of rotation. This subject
is dealt with in detail in chapters 5 and 6.

Deuteration causes the bands, Ves and Vi1 to shift to low

¥10
frequency with a change in the Q branch separation. Q branches in
the deuterated compound were only resolved for V10 although they
were visible but not well resolved for Vge

The CF stretch, vq occurs characteristically about 100 an ! to
lower frequency of the other CF stretch, vz This frequency does not
change significantly on deuterium substitution.

The CF3 deformation, vy, occurs at 617 cm_l, a frequency similar
to that of the equivalent mode in methyl perfluoromethyl acety’lene40

1

V12 decreases in frequency by about 20 cm © on deuteration.

The band at 464 (:m"l in silyl perfluoromethyl acetylene has

been assigned to the CF, rock, v

3 1
those for other CF3 acetylenes40.

3» an assignment consistent with

The bands at 240 cm L and 87 cm™! were assigned to the two
skeletal deformations, V14 and vic. In the infra red spectrum, v,

is observed as a weak band to high frequency of the polythene band
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(polythene windows were used in the far infra red region). This

1

band, however, is an intense band at 93 cm ~ in the raman spectrum.

When applied to silyl perfluoromethyl acetylene, the Redlich-

Teller product rule35

suggests that the assignments are substantially
correct. Thé observed and calculated products for the a, symmetry
species are 0.516 and 0.506 respectively and for the e symmetry
species are 0.371 and 0.364.

Although partly obscured by the Q branches of Vg> the silyl
stretch, v, has a definiye PQR structure (figure 4.12). This is

not surprising as Gerharﬂ'and DennisonS?

have shown that the intensity
of the Q branch relative to that of the R and P branches depends on
the ratio of the rotational constants B and A, where B is the

rotation constant about the axes perpendicular to the unique axis and
A is the rotation constant about the unique axis. When B » A, the
intensity of the Q branch is similar to the P and R branches; when
B << A, as occurs with the silyl halo-acetylenes, the intensity of
the P and R branches are very much greater than the Q branch. In
silyl perfluoromethyl acetylene, B = 0.0301 cm * and A = 0.178 cm
with the result that the Q branch should be visible in a, bands.

In silyl chloro-acetylenes, where B = 0.0444 cn L and A = 2.86 cmfl,
no Q branch should be visible in a; bands.

The CF stretch, v, and the silyl deformation, Vs have the

3
PQR structure as is shown in figure 4.12. The C - C stretch, Vg and

the CF, deformation, Vg however, are hidden under the Q branches

of V1o and V1 respectively in the infra red spectrum. In the infra

1
red spectrum of the deuterated compound, Vg and Vg are visible and

both possess PQR structures.



Figure 412 IR Bandshapes in SiH,CCCF, (H). and SiD,CCCF, (D)
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In both species, the SiC stretch, ' does not have a convincing
PQR strucutre although both bands have what appears to be a weak
series of Q branches over the band (figure 4.13). A similar band
shape is observed on the acetylenic stretch, v; of the deuterated
species. Such a series of bands is consistent with a series of "hot"
bands of type v; + nv; - nv,. occurring with the fundamental vy

The degenerate CF stretch, Vg appears as a 'C' type band in
both compounds (figure 4.13). This band shape is due to the zeta
constant having a value close to unity as is found in the trifluoro-
nwthanes41 where the zeta constant ranges from 0.70 to 0.98. The
spacing of the Q branches in such bands is given by 2[A(1 -z) - B],
which tends to -2B as £ -~ 1. The net result is that the central
Q branch becomes more intense as the Q branches are drawn together.
At the same time, the P and R branches, which are dependent on the
quantum number J as well as K, are drawn in on the central Q branch
giving an overall "C'" type of band structure.

Rotational fine structure was resolved on the three silyl

bands, Vgs V and v,,, in silyl perfluoromethyl acetylene and on

10 11

Y10? but not on 08 or v,, in the deuterated species. However, V11

11
was very asymmetric probably due to a large positive zeta constant.

A set of strong combination and overtone bands is observed

1

between 2000 cm T and 2600 cm - in both compounds. These bands

seem to form a regular pattern centred on the acetylenic stretch, v
(figure 4.14). This series of bands can be assigned in one of two

ways, either in terms of combination bands involving one or other

+ y_ is observed at 2045 an~! and

3 5
V3 * vg at 2439 cm_l) or assigned to the combinations involving

of the CF stretches (e.g. v



Figure 413 IR Bandshapes in SiHCCCF, (H) and SiH,CCCF, (D)
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; 17 P15

and vyt 2“15 respectively). The latter assignment has Vis at 97
an ! with an anharmonic constant of 16.5 cm © and predicts v, + Vi
1 and V) + 3v;c at 2559 cm L. There are bands at

1

v, and Vis (e.g. the above frequencies could be due to v

to be at 2323 cm
2316 c:m'_1 and 2329 cm © in the silyl and deutero silyl acetylenes
respectively which could be assigned to Vi * Vg A band at 2523
cm_l could be assigned to vyt 3“15‘ This would require, however,

an anharmonic constant of -4 cm *. Another argument against this
type of assignment to this series of bands is that V] - Vg is not

as intense as expected in the spectrum of the deuterated acetylene.
In deutero germyl perfluoromethyl acetylene, however, Vi~ V15 could
well be present although this band could also be due to residual
hydrogen in the deuterated species.

Intense combination bands also occur in the region of the CF
stretches in both compounds, probably resulting from Fermi resonance
with either of the fundamentals. In silyl perfluoromethyl acetylene,
Vg + v, appears to be very strong with no central Q branch. In the
deuterated acetylene, several combinations involving the silyl
deformations move into this region resulting in a more complicated
spectrum (figure 4.15). Another band in resonance is at 1140 cm
which could be assigned to the combination 2v7 * vz rather than the
binary combinations vip * Vg and vio + Vg for the silyl and deutero
silyl acetylenes respectively. All three bands have e components

which can interact with Vg

The infra red spectra of germyl and deutero germyl perfluoro-

methyl acetylenes are shown in figure 4.16, the fundamentals are
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listed in table 4.18 and the assignments of the spectra in tables
4,19 and 4.20 respectively.

The main bands above 700 cm ! were easily assigned to fun-
damental vibrations but those occurring below 700 enL presented
more of a problem because some bands although present in the raman
spectrum did not appear in the infra red spectrum and vice versa.
Assignment of these bands was based on comparison with the silyl and
methyl analogues.

In both germyl acetylenes, the acetylenic stretch is at 2218
cm-l, which is not very different from the frequency found in deutero
silyl perfluoromethyl acetylene. In germyl perfluoromethyl acetylene,
the germyl stretch, v, occurs in the expected region at 2120 am L.
This frequency is shifted to 1528 cm.u1 on deuterium substitution.

The CF stretch, Vg occurs at a slightly lower frequency than the
corresponding band in silyl perfluoromethyl acetylene, but this shift

is not significant. The germyl deformation, v, occurs at 821 en L.

1 1

There are bands in the deuterated compound at 662 cm — and 597 cm

that could be assigned to vy Since the CF deformation, v, occurs

at 660 cm T in the germyl acetylene, it seems more plausible that Ve

in the deutero germyl acetylene is at 662 emt

to the frequency at 597 cm™L. There seems to be no interaction between

with v, being assigned

these two bands, in contrast to the behaviour of the silyl analogue

when the interaction on deuteration is in the order of 15 cm'l.

The C - C stretch, Ve in germyl perfluoromethyl acetylene is at
862 cm 1 approximately 10-15 cm L lower than the silyl analogue.

1

In the deuterated acetylene v is at 853 cm . These frequencies

reflect the much lower value of the GeC stretch, vy (compared with



Table 4.18. The Fundamental Frequencies .of .GeH

CCCF., .and .GeD.,CCCF

Mode

V1

V2

V3

Vg
Ve
V7
Vg
Vo

V10

V11
V12
Vi3
Vig

Vis

a)

liquid phase Raman.

33 33
s GeHSCCCF 3 .GeD3CCCF3
Can Sl
2119 2218
2128.1 1524
1262.5 1260.6
821.8 597.0
862 852
660% 658
264 261
213V%.1 1547
1173 1172.5
863.6 or 622.7
84%.q
626.6 489
6152 618
440 449
235 221
76 76



Table 4.19a Assigmments of i.r. Frequencies of GeI-IzCCCF3 (gas phase)

v (cm'I) Strength. Structure Assignment
4195.3 W centre of 'Q' branch Zv (e)
8
4190 W PR 2v (@)
3478 W - V ¢V
1 3
3390 W - VeV oV +v
1 9" 3 8
2980 W - V &V
2 5
2951 w % V&V LV 4V
2 4 4 8
2870 w - vV +V
: 1 6
2517 w - 2\)3
2486 W - vV o4V
17
2430 m - Vo4V
3 9
2382 VW - vV o+ V
2 14
2355 N - 2v
9
2323 m - v o+ V
1 15
2219 m - v
1
2133.9 s centre of 'Q' branch v
2131.5
2124.7 y =5 ¥
1994 W - v v
1955 W -
1827 VW - Vv oV
6 9
1778 vw - vV o+ V
9’ il
1718 vw - 2v ., v v
13
I624 w - vV o+ V
9 13
1580 w =
I5
521 w PR WS A
14
14% w PR u#-n- vs
1435 W - VAV, VvV

RN O O
continued/....



Table 4.¥9a continued

-1

v (am ) Strength - Structure Assignment
1406 VW - ¥
9 14
1361
1353 5 PR
1353
1346 A kR
1340 m = Vo4V
3 15
1315
1308 - €&
1294 vw - vV o+ Vv
10 13
1265.5
Vs PR
1259.5 N,
1226
1220 S o V ¥V 4V
1214 5 7 15
1173 Vs - v
9
I137 m - vV o+ v
5 7
1059 w - vV o4V
5 14
862 Vs - v
5
867.2
V'S centreof 'Q' branch
849.4 Q Vo
825.2 '
Vs PR
818.4 i
753
W PR
747 U'/ i U12
685 m -
626.8 Vs centre of 'Q' branch v11
536 VW - 2v
7
474 W = 2v
14
440 W - v
- 13
382 w - v + Z_V
1 .15
339 VW - v + V
T 15
314 w - v + V
14 15

Contimled/‘ L ]



Table 4.19a continued

v (cm"I Strength Structure Assignment
264 m = v
7
235 W = v
14
189 VW - -V
7 15
150 W - ¥ =™
14 15
115 W - v =2y
7 15
76 VW = v
15
Table 4.19b Assignments of Raman Frequencies of GeH,CCCF, (1lig.)
u(cm_IJ Strength Polarization Assignment
2225 m 70% vl
2135 Vs 90% vV, Vv
27
1255 w P v
3
1160 w DP v
9
885 s P v
N
865 m - v
10
825 s 70% v
5
660 w 80% v
6
615 W DP v
12
535 W P 2\:7
460 m DP v
13
270 s 70% v
7
245 Vs DP
14
185 W - 2v
15
90 m DP v



Table 4.20a Assignments of i.r. Frequencies of GeD,CCCF, (gas phase) :

v {Cmtfl Strength
3460 w
2516 w
2486 VW
2429 W
2360 vw
2348 W
2521 m
2218 s
2160 w
2125 w
2023 w
1827 vw
1778 W
1707 VW
1612 W
1547 Vs
1524 VE
1312 w
1301 W
1263.8

1257.5 s
1224.3

1218.2 S
1172.5 VE
1138 s
I112 m
995 W
890 w

Structure

fine structure

PQR?

PR

PR

Assignment

Zv

vV +V

Vo4V
2 11
GeDzHCCCF3

V +V oV &y
b 9 10 12

vV +V
5 9

v o+ V
9 11

2v V o+
L 3 13

\J+\J]\J+\J
2 15 9 13

\J-;-\J,\J%-\J
5Ll isgra g

Corl.tlnued/ sese



Table 4.20a continued

v CCIH-I Strength Structure Assignment
855
850 0 PR v5
837 m = U6+v1i+
828 m o GeD,HCCCE,
763
760 m PQR g 5%
757 7 12
?IZ w Cx Vv 4+ vV
10 15
088 m - V o4+V
6 15
661
656 m PR v,
623.7 m centre of 'Q' branch U
618 m s 9
12
600.5
594.5 NS PR v,
489 s - y
11
449 m - g
13
8 Ll N v+ 2V
7 1
ST W - v o+ 2v
' 14 15
e Ll i vV 4V
7 15
- L i V o+ Vv
1% 15
261 S N G
7
221 m - 5
14
187 W - & o
y G
146 VW = A
14 15
114 VW - e
7 15
76 W - .

15



Table 4.20b Assignments of Raman Frequencies of GeD,CCCF., (liq.)

v (cm_I) Strength Polarization Assionment
2220 m 70% \,1
1540 s DP vy
1525 Vs P v
2
1160 vw DP \,9
855 m 90% \,5
660 m 90% vs
635 S DP v
10
620 m sh - v
13
605 m 50% vbf
455 m 35% v
13
275 m 60% \)7
235 Vs DP v
14
185 W 60% 2v
15
90 m DP v
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the SiC stretch of the silyl analogue) at 266 en L and hence the
lessening of interaction between these modes; consequently these two
frequencies are nearer to the frequencies of '"pure'" C - C stretches
and "pure' Ge - C stretches respectively.

The three degenerate germyl bands, vgs V10 and Vi1 all
possess rotational structure in the spectrum of germyl perfluoro-
methyl acetylene, but only V10 has a resolved structure in the
deuterated acetylene. As expected, all three bands have a large
isotopic shift.

The degenerate CF stretch, Vg occurs in the same position as
this band in the silyl and methyl analogues.

The CF deformation, V19 is not observed in the infra red
spectrum of germyl perfluoromethyl acetylene due to overlap of the

Vi1° There is, however, a band of medium
strength in the raman spectrum at 615 cm *. Comparison with other

neighbouring germyl rock,

molecules shows that this is- the expected region for the CF deforma-
tion. It is known from observation of germyl compounds that the

germyl rock is very weak in the raman and for this reason is very

1

rarely observed. The band at 615 cm ~ is almost certainly v,,

rather than the rock, IR

Similarly, V17 in deutero germyl perfluoromethyl acetylene is
hidden by an overlapping band; this time by the germyl deformation,

Vio- The intensities of the bands in this region of the infra red

1

spectrum suggest that the missing band lies between 615 cm ~ and

620 cm™t (figure 4.17). The raman spectrum indicates that three

1 1 il

s 600 am L, 620 cm”
1

bands are present between 600 cm — and 650 cm

and 635 cm™t respectively. The band at 600 cm ~ can be assigned



|
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to Vv, because it is polarized, unlike the other two bands which are
depolarized. The band at 620 an™! occurs as a shoulder on the 635

en ! band. Germyl deformations are usually strong in raman spectra
suggesting that the deformation is at 635 cm ', leaving the band at
620 cn™ ! to be assigned to Vg

In the infra red spectrum of germyl perfluoromethyl acetylene,

the CF rock, v, can be assigned to the medium band at 474 anL;

the raman spectrum has a band at 460 c:m"1. The deutero acetylene

1 and an infra red band of similar

intensity to the germyl acetylene at 449 cm—l. The phase shift is

has a raman band at 455 cm

in the opposite direction for the two compounds. There is a shoulder,
however, on the side of the germyl rock, V11 in the deuterated
acetylene similar in strength to the band at 449 cm_l. It is not
clear whether this shoulder is due to the unresolved structure of

viy OF is a separate band: perhaps Vyze Since the Q branch separation
on viq is the same order as the width of the Q branch, this band is

a very broad unresolved band covering 60 cm_l. There is a weak band

af

at 440 cm — in the spectrum of the germyl acetylene but this band

is more likely to be one of a series involving overtones and combi-
nations of v, and Vige

The skeletal deformation, v,, at 234 cn! is a very weak band
in the infra red spectrum of germyl perfluoromethyl acetylene, and
is not observed in the deuterated acetylene. The raman bands, how-

1 1

ever, at 240 cm — and 230 cm — respectively, are the strongest in

both spectra.
g : =1
The other skeletal deformation, vy, occurring at about 90 cm

is a strong band in the raman spectrum of both molecules. The far
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infra red spectrum of the germyl acetylene obtained using a long
path cell has a band at 76 cm_l, although it could be due to a
difference band, Vg " 2“15'

The BgdUEQ—Tbller product ratios>t agree with the calculated
values. The a; calculated and observed products are 0.504 and
0.520 respectively and the e calculated and observed products are
0.374 and 0.365. The slight discrepancy is probably due to neglect
of anharmonic, higher order effects and Fermi resonance between
combinations and fundamentals.

The acetylenic stretch, V1 in both molecules is a very broad
band (figure 4.18) with no PQR structure, suggesting the presence
of "hot" bands similar to that discussed in other acetylenes. The
skeletal stretch, Vo is also devoid of structure.

The four ay modes, Vos Vg Yy and Vg (figure 4.18) all possess
PQR or PR band shapes. The Q branch is not as marked as in the
spectra of the silyl molecules because of the increase in the ratio
A/B which affects the Q branch intensity relative to the P and R
branches.

The CF strétch, Vg (figure 4.19) possesses a 'C' type band
shape, similar to that occurring in the silyl acetylenes, due to a
zeta constant approaching to unity.

In the region between 2000 e~ and 2600 cm-l, the same series
of strong overtones and combinations occur as those observed in the
two silyl perfluoromethyl acetylenes. This series of bands can be
assigned either to a series of overtones and combinations based on
vz and vg Or to a series of combinations and difference bands based

on v, +nv,.. The latter assignment gives a frequency for v, of

15
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99.5 em L with an anharmonic constant of 5.75 cm % from consideration
of the frequencies of Vs Vp + 2v15 and vy - 2v15. These values

predict the frequency of V1 + Vis to be 2324.5 cm-l and vyt 3v.. at

15
2535.5 cm L. 1 and 2517 o} in

1

Bands actually occur at 2323 cm

1

germyl perfluoromethyl acetylene and 2321 cm ~ and 2516 cm — in the

deuterated analogue. This is a better fit to the frequencies than
obtained with v, and Vis5 in the silyl molecules. The frequency of

V1 = Vig is predicted at 2125 cm_l, but this region is obscured by

1
vy and Vg in germyl perfluoromethyl acetylene. There is a band in
this region in the deuterated molecule but this could well be due
to the molecule GeHDZCCCP3 caused by residual hydrogen in the
deuterating material (figure 4.19).

A similar progression of bands is observed in the far and middle
infra red region involving Vs Vig and Visg (figure 4.20). The bands

1

below 380 cm ~ were observed using a long path cell and a far infra

red spectrometer. The spectrum observed confirmed the presence of
weak bands associated with_u? and.v14 in both germyl compounds. A

band at 76 cm_l is likely to be V15 although it is possible that

it is due to the difference band Viq * 29;c. The bands at 150 ijl’

1

314 cm — and 387 cm_l are associated with the series of bands

V1g X g where n = -1, +1, 2 respectively. The bands at 115 Cm_l,
189 cm_l, 339 cm © are associated with the series of bands Vo * vy
where n = -2, -1, +1 respectively.

Both acetylenes have a very strong combination band between
the two CF stretches, vz and vgl(figure 4.19) .at 1220 cmwl, but the
band arises from different combinations in the two species. In

germyl perfluoromethyl acetylene, this band has a prominent Q branch
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Figure 4.20

a) Far IR Spectrum of GeHSCCCF3

b) Far IR Spectrum of GeDSCCCF3

g




-68-

with weaker P and R branches, but in the deuterated acetylene it has
P and R branches but no Q branch. Both bands are stronger in
intensity than expected and thus, must be in Fermi resonance with
either vz OT vg. The PQR band is most probably a perpendicular

band in resonance with Vg the most likely candidates are v. + +

57 V7
V5 and vy * 2v13. The PR band is a parallel band in resonance with
vz} the only reasonable candidate is vip * Vi1t ovgs due to the fact

that Vio T is of the wrong symmetry.

4.5 Discussion
The acetylenic stretch in the monohalo-acetylenes, when plotted
against the electronegativities of the respective halogen atoms gives

42. A similar plot results when the electronegativities

a straight line
(x ) of X and Y are summed and plotted against the frequency of the
acetylenic stretch for molecules of type X - C = C - Y. In figure
4.21, X ¥ Xy has been plotted against Ve=c for the mono and dihalo
acetylenes, some silyl and germyl acetylenes and one or two other
relevant compounds. The data is set out in table 4.21. The mono and
dihalo acetylenes fit fairly well. Perfluoromethyl acetylene was
fitted to the line to obtain an electronegativity for the CF3 group;
a value of 3.35 was obtained which falls between oxygen and fluorine
on the electronegativity scale. This is consistent with other
properties displayed by the CF‘7> group. Hexafluoro dimethyl acetylene
also lay on this curve when the above value was used.

In a similar manner, electronegativities were obtained for the
silyl and germyl groups from this curve by using the acetylenic
frequencies of disilyl and digermyl acetylenes. This gave values

of 2,55 and 2.58 respectively for the silyl and germyl groups.



Table 4.21. The Electronegativities and Acetylenic Stretching

* Frequencies of Some Acetylenes

X 24 Ye=C (cm_l) X_x Ez Xx * XX
HCCCL 2110 2.10 3.00 5.20
HCCBr 2085 2.20 2.76 4.96
HCCT 2060 2.20 2.56 4.76
HCCF 2255 2.20 3.91 6.11
HCCCE 5 2165 2.20 3.34 5.542
C1Cccl 2234 3.00 3.00 6.00
C1CCBr 2223 3.00 2.76 5.76
c1ccI 2191 3.00 2.56 5.56
BrCCBr 2185 2.76 2.76 5.52
BrCCI 2166 2.76 2.56 5.32
ICCI 2118 2.56 2.56 5.12
SiH,CCH 2055 2.55 2.20 4.75
$iH,CCC1 2164 2.55 3.00 5.55
SiH,CCBr 2148 2.55 2.76 5.31
SiH,CCSiH, 2140 2.55 2.55 5.10%
SiH,CCCF 2228 2.55 3.34 5.89
GeH. CCH 2060 2.58 2.20 4.78
GeH,CCC1 2172 2.58 3.00 5.58
GeH,CCGet.; 2127 2.58 2.58 5.16%
GeH,CCCF 2218 2.58 3.34 5.92
CF4CCCF 2300 3.34 3.34 6.68
HCCH 1974 2.20 2.20 4.40

a) Value found from the curve, hence electronegativities were
derived for the unknown groups and subsequently used for the
other compounds containing the groups.
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A1l the other silyl and germyl compounds were plotted and found to be
close to this line. The electronegativities used were those obtained
by the Mulliken method43. The values found for the silyl and germyl
groups are in keeping with the Mulliken values for Si and Ge atoms
which are 2.44 and = 2.5 respectively.

Mulliken electronegativities are derived from ionization
potentials and electron affinities of atoms or functional groups.
Pauling electronegativities, however, are based on thermodynamical
data of atoms and molecules. It is perhaps, not surprising that
Mulliken electronegativities are preferable here because the change
in frequency of the acetylenic stretch between different compounds
reflects the change in energy of the Toe bonding orbital and hence
the ionization potentials. This effect is probably the largest
factor involved in determining the position of the stretching fre-
quency although the frequency will be modified by Fermi resonance
and interaction with adjacent vibrations.

The anomalous structures on the acetylenic stretches and other
parallel bands have been interpreted as evidence for overlap of a
series of "hot'" bands. A similar interpretation has been applied
to the C = C stretches and C = N stretches in some other acetylenes
and nitriles44. In many of these compounds, multiple Q branch
structure had been observed which extended from a position near to
the band centre towards lower frequencies. As the skeletal deformation
is increasingly excited, the classical situation, where the most
probable configurationsare at the extremes of the vibration, is
adopted. The energy of the molecular orbiﬁ?ts¢ of the m. bonding

level will be affected as the molecule becomes increasingly bent
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with the result that the C = C stretching vibration will progressively
decrease or increase in frequency. In the majority of acetylenes,
the stretching frequency has decreased indicating a decrease in the
binding energy of the molecular orbital concerned. In methyl
acetylene45 the "hot" bands on the C - C stretching mode exten@ﬁ
to higher frequency suggesting that the binding energy of the
relevant molecular orbital has increased.

In principle it should be possible to obtain information on
how the molecular orbital diagram changes as molecules become

increasingly distorted from consideration of "hot'" bands in the

vibrational spectra of the molecules.



CHAPTER 5

Energy Levels of a Symmetric Top Vibrator
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5.1 Energy Levels Within a Molecule

The energy of any molecular system can be written as the

sum of the kinetic and potential energies of the nuclei and

electrons
2 P
E —-EE: o + E:: o + Vﬁn # Vée + Vﬁe V.1
s n e
n e

where Pn_and P, are the momenta of the nucleus n and electron e

respectively; V

Bt Vée and Vﬁe are the nucleus-nucleus, electron-

electron, nucleus-electron interaction terms respectively.
In general, the quantum mechanical equivalent of equation V.1

v2 v2

- E:: j%; - E::,i%; *Vin * Vee * Vne e
n &

may be greatly simplified by the Born-Oppenheimer approximation46.
The approximation takes account of the fact that electrons are much
lighter than nuclei and so tend to move much more rapidly. If a
molecule is tumbiing in space then electrons are assumed to move
with the nuclear framework. If the nuclear framework is distorted,
as occurs in a small amplitude vibration, the electrons are assumed

to adopt instantaneously the new electronic configuration associated

with the distorted framework. Thus equation V.2 becomes

H-= }*n + }ﬂe

v2 v2
- VBt v chi'e Ve
where }in = - Zm i th’3ﬂe“ 'E: Zm, * Voe * Ve
e
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To a first approximation the Hamiltonian for nuclear motion
can be further simplified. Motion of the nuclear framework can be
separated into vibrational and rotational motion ignoring any inter-
action between them. A vibration between two atoms can be considered

as an harmonic oscillator, the Hamiltonian of which is

2 .2
_ 3 2
He =

%
10X

kx

| =

This has eigenvalues of E(V) = . v(V + %J where V is the vibrational
quantum number = O, 1, 2 . . . and v is the vibrational frequency.
The vibrational energy of a molecule is thus the sum of the 3N - 6
harmonic oscillators
3n-6
4
G(Vl, Vz, . . - [} Vn) i Z v(Vi + 2_ V.S
i
where di is the degeneracy of the ith normal mode.
Rotational motion can be considered as rotation of a rigid
motor. In classical physics, the energy of rotation of a rigid
body is determined by the moment of inertia about the rotation axis.

1
E = 51
q 2 qq

w

2
q
where O is the angular velocity of the body and q is one of the

cartesian coordinates. Since the angular momentum Pq is given by
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the Hamiltonian due to rotation becomes

. P}ZC Pi Pﬁ
- + + V.4
L, "W, T,

In general, the solution to this equation is not exact except in a

few special cases. The symmetric top rotor is one of these cases.

5.2 Energy Levels of a Symmetric Top Rotor

In a symmetric top molecule, two of the principal moments of
inertia are equal in magnitude such that

L, < Ib = IC for a prolate top or

I, = Ib < Ic for an oblate top.
Considering the prolate top only (the oblate top can be treated in

a similar manner), equation V.4 can be rearranged

2

P 1 1 2
Hw e+ | s & p V.5
Ib ZIa ?Tg z

where P is the total angular momentum of the rotor and is given by

p? - Pi + Pi + Pi; P, is conventionally taken as the angular
momentum about the unique axis. The eigenvalues of this Hamiltonian

are thus given by

F(J,K) =B J(J +1).+ (A - B) K2 V.6

where J and K are the total rotational quantum number and the

component rotational quantum number about the unique axis respectively.
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Since P, is the component of angular momentum along the top axis,
Pz <P, and K < J.

The energy levels of a symmetric top vibrator will be the sum
of equations V.3 and V.6

E(Vys Voo o o o Voo s J5 K) = GOVy, V, o o o Vgy ) # F(J,K)

This gives sets of energy levels similar to that shown in figure 5.1.
The observed infra red spectrum will consist of transitions
between the ground state and the upper state rotational.levels.
In symmetric top molecules, vibrations occur with dipole changes
either parallel or perpendicular to the unique axis. The absorptions
associated with each type of vibration are known as parallel and

perpendicular bands.

5.3 Parallel Bands

When the dipole change is parallel to the top axis, the selection

rules for the quantum numbers V, J, K are

AV. = +1; AK = 0, AJ = 0, +1 (K # 0);

For a given value of K, the energy of the upper state is

E'=v{v=+—) Z fv"+—1)+BJ' (' +1) + (A - B) K

J
j#i V.7



Figure 5.1 Rotational Energy Levels of a Symmetric Top
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and that for the lower state is

d. d.
B = vy (V) + 2_1) + Z uj(V‘j' + Tzi) +BJ"WJ" +1) + (A - B) K2
J
s V.8

The standard notation of single primes for the upper state values and
double primes for the lower state values will always be employed.

The energy of the transition is given by

v =v; +BJ' (J'+1) -BJ" (" + 1)

when AJ = +1 (R branch); v = v * 2B (J" + 1)
when AJ = O (Q branch); v = vy
when AJ = -1 (P branch); v = vy - 2B

A sub-band is obtained for a given value of K with P, Q and R
branches; the spacing of lines in the P and R branches is 2B. The
complete band is.obtained by superposition of each K sub-band.

In practice, the PQR bands for each K sub-band do not coincide,
due to the rotational constants A and B having slightly different
values in the upper and lower states. This is a consequence of
vibration rotation interaction. The upper and lower states are now

given by

d. dx 2
¥ o= 1 ' v _ Rt '
Bl =i+ D) ¢ ) w0+ 4B @D ¢ A - B K
J

V.9
j#i
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od, d.
" = t 1 1 T T " L) 1" L
N R I RO I L c A SR U DR
it
V.10

The transitions occur at

2

V=g # BN (1) =BT (3 +1) + (o, - ap) K

B

where ay = A' - A" ap = B' - B".

The R, Q, P branches are respectively

vp = Vi * (o, - op) K2 + ag J' @+ 1) + 2B (J" + 1)

vg = vy * (o - ap) K + ag I (@ + 1)

vp = v * (ay - ag) KX+ ag JU (J" + 1) - 2B J
The spacing between rotational lines is 2B', but this spacing
is not constant due to the quadratic term in J". Usually op is
small and B' < B'" with the result that the R branch converges
slightly and the P branch diverges slightly at high values of J".
Since @, *+ ap is not zero, the sub-banﬂs of different K values are
no longer coincident. As a result each '"line" in the P and R
branches is composed of many rotational lines which lie close
together but do not quite coincide. An example of a parallel band

is given in figure 5.2.

5.4 Perpendicular Bands

When the dipole change is perpendicular to the top axis, the

selection rules for the quantum numbers are
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AV, = +1, AJ = 0, 1, &K = +1.

It can be readily seen by comparison of these selection rules with
those of a parallel band that PQ and R branches are obtained for a
given value of K but that the K sub-band origin will shift according
to the value of K since AK = +1.

The upper and lower state energies are still given by equations
V.9 and V.10. The K sub-band origins will correspond to the position
of the Q branches for each value of K and occur when AJ = O.

The Q branch transitions are given by

" ' 2 1 " 12
UQ =v; top JUJ +1) + (A' -B") K'" - (A" - B") K

because AK = +1.

KZ

v T vy toeg I (M + 1) + (A" - BY) * 2(A" - B') K+ (o - op)

V.11

These Q branches form the most prominent features of a perpendicular
band standing out from the unresolved background of the overlapping

P and R branches, as shown in figure 5.3.

5.5 Coriolis Interaction and Centrifugal Distortion.

According to equation V.11, the Q branch separation is the same
in all perpendicular bands within the same molecule. In practice
this is not so. Teller47 was the first to explain this effect in
terms of a coriolis type of coupling between a vibration and a

rotation.
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Consider a body in motion in a rotating coordinate system.

In addition to the normal forces acting on the body with regard to
its motion, there are two virtual forces needed to account for the
actual motion of the body relative to an observer in the rotating

frame, the centrifugal and coriolis forces.

Consider a wheel with a rigidly attached beam and a frictionless
ball as shown in figure 5.4. As the wheel rotates, the beam imparts
a tangential force to the ball and it will move in such a way that, to
an observer rotating with the wheel and looking along the beam, the
ball will seem to roll along the beam away from the centre of
rotation. The observer would conclude that in order to maintain
the ball at a constant radius, a radial force directed towards the
centre of rotation must be applied.

The centrifugal distortion caused by this ''force'' causes a
slight change to the energy levels for the rigid rotor given in

equation V.6.

F(J,K) =B J(@ + 1) + (A-B) K + D, J5(3 + 1)°

JJ +1) K&+, ¥

% Dy y K

where Dy 1is the centrifugal distortion constant for end over end
rotation,

D, is the centrifugal distortion constant along the unique axis,

K

D.,, is the interaction between these two.

JK

The Q branch positions in a perpendicular band are now given by
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vy = Vi tog M@+ 1) ¢ (A - B) x2(A - BY) K

2 3
+(0,A-aB)K i4DKK

assuming that D, Dy» Dy are all very small compared to A or B.
In general centrifugal distortion is of little importance to infra
red spectroscopy, but it will become increasingly more important
with the development of spectrometers capable of at least 10"3 enL
resolution.

If the observer in the rotating frame were to roll balls from
the centre radially (figure 5.5), the balls to him would not appear
to move in a straight line. To an external observer, however, the
balls would move in a straight line along the radius. The rotating
observer would conclude that the ball had a tangential component
of velocity and since he only applied a radial force to the ball,
that a tangential force was effectively operating due to the rotation
of the coordinate system. This force is the coriolis force: a
standard illustration of the force is the fact that a projectile
fired towards the equator from the north pole will seem to drift
towards the west because the earth rotates towards the eastern
horizon.

Consider the coriolis effect on the two components of a
degenerate stretch in a planar XY, molecule as shown in figure 5.6.
The motion of the atoms are represented by the black lines and the
resultant coriolis accelerations by thin & arrows. It is clear
that each component of the degenerate vibration executes the other

component. Since these components have the same frequency, the

interaction is very strong.
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In order to analyse the problem, two motions that do not
influence each other in this way need to be considered. Appropriate
linear combinations of the components can be found in which the atoms
execute a clockwise and anticlockwise movement about their equili-
brium positions without exciting the other component. Each of these
linear combinations, however, has a resultant angular momentum
associated with the vibration.

In a symmetric top molecule in a degenerate vibration, this
angular momentum is with and against the angular momentum of the
top axis. The Hamiltonian for any vibrating rotating molecule is

a modification of equation V.4.

2 2 2
Y - (B, ~ B . (Py - o)) g P, -»¢,)
A /A1 21
XX yy zZ
g % %, pi + v V.12

i

where Px’ Py’ Pz'are again the components of total angular momentum

Oy Pys P, are the components of vibrational angular momentum

P; is an operator associated with the linear momentum of the

ith normal mode and V is the potential energy.

e have treated this problem by

Boyd and Longuet-Higgins
perturbation theory but a semi-classical treatment49 derives the

same result.
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In a degenerate vibration of a symmetric top molecule

L. =1 =l 1. =]

3 y B; z A; px - py =050

g = & P

with the result that equation V.12 simplifies to

[\

4
P
H=b
ZIb

-

Nl"U
N

2pP 2
1 1/|= Z . p 1 E:: 2
[Ia Ibl LS ik T, ty L PN V.13
i

The first two terms are the same as the rigid rotor Hamiltonian of
equation V.5. p is a function solely dependent on the normal
coordinates of the molecule and so the term %Tf- can be included as
a term in the vibrational Hamiltonian as it dogs not affect the
rotational energy levels. The third term is due to the coriolis
interaction on the rotation. The first three terms constitute the
rotatiogal Hamiltonian of a symmetric top molecule.

The energy levels for the rotational Hamiltonian are given by

F(J, K,2) =BJ (J +1) + (A -B) K ¥ 2A5,0.K

where Ls is a quantum number and Ci is the zeta constant which can
vary -1 ¢ ¢ < 1; the zeta constant is introduced because the angular
momentum about the top axis generated by a vibration will not in
general be an integral multiple of h/2m because it is only necessary
that the sum of vibrational and pure rotational angular momenta

be quantized about this axis.

50

It has been shown™ that
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For the first vibrational level &, = +1 and so the correction to the
energy level is + ZAZiK. The degeneracy of the energy levels is
removed and the splitting increases linearly with K.

Allen and Crosss1 have shown that the level 2, =41 is the
lower and that the selection rule is such that the transition
AK = +1 is from the ground state to the & = +1 level while the
transition AK = -1 is to the 2; = -1 level.

The sequence of Q branches may readily be derived as

Sy v a2y - w] s afva - ) -3

i2 3
+(aA—aB)K‘ i4DKK V.14
where Vo = V3 *top J"(J" + 1). The spacing of the Q branches is now
Z[A' 1-2 - B'] rather than 2(A' - B'). Since 4] is different for

each vibration, the spacing will differ for the various bands in

the spectrum.

5.6 Free Internal Rotation in Symmetric Top Molecules

In molecules of the type X,MMY; or XSMC = (MY, each end can
rotate against the other end of the molecule subject to a low enough
barrier of rotation around the MM axis.

The former type of molecules have quite large barriers to
internal rotation but the latter type have barriers that are very
close to zero, if not actually zero. The latter type of molecules
are examples of free internal rotors.

In molecules of type XM C = (MY it has been observed that the

vibrational spectrum consists of a series of Q branches where the splitting
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is similar in size to that of a rigid rotor consisting of only one of
the two tops, e.g. in methyl silyl acetylene the perpendicular CH
vibrations have Q branch splittings similar to those in methyl
chloride. This is not expected as the rotational constant A is

much smaller in the former case than in the latter.

The Hamiltonian of a free internal rotor of type

X Y
X — M-C=C-M — y
/ \
S ¥
(1) (2)
is given by
2 z
@ -p)? @ -0)% Bz ") By —ey)

21 21 ZIZ ZIz
o Y 1 2

where le, PZZ are the components of total angular momentum about
ends (1) and (2) respectively; p1» 0, are the vibrational angular
momenta associated with ends 1 and 2.

The energy levels given by this Hamiltonian for a symmetric

top molecule are

2 2 2
F{J, K, 21) =BJJ+1) -B (K1 + Kz) + AlKl + A2K2

* ALK
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where Kl, K2 are the quantum numbers associated with the components
of angular momentum about the top axis for ends (1) and (2) respec-
tively. Kl,Z will be either K; or K, depending on whether the ith
vibration being excited is a vibration in end 1 or 2.

If the vibration studied is associated with end 1, then the

selection rules for a perpendicular band are

AJ = 0, +1; AK; = AK

1}
+
=
=
-~
]
=
=
]
+
=

The positions of the Q branches are given by

\JQ=\JO+[Ai (l“ZCi)—B']:Z[Ai (l‘C}‘B'] Kl

+ (oq - ap) Ko ¥ 2B K, + (a, - op) K2
The Q branches will have a separation of Z[Ai 1-z) - B] because
this is by far the largest term. This is exactly the same splitting
as a rotor consisting only of end (1).

In this case, however, each Q branch will be split by 2B' as
shown in figure 5.7. The centre of each bunch of Q branches will
be when K, = 0. The centre of each Q branch series reduces to that
of a single rotor. Similarly when the vibration excited is associated
with end (2), the Q branches occur in bunches at intervals

ZLAi -z - B'], each bunch consisting of lines separated by 2B'.

5.7 Analysis of Perpendicular Bands

Unless the structure of a parallel band can be analysed, there

is no way of calculating the rotational constant B for a symmetric
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top molecule solely from vibrational spectra. Generally B is too
small to cause resolution of the separate lines in the P and R
branches of a band. Values of B, however, can be ‘obtained from
microwave data and in suitable cases, the change in B with vibrational
state can also be observed.

If microwave data is not available, a value of B can be obtained
either by use of bond lengths and bond angles from electron diffraction
studies to calculate the moment of inertia of the molecule and hence
B or by comparison with similar known structures. The electron
diffraction data does not yield a value of B for the ground state,
but an average value over all occupied states and as such is not as
accurate as microwave determination of B. The smaller the value of
B compared to A, the more accurate these last two methods become,
converging towards the microwave value.

The determination of A is more difficult. It can be determined
by microwave only as long as there are sufficient isotopic species
to work out the complete structure of the molecule: this is rarely
the case. In symmetric top molecules the structure is determined
from the microwave spectra of the symmetric top and isotopic species
that are slightly asymmetric using Costain's methodsz.

The determination of A can under favourable circumstances be
achieved using the perpendicular bands in the infra red and raman
spectrun. The spacing between successive Q branches as given by
equations V.14 and V.15 is 2[A'(1 - ¢;) - B'] for the i vibrational
mode. So long as B << A which it usually is in symmetric top hydrides
then a reasonable value of A' can be determined. A' and ¢; can be

found individually as long as the overtone can also be studied.
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J0n8553 first used this method in the analysis of perpendicular
bands.

The 1st overtone of a degenerate vibration of a molecule with
Cqy Symmetry has a; *+ e components, i.e. it should exhibit a parallel

54 that

and a perpendicular band in the spectrum. It has been shown
the perpendicular component should have a zeta constant equal to
minus twice the ground state value, i.e. i = -—2¢i.

The coriolis constants can also be written for combinations as

well. Thus from ui(e); ngi - —Z;i

Vi(e)s Vj(e); ‘;(vi + 2/ = ‘Ci +C.

\)j ]

v; (), V3 (@) zlv; + vi') = 4z,

For a fundamental and its overtone, the linear and quadratic

coefficients of K in the perpendicular bands are

[ar@ - t:) = B'] and [(A' - A") - (B' - B")]
for the fundamental, and

[A°0 + 2c)) - B°] and [(A° - A") - B° - B"]

for the overtone, where © denotes values in the second excited state.

(0]

If B << A then B' = B” = B. If B has been determined, Ao, AX AR e

i
can be evaluated from experimental data. Since A and B vary with

the excited state, it is expected that Axwill vary in a similar
fashion. This treatment neglects the variation of Aywith the

excited state.
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Johnston and Dennison54 were the first to point out that the
sum of the zeta consténts for all vibrations of a given symmetry
class is independent of the molecular force field and that the sum
is a simple function of the rotational constants. This was later
shown to hold quite generallyss.

By using the zeta constants obtained by analysis of infra red
data and the sum rule, the size of those zeta constants whose bands

cannot be analysed directly can be estimated.

In silyl acetylene, for example, the zeta sum value is

Bll
Z Ci = ZA" + 2 v 2.02.
i

g + Ty * Cg Was measured at 0.12; thus Zig * g T 1.90. Even
though v, and v, possessed no fine structure, %10 and ¢q could
be estimated using this method.

The following chapter is concerned with the analysis of perpen-
dicular bands of some silyl and germyl acetylenes. The values of B
used were, in the main, determined from electron diffraction para-
meters. Where this was not possible, reasonable bond lengths were
assumed. The ground state value of A, A" was obtained from
observation of the MH stretch and its overtone. Subsequent bands

were analysed using this value of A".



"~ CHAPTER 6

Analysis of Perpendicular Bands of

Some Silyl and Germyl Acetylenes
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6.1 Analysis of the Perpendicular Bands of the Silyl and Germyl
Halo Acetylenes

The position of the Q branches in a perpendicular band are

governed by the equation V.14.

UEUb = vy * [A'Q - 2g) -B'] +2A'@Q - ) -B'] K

+ [ - A - @ - B9] K2 + 4Dy K

when v;ub is the observed frequency of the sub-band;

vy is the band origin as defined in equation V.14;

A',B',A",B" are the rotational constants for the upper and
lower states respectively;

th

Zs is the zeta constant for the i~ normal mode, and

DK is a centrifugal distortion constant.

Since the centrifugal distortion constants D> Dyx and Dy are all
small compared to A or B, terms containing them have been omitted
from the linear and quadratic coefficients of K.

The observed frequencies can be fitted to a polynomial expression
as long as the centre of each band is known. Fortunately, the
intensities of the PQ

K
Moreover, sub-bands having a value of K equal to O, +3, +6, . . . ,

and RQ sub-bands are approximately the same.
K

+3N are more intense than the other sub-bands giving rise to a ''strong-
weak-weak'' pattern. This variation in intensity is due to the effect
of nuclear spin on the populations of the different rotational states.
In general, it is easy to assign values of K to the different fre-

quencies, unless the observed progression is short or overlaps with
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another band, when it is often difficult to assign unique values of
K. If this problem arises, sets of coefficients are given for all
the probable band centres.

The polynomial expression to which the Q branch frequencies

are fitted is of type

sub _ 2 n
v T 3, + alK + azK + 5 5 & F anK

where n < 4. The constants a5, az, and 2, tend to be very much
smaller than a; or a, with the result that frequencies can be fitted
by a least squares linear regression procedure. The largest F value
(see AppendixA) obtained for the five orders of regression was taken
as the best overall fit to the set of frequencies. The standard
deviations of the coefficients and the overall fit to the frequencies
were also computed enabling a reasonable estimate of standard
deviations in the derived rotational constants and zeta constants

to be made.

The perpendicular bands of silyl chloro- and deutero silyl chloro-
acetylene

Of the five perpendicular fundamentals in silyl chloro-acetylene,

only three possess the expected Q sub-band progression. These three
modes are those associated with the silyl group: Vgr V7 and Vg- In
addition to these modes certain overtones and combinations also
possess this fine structure.

The 4300 cm - region in the infra red spectrum had a band with
resolved fine structure (figure 6.1). This band clearly is associated
in some way with the silyl stretch, vge The possible overtones and

combinations occurring in this region are:
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Zvl ay
2v2 aq
¥ "% 1
2v6 a; + e
vl + u6 e
vy * Mg e

The last three bands are the only perpendicular bands; 2v6 will
have a zeta constant of -2§6, while V1 + V6 and v, + Ve will have
zeta constants of +;6, Reasonable values of Ze and A" are obtained
only when this band is assigned to 2v6.

1 centred to high

A progression is resolved between 1300-1500 cm
frequency of a parallel band. These two bands are clearly parallel
and perpendicular components of the same band and are assigned to the
overtone 2“8 (al + e).,

Another progression is found to the high frequency side of the
two broad bands around 1880 cm-l. These are associated with the
silyl deformations vz an.d.v7 and possibly with the skeletal stretch,

v4+ The possible combinations and overtones are

2v3 al
2v4 al
b T il

- . .Cont.
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2v7 al + e
\.13 + \)? e
Ya. " % ¢

Unfortunately only a few members of this progression were observed
with the result that A" and ¢ could not be determined with sufficient
accuracy to assign this band uniquely. In silyl acetylenez, this
band was resolved and assigned to 2v7. This seems to be the most
likely assignment considering that this band is also observed in
the silyl halidessﬁ. In all these cases, reasonable values of A"
and ¢, were obtained only where the band was assigned to 2v7.

The region between 3050 cmﬁl and 3150 et shows a progression
overlapping with at least three parallel bands (figure 6.2). This
is a complex region of the spectrum involving possible combinations

of six fundamentals. These combinations, with their expected

frequencies are

vtV oA 3132 cm L
vty a 3110 et
vt Ve A 3103 cm L
vty 3 3081 cm L
vg * Vs e 3134 cm!
Vgt oy e 3112 cm 1
vgtv, apte 3145 cm L
vy tv e 3143 cnt

. e 3114 cm
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The three parallel bands observed occur at 3082 cm_l, 3107 am !

1

and 3129 cm — corresponding to Vo v, vp vy and.v1 + Vg respec-

tively. The "'strong' Q branches of the perpendicular band occur at

1

3142.3 cm L, 3128.6 cm * and 3113.2 cm © which could be assigned to

Vg OF Vo + vy, Ve + Vg, and Vg * Vg OF Vo + v, respectively.

Y6
The polynomials found by curve fitting have relatively high standard
deviations suggesting that either a strong perturbation is affecting
the rotational levels or the observed frequencies form a composite
progression, the components of which could not be separated. For
this reason the zeta constants were not used to calculate the ground
state rotational constant but were calculated assuming the value of
A" calculated from other overtones or combinations.

A second weak progression was observed, during the analysis of
Vo (figure 6.3), to high frequency of each Q branch of " above 985

1 and extending to 1055 an L. The centre of this secondary band

e
is not at all clear. There are a number of combinations that occur
over this region including the possibility of difference bands with

the lowest bending mode. The combinations possible are

v4 + le e
Vg + Vg al + e
Sy % e S V| 1808
LR T Tl
2“8 = Vg a; +e
If the band is due to Vo ¥ V14 T Voo the band centre, v;Ub of the
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progression would be expected about 950 cm — and the zeta constant

would be Z10 OF -(C7 + 2;10] depending on whether the transition
involved the a, or e component of the upper level respectively.

vg + vg on the other hand is expected at 1030 cm_l with a zeta constant

8
of -(gs + cg). V4 * V10 is expected at 1040 cm_l with a zeta constant

of Z10° V3 + Y10 ~ V10 is expected around 940 cm,-1 with a zeta

1

constant of O. 2u8 = Vg is expected at 1014 cm ~ with a zeta constant

of Lg Or —(2;8 + ;9) depending on whether the a, or e component of

2“8 is involved in the transition.
vg is a band where v2Ub cati b6 either af 683.3 @ * oF 694.7 an Y

although the gas phase raman spectrum suggests the former frequency.
This frequency also gives a similar value for A" to that derived from
Vg and 2v6.

The frequencies of the observed Q branches are given in table 6.1
together with the frequencies calculated from the polynomial coefficients
and the difference between observed and calculated frequencies. The
polynomial fitted to the observed frequencies and the standard
deviations are given for each band. The majority of the standard

deviations for the overall fit are in the region 0.1 to 0.3 cm_l

although the deviation of 0.5 em L

for 2v, is due to poor definition of
the band rather than a perturbation of the rotational levels.

The derived molecular constants for each band are given in
table 6.2. vEUb, the observed band origin, is equivalent to the
intercept of the polynomial. [A'(1 - ;) - B'] is derived from the
coefficient of K, [(A' - A") - (B' - B"] is the coefficient of K.

The rotational constants A" and A', the zeta constant, ¢; and the

band origin, v, can be obtained from the derived molecular constants



Table 6.1

Q Branch Frequencies of SiHSCCCl and SiDSCCCl
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Table 6.2 Molecular Constants for SiHzCCCl and SiD3CCC1

Bnd 0 P [A'(-g)-B' ] [@'-AD-(B'-B")]
SiHCCC1 (e ) (em ™) @
v 2195.1 2.758(1) ~0.0173(2)
v 950.7 3.427(7) -0.0225(8)
683.4 1.868(3) 0.0I41(2)

Vs 694.7 1.909(3) 0.0132(3)
v, 4319.2 2.781(4) -0.037(1)
2, 1889.2 3.297(5) ’
% ' 1374.2 4.775(5) 0.027(2)

S 992.2 3.307(9) -0.031(2)

—_ I0II.5 3.314(4) -0.031(2)
S 3113.2 2.71(2) -0.087(6)

_— 3138.6 2.428(7) -0.010(D)
81D,0CC1
v 1603.5 1.28I(2) #¢°  =-0.0060(3)
, 665.8 1.774(7) 0.0102(7)

5 676.5 1.817(7) 0.0184(8)

Note: Numbers in brackets indicate standard deviations.



o

and are given in table 6.3; the standard deviations being shown in
brackets. B', calculated from the electron diffraction data,was

1

taken as 0.0444 cm ~ and (B' - B') was assumed to be negligible.

1 but is

When derived from V6 and.2v6, A" equals 2.8338 cm
2.8614 cnfl when derived from vg and 2“8' The electron diffraction
structure predicts a value of A of 2.777 cm_1 but this is not a
reliable value because the positions of the hydrogen atoms are not
well defined and because A found by this method is a time averaged
value which is a function of all the occupied states.

It is reasonable, however, to assume that the value of A" lies

1 o 2.862 ca L.

in the region 2.830 cm” The ground state value of
A derived from V6 and 2“6 was used throughout the analysis. The
reasons for this were twofold; T is expected to be close to zero
and therefore uncertainties in A" and ¢, are minimised and 2v, was
the only overtone with enough structure to allow a reasonable
determination of A" in the other molecules studied.

The zeta constants for the fundamentals Vgs V7s Vg are of a
similar magnitude and sign to their counterparts in silyl acetylenez.
Although fine structure was not observed in Vg OT V445 Lg * Ly Can

be estimated from the zeta sum ru1e57. Thus,

10
_ B" B . _

). 6 =t 2= 2.008; rg * T, * gy = 0.099(4)

6

hence Zg = 1.91. Both Zg and t1p are nearly equal to 1,

2,70

+
t10
similar to values for other acetylenes



Table 6.3 Rotational and Zeta Constants of SiH,CCCl and SiD,CCC1

Band

SiHSCCCI

29

2v

2v

v
1000

v
3100

SiU3CCCl

vl A @) A @
2192.4 2.834(2) 2.817(2)
946.6 2.834(2) 2.811(2)
682.4 2.861(3) 2.876(3)
693.7 2.889(3) 2.902(3)
682.4 2.834(2) 2.848(2)
693.7 2.834(2) 2.847(2)
4315.9 2.834(2) 2.797(2)
1885.4 2.834(2) 2.83(2)
1367.5 2.861(3) 2.886(3)
1367.5 2.889(3) 2.914(3)
1367.5 2.834(2) 2.859(2)
988.4 2.834(2) 2.803(2)
1007.8 2.834(2) 2.803(2)
3110.4 2.834(2) 2.729(8)
3125.4 2.834(2) 2.747(4)
1602.3 1.417(2) 1.411(2)
663.6 1.417(2) 1.427(2)
674.3 1.417(2) 1.435(2)

5

0.005 (2)
-0.235(3)
0.335(2)
0.327(2)
0.328(2)
0.314(2)
-0.0I0(3)
-0.18(3)
-0.670(4)
-0.654 (4)
-0.686 (4)

-0.196(4)
-0.162(3)

-0.0I(I)
0.100€4)

0.062(2)

-0.272(6)
-0.295(5)
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The zeta constants can help in the assignments of resolved

overtones or combinations. The band at 1300 cm

1

is 2v8. The band

at 1900 cm ~, on the other hand, is unlikely to be 2v,, because the

zeta constant has a value nearer to ty than to -2z, suggesting that
vz * Vv, OT v, + v, are more reasonable assignments. This might

well be a false conclusion however, due to the rather large standard
deviation for this band.

The band in the 3100 cm * region has a zeta constant approximately

1

equal to zero if the band centre is taken as 3111 cm —, about 0.1 if

the band centre is taken as 3128 Cm._1 and about 0.2 if the centre is

taken as 3143 Cnfl. The variation of zeta with change in the band

centre is approximately linear hence the value of the zeta constants

1

for the band at 3143 cm ~ can be estimated by extrapolation. This

band can be assigned to one of two vibrations, either Vg * Vg with

1

an expected band centre around 3112 cm — and a zeta constant of

56(0.05), or v * v, with an expected band centre around 3145 cm_l

and a zeta constant of -(56 + c7) equal to 0.24.

The weaker progression in the vy region has a zeta constant of

ub

-0.23 when v(S) sub

is at 972 cmt increasing to -0.16 when 5 at

1011 cm ! assuming that the transition involves a non-degenerate

.
and a degenerate level. The observed zeta constants are not in the
required range for any of the expected bands.u7 * V10 ~ V10 and

2“8 - Vg could also involve transitions between degenerate levels.
As a result, the equation V.14 has to be modified. See Appendix B.
2vg = vg 1s not consistent with the observed data but v, + vi45 = V14
has a calculated zeta constant in the region of -5 with a standard
deviation of approximately 1.4. The exvected value is -1.5. The

latter band seems the more likely assignment.
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Progressions were observed for two fundamentals of the
deuterated species. The Q branch frequencies of Ve and v, are
given in table 6.1. The exact centre of \Z is in doubt due to overlap
with a strong parallel band. The derived molecular constants are
given in table 6.2 and the rotational constants in table 6.3. B,
derived from the electron diffraction data for silyl chloro-acetylene,
was calculated as 0.0420 cm_l, assuming that no change in the SiH
bond length occurred when the hydrogen atoms were replaced by
deuterium.

A" was assumed to be half of the value found for silyl chloro-
acetylene because the mass around the top axis has doubled and because
deuterium substitution shortens the SiH bond length by about 0.002 &
at most.

The zeta constants are larger in magnitude than in the non-
deuterated acetylene. This is not surprising because the magnitude
of the zeta constant is dependent on the mass of the atoms in the

vibration concerned.

The perpendicular bands of silyl bromo-acetylene

Only progressions on the silyl modes Ver V7 and vg were resolved
at moderate pressure in a 10 cm cell. Overtones and combinations
were not studied because of lack of material. As a result, no
internal means for establishing a unique value of A" could be used.
However, observation of silyl compounds have shown that the zeta
constant has a value between zero and 0.01 for the silyl stretch.

A reasonable estimate for T in silyl bromo-acetylene is thus 0.005.
B can be obtained using bond distances obtained from electron

diffraction58 and microwave data of related compounds: here B has a
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1 ' : :
. A" can be estimated using these parameters.

value of 0.0299 cm
The Q branch frequencies observed, are given in table 6.4 and
the derived molecular constants in table 6.5.
The silyl stretch, Vg Possesses a progression of Q branches

which are partly obscured by the other silyl stretch, v, and the

1
acetylenic stretch, V) The analysis of this band yields a value of

1

A" equal to 2.835 cm . Variation of zg between 0.000 and 0.010

1

1o 2.855 am™l.

alters A" from 2.815 cm_ The molecular constants
together with those of other bands are given in table 6.6.

The silyl deformation, vy consists of a very strong progression,
as is shown in figure 6.4, slightly offset to the high side of Vg

The centre of the progression is at 949.7 cm_l.

Analysis of this band
gives a zeta constant of -0.227 which is similar to that obtained for
the same mode in silyl chloro-acetylene and silyl acetylenez. The
second vibrational band as found in silyl chloro-acetylene was not
observed.

The silyl rock, vg consists of a progression between 630 cm_l
and 750 cm_l as is shown in figure 6.5. The centre of this band has
a more complicated structure, resembling the overlap of Q branches
of two perpendicular bands. When the frequency is plotted against
the quantum number K as shown in figure 6.6, the curve deviates
aswmpkgtally from the expected line about K = -1. This type of
deviation is consistent with Fermi resonance with another vibration.
The affected levels (K = -5 to K = +2) were omitted in the analysis
of this band.

The zeta constant for this band was calculated to be 0.317

which is consistent with zeta constants for the corresponding band



Table 6.4

Q branch Frequencies of SiHSCCBr
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Table 6.5 Molecular Constants of SiH,CCBr

Band_ _u:“_*jr [A'e)-B]  [(-AY)-(B'-BY]
(cm ™) (cm ) (cm ™)

i 2195.0 2.774(2) -0.0169 (4)

kK 956.8 3.414(3) -0.0276 (9)

s 682.7 1.916(4) 0.0139(5)

Table 6.6 Rotational and Zeta Constants of SiH,CCRBr

Band », (cm-I) A" (en A' (em™h Ts
UB 2192.2 2.835(9) 2.818(9) 0.005(9)
9 952.7 2.835(9) 2.808(9) -0.26(I)

v 681.7 2.835(9) 2.849(9) 0.32(I)
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of other molecules. The zeta constant, for Vg and V1o Can be

estimated using the zeta sum rule.

10

_ _B" - A _
ZCi——Z'Kﬁ"!'Z—Z.mS, EG““Z?*CS—O.OQS
6

therefore Zg + §10 = 1.91, thus Zg and clO lie between 0.9 and 1.0.
Fermi rotational perturbations occur when two vibrational states
of the same symmetry species lie close in energy to each other. At
the same time the rotational constants for each vibration have to be
such that the unperturbed rotational levels intersect when plotted
as a function of the rotational quantum number. A further restriction
is that only levels with the same K, J and ¢ values can interact.
Thus only levels in the immediate vicinity of the curve intersection
are heavily perturbed and the magnitude is dependent on the energy
difference at the point of intersection.
The magnitude is also in accord with first order perturbation
theory since the perturbation function wij is given by

= <° Y
wij —<“.’$’i|1ﬁ«1’|‘3’j >

where‘fi,‘f? are zero approximation eigenfunctions of the perturbing
levels and w is a function of anharmonic terms in the potential
energy. The intersecting levels repel one another by a factor f

where

1
- Jand s bl
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where § is the separation between the two unperturbed levels. wij
is independent of J and K.

Vgs occurring at 680 cmhl, in silyl bromo-acetylene has e symmetry.
The only vibrational state of the same symmetry occurring near this
frequency is Ve + Vg The band origin, % calculated from the
rotational constants of Ve is at 681.64 cm—l. The unperturbed energy
levels for vg can be calculated using the values of A', Zgs Vg and
B derived from analysis of the band. These levels are tabulated in

1

table 6.7. V¢ + vg should be observed at 688.9 cm ~ assuming no

5
anharmonicity. The zeta constant for this band is Zq which has been
taken as 0.95. A' was assumed equivalent to the ground state value
of 2.835 (:m-1 although it might deviate from this value by as much as

0.04 cm L.

The calculated energy levels of Vg * Vg are also given
in table 6.7.

The 2" energy levels give rise to the RQ branches of Vg and
Vg + Vg while the 2  energy levels give rise to the PQ branches.
As can be seen from table 6.7, the umperturbed terms cross in the
2" states when K is between 2 and 3 so that the Q branches most
affected would be the RQl and RQZ branches. In fact, the PQl branch
is the most perturbed. If the origin of Ve * Vg is moved by about

10 cm L

, the perturbation will occur in the observed position as is
shown by figure 6.7 where the energies of vg and ve + vq are plotted
against J, K.

One interesting feature of figure 6.6 is the existence of two
energies with a K quantum number of zero. Since this level does not

have different levels corresponding to 2" and %, it cannot be split

into two components. The second peak must appear for another reason.



10
11
12

Table 6.7. . Energy Levels of vg and vs + vg .in SiH,CCBr

Vg
il Lo
681.6
682. 686.
689. 696.
701. 712.
720. 734.
743. 762.
773. 795,
808. 834.
849. 878.
896. 928.
948. 984.
1006. 1046.
1070. 1113.

vg * vg
s ]
688.9
686.4 697.
689.5 711.
698.3 730.
712.8 755.
733.0 786.
758.8 823.
790.3 865.
827.5 913.
870.3 967.
918.8 1026.
973.0 1091.
1032.9 1162.
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The K = O levels of Vg and Ve * Vg interact and are quite
heavily perturbed. One consequence of this is that the intensity of
the interacting levels will be effected. The transition moment (T.M.),

which governs the intensity, is governed by the equation

T.M. = <T’L|d[TU>

where d is the dipole moment operator and}fL,'fU are the upper and
lower eigenfunctions involved in the transition. Now‘fL is the same
for both vg and v + vg andffu.has some of the characteristics of
the other perturbing level in it. As a result, the closer the two
unperturbed energy levels, the nearer in intensity the two perturbed
levels will become. It seems plausible that one RQO branch belongs
to vg and the other to Ve * vg. A similar mechanism involving the
two (Kl,ﬂu) energy levels produces two PQl branches. In principle,
at least, the energy levels could be indirectly observed through
such a perturbation. The estimated line of Ve *+ Vg is given as the
dashed line in figure 6.6. This line was estimated by calculating
an average value of wij from equation VI.1 and using p and ¢ values
from table 6.4.

The slope of this line is approximately C.048 cmfl, which using
a value A" = 2.835, gives a value of the zeta constant g5,9 = 0.98.

This zeta constant is equivalent to Zg and is very close to the value

expected from the zeta sum rule.

The perpendicular bands of germyl chloro-acetylene

Three fundamentals show rotational fine structure: the three

germyl vibrations Vgs V7 and vge In addition to these bands there
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are several overtones and combinations that have fine structure.

The overtone of Vg Was observed in the 4100 cm_l region of
the spectrum. Although there are several states which could be
assigned to this band only 2vg is likely for the same reasons as
those given in the assignment of 2v6 in silyl chloro-acetylene.

There is evidence of a progression around 1700 cm™! but this
band is not well resolved and has been partly obscured by atmospheric
water in the transfer optics of the long path cell which could not be
eliminated satisfactorily.

L to 3100 cm_l region has a progression starting at

about 2900 cmfl and dying about 3010 Cmfl. Another progression

1 to 3072 cm_l. There is the possibility that

The 2900 cm

appears from 3055 cm
this is a single progression because the frequencies when plotted
against an integer seem to correlate, even to the point of matching
the '"'strong-weak-weak' pattern (figure 6.8). It does seem more
likely, however, that they are two different progressions. The

bands in this region of the spectrum are:-

-1

Ul + Vg al 2949 cm

5 w8 3004 cm L
1 4 il

v, + v e 3004 cm-l
1 7

G A E 3005 cm *
2 3 1

v, * v a 3060 cm-l
2 4 1

o, % e 3060 cm-l
2 7

Ve wwl @ 2053 cm™ 1
6 3

ve * Vg e 3008 a1
Vg * Vo a, +e 3008 anL
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The upper progression is centred on 3060 (:m_1

so that its assignment
is vy + Vs and it should possess a zeta constant of c?. The lower
progression could be centred on a number of peaks ranging from 2947
e to 2999 cm L. Each gives a different zeta value so that a
reliable value of the zeta constant could distinguish the most
probable bands. The zeta constants, however, have not been determined
with sufficient accuracy to allow a definite assignment of this band.
The most likely candidate, however, is Ve * vy because the zeta
constant of 0.19 is of the same order as that expected for this

band (0.24).

The centres of Vg and Vg (figure 6.9) are clearly defined from
the intensities of the Q branches. The centre of Vo (figure 4.6)
cannot be defined solely from the intensities of the Q branches:
overlap with the neighbouring skeletal stretch, 7 and the other
germyl deformation, v32maSkS the true intensity pattern. One of
the two contenders can be eliminated on detailed analysis of this
band due to the presence of a perturbation affecting the energy
levels of this band.

The Q branches of all the observed bands are given in table 6.8
and the derived molecular constants from regression analysis are
given in table 6.9. The constants obtained for Ve and 2“6 were
used to find the ground state value of the rotation constant A".

1

The rotational constant, B was taken as 0.0287 cm ~ calculated from

the electron diffraction data in chapter 3. A" was found to be
2.765 cm * which is similar to that observed in other Cy germyl
compoundsGl’ﬁz. This value of A" was used to obtain the rotational

constants and zeta constants of the other bands. These are given in



Table 6.8

Q Branch Frequéncies of GeH,CCCl

3
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Table 6.9 Molecular Constants of GeH

Band

v
3060

\Y
2970

=0
(cm

2120.3

868.8
887.6

624.9

4169.0
3060.3
2999.4
2987.1
2974.6

2961.3
2946.9

sub
U—-

L

[ A'(1-z.)-B']

3CCCl

[(A"'A")—(B'-B"J ‘|

(™) (™)
2.765(2) -0.0187(4)
3.182(4) -0.028(1)
3.099(5) -0.028(1)
1.671(2) 0.0148(4)
2.597 (41 -0.0395(9)
2.46(2) -
2.06(4) 0.02(2)
2.06(2) -0.012(8)
2.13(2) -0.039(2)
2.29(2) -0.067 (4)
2.53(2) -0.094 (8)

Table 6.I0 Rotational and Zeta Constants of GeH,CCCl

v
3060

\Y
2970

sl
2117.5 2.763(2)
865.1 2.763(2)
884.1 2.763(2)
624.3 2.763(2)
4166.5 2.763(2)
2.763(2)
2998.0 2.763(2)
2985.7 2.763(2)
2973.0 2.763(2)
2959.4 2.763(3)
2944,5 2.763(2)

Af

[SS 0 ]

(o T oS B o I S B o

gL
L T
_ =j-
.744(2) -0.018(2)
.735(2) -0.174(3)
.735(2) -0.144(3)

.778(2) 0.388(1)
.723(2) 0.036(2)
.763(2) 0.54(I)

.78(2) 0.25(2)
.75I(8) 0.242(9)
.724(4) 0.206(9)
.696(5) 0.139(9)
.669(9) 0.04 (1)



g 3 i
1000 H89  jo A 6'9 ainbiy




=105~

table 6.10. ¢, is -0.018 and ¢, is either -0.17 or -0.14 depending

L or at 884 enL. (As will be

on whether the band centre is at 868 cm”
shown later, the band centre is at 884 cmhl). Both of these zeta
constants are in good agreement with other germyl compounds studied.
Cgs however has a value almost double that expected from other
compounds being about 0.38 rather than 0.2. It is not clear why
this should be although underlying 'hot'" bands could affect the
precision of the fit.

Zg and 210 although not resolved, can be estimated as previously

for the silyl compounds, from the zeta sum rule.

10

_ B! N . _
Z Ci - T + 2 = 2.00, Cﬁ + C? + 58 O¢2276
6

thus Zg + 210 = T

This sum is somewhat less than that found in the silyl acetylenes
although the average value of Lg OT T4 is still large at 0.89.
The large value of tg obviously plays a part in lowering the value
for the deformations compared to the silyl compounds.

There is a discontinuity in the progression of Vas between RQ9
and Rle (taking RQO as 888 cmwl). Unlike Vg in silyl bromo-acetylene.
where the perturbed levels occur only in the region of the disconti-
nuity, the levels above Rle are all perturbed while those below RQ9
are unaffected. This type of perturbation is known as a coriolis
perturbation. _

A coriolis perturbation is produced between any two vibrational

states for which the direct products of the symmetry species contain
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the species of a rotation63’64.

The unperturbed term curves must
also intersect. This type of interaction is second or higher order
because it is an interaction between two different vibrations through
coriolis forces. Coriolis interaction produces a shift in the energy
of levels from their normal position near the point of intersection of
the term curves. This shift does not revert to zero even for large
J and K values even though the differences in energy between inter-
acting levels can be fairly large because the interaction increases
with increasing K values.

Figure 6.10 shows the perturbed region of Vo The assignments
of the Q branches are indicated in the figure. Since the interacting
vibration must be close in energy to Vos the possible perturbing

levels are v, and v,. Both of these vibrations are of a different

3 4
symmetry to v., and so they cannot interact by Fermi resonance.
Nielsen64 has shown that fundamentals can interact by a second order

coriolis mechanism and that the interaction does become negligible
between levels at the point of intersection of the curves when ﬁK
between the levels is greater than one.

The energy levels of v.,, v; and v, are given in table 6.11.
Those of v, were calculated using the molecular constants in table
6.10. RQO was taken as 888 cm © and 861 cm © because these were the
most likely band origins. A" was assumed for the upper state
parameters of Vg and Vg This value is not expected to differ more
than 0.02 from the true value and this does not alter the energy
levels significantly.

When the Q branch frequencies are plotted against an arbitrary

integer, two distinct curves are obtained with a discontinuity of
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10
11
12
13
14
15

Table 6.11.

Energy Levels .of vy, vg.and vy in GeH,CCC1

3

vy (Q+864.4 cm 1) v, (Q°=887.4 cm 1)
g+ %- g+ 2~
864.9 883.9
868.6  866.7  887.4  885.9
877.8  874.0  896.5  893.3
892.5  886.7  911.0  906.2
912.6  905.0  930.9  924.6
938.2  928.7  956.3  948.5
969.2  957.8  987.2  977.8
1005.8  992.5  1023.6  1012.6
1047.8  1032.6  1065.4  1052.9
1095.2  1078.1  1112.8  1098.6
1148.2  1129.2  1165.5  1149.8
1206.6  1185.7  1223.8.  1206.5
1270.5 = 1247.7  1287.5  1268.7
1339.8  1315.1  1356.7  1336.3
1414.7  1388.1  1431.3  1409.4
1495.0  1466.4  1511.5  1487.9

832.
835.
844.
857.
877.
902.
932.
968.

1010.

1057.

1109.

1167.

1231.

1300.

1376.

1455.

L_¢

888.0
890.8
899.1
913.0
932.3
957.2
987.6
1023.6
1065.1
1112.1
1164.6
1222.6
1286.2
1355:3
1429.9

1510.1
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-1 ; R R +
the order of 5 cm occurring between Q9 and le. The & energy
levels of v give rise to the RO branches and so the interacting

levels of u3 or v4 must cross these £+ levels. As can be seen from

21 u3 and

the only crossing that takes place occurs between the % levels

| figure 6.11 which is a diagram of the energy levels of v

"y
ofv7 and Vj- The 2 level of v

intersects v, between K = 4 and 5. When the origin is taken as

883.9 cm_l, the % 1levels intersect v, between K = 6 and 7.

when the band origin is 864.9 cm_l

Interaction between v and v, does not explain the appearance of the

3
pertubation at RQ9 and RQ12. This is defintely of the coriolois type,
because the pertubation does not tend to zero on moving above RQ9

but remains approximately constant.

6.2 Analysis of the Perpendicular Bands of Disilyl and Digermyl
Acetylenes

Disilyl and digermyl acetylenes are internal rotors. The centres

of each Q branch in a particular band are governed by equation V.15

because the secondary structure on each Q branch is not resolved.

v =y + [AQ - 20) - B] +2 [ACL -z ) - B] K

+ (o = o) K2+ 4D K.

The intensities of the PQK, X sub-bands are similar and the sub-

bands follow the "strong-weak-weak' pattern observed for the rigid

rotor.



figure 6.11  Energy Levels of ~. Region GeHBCCCl
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One problem encountered in the analysis of these two compounds

is that the band occurring at about 4300 cm T and 4150 cm *

in the
silyl and germyl acetylenes respectively is a combination of the two
MH degenerate stretches, Vg and Vi2* V12 is observed in the infra red,
but Vg is not because of the mutual exclusion principle. Consequently
A" and £y, cannot be obtained independently without observation of Vg«
In the analysis of the two species, tg has been assumed equivalent to
Lo This is not so unreasonable because both zeta constants are

expected to be close to zero. Certainly the value of A" so obtained

is more accurate than a value obtained from electron diffraction data.

Disilyl acetylene has eight degenerate fundamental modes of
vibration of which four, Vg to viq inclusive, are infra red inactive.
Of the other four, v122V13 and V14 show resolved rotational fine
structure. The overtones of these vibrations are inactive with the

result that only combinations are observed. Progressions are observed

in the 4300 cm™ Y, 3100 an~ ! and 1300 cn™! regions in addition to the
fundamentals.
s -1 -1 5
The progression at 4300 cm ~ has RQO at 4319.1 cm ~ to higher

frequency of a strong parallel band. The two bands are probably
the parallel and perpendicular components of one band. The possible

combinations for this region are

vl + vS aZu
\)5 + \)8 eu

- s .Contl
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Y1 % ¥ €
Vg * V4 ®u
Vg * V12 bu 't &

The last four bands could all be responsible for the observed pro-
gression but Vg * Vi, is the only band that gives reasonable values

for the rotational and zeta constants.

1

The progression with RQO at 1372 cm ~ could be due to two bands,

V4 * V13

parallel band,again suggesting parallel and perpendicular components

O Vyq * Vig- This band is to higher frequency of a strong

of one band. V10 * Y11 is the most likely assignment for this reason

and because the expected zeta constant, —(clo + ¢14) is more consistent

with the observed zeta constant (-0.506); Vg * V3 has a zeta constant
The frequency of V10° which was not observed in the raman spectrum,

can be estimated from the position of this combination; the anharmonicity

in such a calculation being ignored. The frequency deduced is either

1

679 cm L or 691 cm™: depending on where the centre of v,, is. Either

value is considerably higher than the frequency deduced by Lord4.

1 could be centred on several different

The progression at 3100 cm_
frequencies. This region has a similar structure to the corresponding
region in silyl chloro-acetylene, consisting of several parallel bands
with the perpendicular band. The low standard deviation from regression
analysis suggests that this progression belongs to one band rather

than a complex mixture of different progressions. The possible

combinations are
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vy o+ Ve a5, 3111 cm t
Vo Ve ay, 3053 cm L
Vo * Vg s, 3135 cm L
by b 8 3146 cm !
vy B Ny B 3087 cm™ L
vitv, e 3139 cm !
Vg *+ Vg e, 3136 cm 1
Ve *+ Vg e, 3108 cm L
Vg + Vi3 By, + e 3142 Cm-l

-1

V12 + \:9 aZu + eu 3142 cm

1, 3127 am * or 3112 cm ! suggesting that

Lo

RQO can occur at 3142 cm”

the band is either vg + vg at 3112 cm T Vg + Vg, Vio * Vg at

3142 cm_l. The zeta constants obtained do not help in the assignment.
The centres of 2P and Vi3 are readily assigned to the frequencies

2194.8 cm ! and 947.9 em L respectively. v,,, however, is not so

1 or 694 cm™l.

clear cut; the RQO being at either 684 cm”
The Q branch frequencies for all the observed bands are given
in table 6.12 and the derived molecular constants are given in
table 6.13.
Reasonable coefficients were obtained for Vg * V1, only when the
Q branches between 4395 cm ™t and 4422 cm ! were discarded. Standard
deviations in the order of 1 ém-l were obtained if these levels were

included suggesting either the presence of a second progression or a

perturbed band.



Table 6.12

Q Branch Frequencies of SiH,CCSiH

5 5
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Table 6.I3 Molecular Constants of SiH,CCSiH

2
Band USUb [-A'(I'Ci)'B'} [LA'—A")-(B'“B")]
e —0=7 =1 =1
(cm ) (em ™y (cm )
v 2194.9 2.771(3) -0.0174(2)
12
v, 948.2 3.54(4) -0.032(5)
694.1 1.923(4) 0.0182(9)
Yy 682.7 1.861(7) 0.023(2)
JEL 4318.9 2.775(6) -0.038 (1)
vV 4V 1373.0 4.87(2) 0.039(4)
10 14
v 4406.5 2.69(2) -0.06(2)
L4 00
3112.0 2.524(6) -0.008(2)
v 3127.1 2.497(5) -0.008(2)
3100 3142.0 2.472(9) -0.008(2)

Table 6.I4 Rotational and Zeta Constants of SiH,CCSiHs__

Band ¥, @) A @@ A @) g

v 2195.8 2.840(3) 2.823(3)  0.003(3)
L 943.8 2.840(3) 2.808(6)  -0.28(2)

x 681.8 2.840(3) 2.863(3)  0.335(3)
i 693.0 2.840(3) 2.858(3)  0.312(3)
v ey 4316.1 2.840(3) 2.802(3)  -0.006(4)

12

v v, 13661 2.840(3) 2.879(5)  -0.7I(I)

v 4403.8 2.840(3) 2.78(2) 0.02(3)
Luoo

! 3109.8 2.840(3) 2.832(4)  0.094(4)
3160 3124.6 2.840(3) 2.832(3)  0.103(4)

3139.8 2.840(3) 2.832(3)  0.I12(4)
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Analysis of V1o and vg * v;, gave a value of A" equal to
2.8400 cn™ and 7,, as 0.0027. B was assumed to be 0.0431 cm™ !
calculated from the electron diffraction data. The zeta constant
obtained will be an average value for %12 and Zgs and is consistent
with zeta constants of other silyl stretching modes. All rotational
and zeta constants are given in table 6.14.

The RQ branches of vg + v, are observed up to RQg where they
overlap with a strong parallel band at 4384 cm-l which could be
assigned to V{ * Vgs Ve F Vg OF vy + Vo, Above this band fine
structure reappears but a plot of branch frequency against K shows two
distinct curves (figure 6.12). The question now arises as to whether
vg * V19 has been perturbed by close lying rotational states or does
the upper state belong to the perpendicular bands, Ve * Vg OT
vy t “lé? Analysis of the upper portion of the curve yields a zeta
constant of between 0.00 and 0.10 suggesting that the band is either
Vg * Vg OT vy + v o because the zeta constant for vg * V1o should be
less than zero. Further support for this type of assignment is that
any band crossing the unperturbed levels of Vg * vy, between RQ9 and

Rle would have to have a band origin at about 4314.7 cn L. The only

band visible at this frequency is in fact centred on 4316 em 7,
being the parallel component of Vg * Vioe This question, however,
cannot be settled convincingly without better data.

A similar situation occurred with the analysis of the silyl
rock, V14 where Q branches between RQ6 and PQ3'were discarded in
order to obtain a reasonable fit to a polynomial on analysis. This

suggests the presence of Fermi resonance with another band because

the higher PQ and RQ branches fitted to a polynomial expression.
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The zeta constant obtained for v14,being either 0.334 or 0.312
depending on whether the centre of the band is at 680.8 et or
692.1 cm L, is in keeping with that of a silyl rock. The values of
t1a and A' calculated allow the energy levels to be calculated.

The possible vibrations involved in Fermi resonance are; v
1 1

10
with v  in the region of 692 cm © or 679 cm

1

, taking vyy at

or 692.1 cm™1 respectively; or v, + vy, with v_ in
1

v, = 680.8 cm’
the region of 704 cm . Zyo Will be similar in magnitude to z,,.
Analysis of Vio * V14 gives a value of -(;10 + 514). The value of

210 obtained has been used to calculate the energy levels of Y10

assuming A' is equivalent to A'. Vg * V1 should have a zeta constant

of 2475 which will be close to 0.9 from analogy with bending modes

in other acetylenes. The energy levels of vy * v were calculated

11

using this value for the zeta constant and A' equivalent to A".
The energy levels of Vias V10 and vy * vyq are given in table

6.15. The energy levels of v, and V14 do not cross when their

1 and 692 cn™t, but they appear

i

respective origins are at 679 cm
to cross around K = 22 or 23 when their origins are 692 cm ~ and
680.8 cm respectively. The most perturbed energy levels are when
Kis 2 or3 (i.e. the RQl or RQZ branches are the most perturbed

in the spectrum). If V10 is the perturbing vibration, then the

1 1

origin has to be about 681 cm ~ which places v,y + vy, at 1362 Gm .
The centre of this band actually occurs at a higher frequency. It
is unlikely that vio * Y14 has a negative anharmonicity and so Y10
is probably not the cause of the perturbation in v,,.

The 5" energy levels of the other band, vq * vqp Cross those of

V14 between J, K = 6 or 7 when the origin of V14 is taken as 680.8 cm_

1
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and between J, K = 3 or 4 when the origin is at 692.1 cm ».

An
anharmonicity of 4 cm-l is required to move the point of intersection
to the desired point in the latter assignment and an anharmonicity of
10 'l is required in the former assignment. This combination is
the most likely candidate for the cause of the perturbation in V14
The Q branches in the midst of the perturbation appear to be
split and less intense (figure 6.13) similar to that observed in
vg of silyl bromo-acetylene. Analysis of this region using equation

VI.1 gives the position of the perturbing levels of Vg * vyp OT v

11 10°
and hence the approximate value of the zeta constant. The Q branches of

disilyl acetylene for this mode are plotted together with the perturbing
level in figure 6.14. Zeta for the perturbing level was found to be
0.73. This is too high to be V10 but is not that unreasonable a value
for IRCTE

The Q branch frequencies of the silyl deformation, V13 when
plotted against K (figure 6.15) shows the presence of two discontinui-
ties. The one occurring between RQg and 10 looks like a Fermi type
interaction with another vibration. It is not clear whether the Q
branch at 890.7 cm * belongs to PQ6 or PQQ, but in either case the
second discontinuity occurs between this band and PQS. There are
not enough resolved Q branches in this second region to tell whether
the latter discontinuity is due to Fermi or coriolis interaction
with another vibration.

The unperturbed levels between PQ3 and Rle were used to obtain
the molecular constants. This band has a higher standard deviation
because of the presence of the perturbations, the effects of which

cannot be wholely eliminated. The zeta constant obtained was -0.277,
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which although rather large, is in keeping with other observed zeta
constants.

The discontinuity at the RQlO branch could be caused by inter-
action with five different vibrations of which three would interact
and v, + v

Y14> V3 T V15 9 " V15°
The energy levels of vy3 were calculated from the values of A' and

by Fermi resonance. These are vip * + v

%3 determined from the analysis of RS In all three interacting

bands, A' was assumed to be 2.84 cm I,

The zeta constants were assumed
to be —(cll + ¢14), 215 and —(cg + ZlS) respectively. The energy
levels of the &' states are given in table 6.16.

+
The & energy levels of v,, + v., cross those of v., at K = 5.

¥l 14 13
This point of intersection is insensitive over a wide range of
parameters of Vi1 * V1ge The ¢* energy levels of Vg * Vg Cross those
Ipf vyz @t K =15 and those of vy + v ¢ cross at K = 16, both of
which are rather high.

It is interesting to note that Vg * Vg CTOsses v, at RQll
which is close to that observed. This band, however, cannot give
rise to Fermi resonance.

The second discontinuity could be caused by one (or more) of

four bands; Vgs V and Vg * Vi by a coriolis mechanism or 2v4 * Vg

3
by a Fermi mechanism. The energy levels of the 2~ states of these
: 3 P

bands are also given in table 6.16. Vg and vz CTOSS Vy- and Q15

and RQ2 respectively. A slight adjustment in any of the variables
used in calculating the energy levels could cause the & energy levels
to interact between the K = 4 and 10 levels. vy * Vig and Zvy * Vys
would perturb the PQS and PQ5 bands respectively and so could equally

be responsible for the observed discontinuity.
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The number of possible perturbing levels would account for
the high standard deviations of the constants obtained from analysis.
This band would certainly be worth studying in more detail so long

as the resolution could be greatly improved.

Digermyl acetylene has four infra red active fundamentals similar
to disilyl acetylene. Only Vs V13 (figure 6.16) and V14 have Q

branches. In addition to these three bands, Q branches were observed

1, 2950 cm™ ! and 1200 cm™ ! regions of the spectrum. The

1

in 4100 cm
progression at 4100 cm—l has a band centred on 4163 cm ~ to higher
frequency of a parallel band. This latter band is probably the
parallel component of Vg * V193 the former band being the perpendicular
component (figure 6.17).

Similarly the 1200 cm_l region has a strong parallel band to
lower frequency of the perpendicular band at 1255 an !, These two
bands can be assigned to Vio * V1 because this is the only combi-
nation that is expected in this region.

1

The 2950 cmfl region has a progression between 2914 cm ~ and

2054 cm L.

This is to low frequency of a series of combination
bands. Unlike the other molecules studied, no distinct Q branches

could be seen to the high frequency. The bands expected in this

region are
v * v ay, 2963 cm !
vy * Vg as, 2947 cm L
vg * Vg a, 2949 cm™t

...continued
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Ve * Vg e, 2947 cmL
vyt ey 3027 or 3007 cm L
R TY 3011 or 2991 cm 1
Ve * Vg e, 2990 cm™L
vz + v, e, 2961 cm L
Vg * V5 Ay +e  30LL or 2991 cm
Vi ¥V g ay, * e, 2993 cm™ L

The most likely assignments, taking into account the '"strong-weak-
weak'" pattern, are v; + v, at 3007 cm-l, Vg * Vg, V, *+ Viz OT
vg + Vi at 2987 " and vy + v, OF vg + vc at 2953 cn L. The band
with RQO at 2953 cnfl has a similar zeta constant to C12 OT Tg,
suggesting that this progression belonged to Vg ¥ Vpoe

The observed frequencies of the Q branches are given in table
6.17 and the derived molecular constants in table 6.18. A" was
calculated using the derived molecular constants of Vip and Vg * V95
assuming that ¢g is equivalent to Zyp° The value of B used was

0.0167 cm™ L

, being calculated from the electron diffraction data.
A" was found to be 2.769 c:m_1 in agreement with values for other
germyl stretches. This value of A" was used to calculate the
rotational and zeta constants of other bands. These are given in
table 6.19.

The zeta constants found for v,, and v, are in good agreement
with other germyl compounds. vy OD the other hand is 0.405 which
is consistent with that obtained for germyl chloro-acetylene but

does not agree with those obtained for the germyl halidesﬁl.



Table 6.17

Q Branch Frequencies of GeH,CCGeH
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Table 6.18 Molecular Constants of GeH,CCGeH

T

Band i [A'@-z)-B']  [A'-A)-(B'-BY)]
(cn ™) (cn ) (e D)
%, 2116.5 2.785(1) -0.01635(8)
y 886.4 3.25(2) -0.0I8(2)
13 905.8 3.20(1) -0.018(2)
Yo 623.9 1.638(2) 0.0I33(4)
Vot ¥ 4162.8 2.612(4) -0.0407(9)
voEY 1255.5 4.76(3) 0.026 (6)
v 2953.9 2.83(2) -
2950
Table 6.I9 Rotational and Zeta Constants of GeH1§CGeH3_
_I " -I 1 -I
Band . (cm ) A" (cm ) A' (em )z,
Y, 2113.6 2.769(I) 2.752(I) -0.0I8(2)
2
883.2 2.769 (1) 2.751(2) -0.188(7)
V13 902.6 2.769 (1) 2.751(2) -0.169(5)
Moo 623.4 2.769(I) 2.782(2) 0.405(1)
VEY 4160.3 2.769(I) 2.728(I) 0.036(2)
Yot P 1248.8 2.769(I) 2.794(6) -0.7I(I)
295I1.0 2.769 (1) 2.769(2) -0.03(2)

v
2950
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V13 in digermyl acetylene has two discontinuities similar to
disilyl acetylene. One occurs, as can be seen from figure 6.16,

around the RQS branch, the other between PQ5 and PQQ, assuming that

1 1

is at 902.6 cm — rather than 883.2 cm -.

1

the band origin of v,

If the band origin is at 883.2 cm —, then the two perturbations occur
at RQ8 and between PQ2 and PQ6 respectively. The energy levels of
v,3 were calculated using the constants found by analysis of the band.
Since the origin is not well defined, both series of energy levels
are given in table 6.20, together with those of the probable per-
turbing bands. The energy levels of v; and v, do not cross those of

Vi3 and so are not included in table 6.20. vz + v, . and vy

15 11
have zeta constants of +0.9 corresponding to Z1s and 211 respectively.
Vi1 * V12 and Vio0 ¥ V11 have zeta constants of -1.2 corresponding to
—(cll + c14) and -(;10 + cll) respectively and Vg has a zeta constant
of -0.14 similar to that of other germyl deformations. The ground
state rotation constant, A" was used to calculate the energy levels
of these bands.
+ +
The 2 energy levels of Vg * Vg and Vg * v q CrOss & levels

of v the K = 5 levels being the most perturbed when the origin of

1

13°

is at 902.6 cm ~; the K = 9 and K = 7 levels in the two respective

13
bands when the origin of v,; is at 883.2 anl. This is similar to

v

that observed. This perturbation, however, is of the Fermi type and
as a result can be due to vz + Vg OT Vg MAUTE Figure 6.16

shows that some additional bands are just resolved in this region of
the spectrum, similar to those observed on the silyl rock of silyl
bromo-acetylene and disilyl acetylene. The additional bands belong

to the perturbing mode. Consequently the frequencies of the bands
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can be plotted against an integer and the zeta constant of the
perturbing level can be determined. The observed bands can be
arranged in two different ways, both giving the appearance of a
Fermi perturbation. The zeta constants found were 0.10 and 1.06
respectively. The latter diagram is shown in figure 6.17a. The
former value does not agree with that of any band occurring in this
region but the latter value is near to that expected for a skeletal

deformation and would confirm the cause of this perturbation as

+ v15 or v7 + vll'

The lower perturbation could be caused by Vg» only if the origin

of v ; is at 883.2 an L,

V3

Since this band has similar rotational
constants and zeta constants to V13» slight adjustment in any of the
parameters could greatly affect the point of intersection of the two
curves. vqq * v, (or ulo) could also be responsible for this per-
turbation because the energy levels intersect with those of Vi3 when
either origin is used. This perturbation would occur at RQO and PQ4

1

if the origins are at 902.6 cm ~ and 883.2 et respectively. The

latter point corresponds to that observed. As a result, the most

1

likely band origin is 883.2 cm ~. The upper perturbation is caused

by vz * Vies and the lower perturbation by either v * Vg4 OF
V10 * V14°

6.3 Analysis of the Perpendicular Bands of Silyl and Germyl

Molecules of type MHSCCCFS, M = Si, Ge have eight perpendicular
modes, all of which are infra red active. These molecules can be
treated as free internal rotors. Since the subsidiary splitting on

each Q branch is not resolved, the Q branch separation is also given
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by equation V.15,

v =y ¢ AT - 26)) - B] 2 - o) - B K

+ [(A' - A - (B' - B”)] Kz +4 DK KS

..........................

Q branches are observed on the three perpendicular fundamentals
associated with the silyl group, vgs V10 and vi1* Microwave studies

of a number of CF3 compounds have shown that the rotational constant

1

A for rotation about the C3 axis has a value of A = 0.19 cm ~. The

Q branch splitting for a CF; mode would be in the order 0.15 em L.

In this molecule, each Q branch will be further split into bands

1

0.06 cm — apart; the net result being a broad unresolved band.

1

Q branches were also observed in the 4300 cm —, 1850 em 1 and

3100 cm 1

regions. Strong fundamentals associated with the CF
stretching modes were observed in the 1300 cm-l region and as a result

the overtone 2”11 was not observed.

The overtones and combinations occurring in the 4300 cm_l
region are
Zvl a;
Wy 41
v |
V1 + Vg e

- s .contl
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2u8 al + e

Reasonable values of tg and A" were obtained only if the observed Q

branches were assigned to the overtone Zvg.

The possible bands in the 1850 cm T region are
2v4 a1
v4 + le e
2910 )

The Q branches were only fitted to a 1st order polynomial because the
use of a 2nd order polynomial did not improve the fit. This still
enables an estimate for the zeta constant to be calculated. The zeta
constant suggested that this band is 2“10 rather than V4 * V100

Q branches observed in the 3100 cm,-1 region appear to follow
no distinct pattern, which made it impossible to analyse. The

possible combinations are

ul + v4 al
Vo t vy o
vl +* le e
vz + ulO e
\J4 : v8 e
UB + UlO al + e
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It is probable that more than one progression is visible leading
to the indistinct pattern observed.

The Q branch frequencies of this molecule are listed in table
6.21 and the derived molecular constants in table 6.22. The spectrum
of vg is shown in figure 6.18 as it is a particularly striking band
showing overlap of Vg with the PQR band of Voo

The ground state value of the rotation constant, A" obtained
from vg and 2vg,was A" = 2.8111 cn™l. This was derived using a
value of B = 0.0301 cmfl obtained from electron diffraction data.
The zeta constant of 0.005 is similar to that of other silyl
stretches. The constants for the other bands, given in table 6.23,
were derived using this value of A'".

The centre of the silyl rock, v Was not well defined, being

at either 681.4 am? or 692.6 cm-l.

There was no perturbation observed,
affecting the Q branch frequencies of this band. The zeta constants
were similar to those of other silyl rocks.

The Q branches of the silyl deformation, vi0? formed more than
one curve when the frequencies were plotted against K (figure 6.19).
Perturbations occurred at RQIO and RQZ. The bands between Ple and
RQO were used to obtain the parameters of this mode. The frequencies
did not fit a second order polynomial and as a result, the zeta
constant was estimated using the ground state rotational constant,
A", The energy levels of this band are given in table 6.24 together
with those of the probable perturbing bands. The energy levels of
Vgr Vo 2u13 and Vi, * vy4 are not included because they do not
intersect with those of Y10

The only band that could cause the perturbation at RQlO

(figure 6.20) is v, + v;c; the most perturbed band being predicted
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Q Branch Frequencies of SJ'.HSCCCF3



SICF ===NU

=8
K
18
17
16
15
14
13
i2
11
10

LN UOUF RN, ORPNNWQSETO N0

Y(UBS)
2303¢40
£
2292080
22858¢50
228230
227770
2273410
2267950
2262060
225780
225280
2247410
224230
223660
223080
£eebe 80
222040
221480
2205¢20
#

X’
219340
218780
218160
217560
216990
216440
215830
2153.00
2147000
214080
213480
212920
2122+390
*
211150
210470

SD. = 0.36cm™!

YHEALLC)
230289
2298400
22930/
2288910
2233+10
2278907
2273+00
226790
2262076
2257459
2252038
2247914
224186
2236055
2231¢21
222583
222042
2214097
220949
220397
219842
219283
218721
2181+55
2175086
217014
2164038
215858
2152+«70
214689
2141900
213506
212910
212310
211706
211099
210489

Y{GBS)=Y(CALC)
51
%
-.27
.40 \:‘ ~a
-.80
wo 37
»10
« 00
-.16
21
42
=04
s b b
05
o4l
=+03
=002
wel?
=29
%
*
.b?
59
005
worb
-.24
002
=28
oEfi-
11
-.20
=e 26
+10
=e20
¥ !
51
=19



(Fam=NU-—~10

¥ F_E)z" S)

1845067 0%
L3259 8
YepR 2573 £t
1526658 538"
Ls2&e4d  1ul2. 8
1914.45 11.46.45%
oIE 1103 .40

o @9 997.85

B8 991.55

RIEY] 985.15

RaRo] 977.85

sy GTE 43

a4 965,28

b 1t

il i

PRaEY| 649 .90

<9y ©41.85

i i

] N

b L

e e

L] 0LB.5S
o (30 941415
« 90 894 .14
fB BR6.8T
L 879.88
B3 872.75
R 665.95
cG@ 859.68
Nofal B8B52.20
o8 B46.65

sD. = 0.56 cm'

(AL
536 32
:!'r"o (4]

e

LRt
[ e
G ol e Ll = SIS S T L

14

S T S T Qe
il v e S
o D e

"?":1‘}[-2 43
G977 25
99% .9

96327
95634
94641
QL2 6 1
935.56
928¢67%
g2le74

91478

QB7.85
@52
B4 415
48787
fB8Ma14
B73s22
866629
850,36
852643
845051

y(QﬁSJ—Y{C
- .

LT

& = [
MNP L~

=
R S

o

o
Qo

ol

il
o s

B

« B
i
4]

o B0

0 BE

nt
nt
G148
5 {:jr\
a r"J-.!
. B8
w 303
1]
o BB
-39
o W0

0 @f

b
o @i
N I

NoIe

~13a5.
wmliia2?
«Fa s
-.f: ..(-_;'#'i
wl(in35
-5,32
P
=GaT2
=6o G0

040

~sb64

o)

23

e 100
—-al7
“'034
“‘u‘lt?
e bl
""-:3()
“023
lalg

ALCY



o
SICF===NU=11

K Y{OBS) Y(CALC) ‘Y(HIBS =Y (CALC)
15 740460 74069 ~e (3
14 /3635 73650 waelly
13 732¢40 73234 e 06
12 726015 7222 =s 07
1i /24%4e1lb /2413 (2
10 72000 72008 =08
i /1620 71606 o1 4
& 71220 71208 vl
7 708015 708013 02
6 /04440 704021 019
5 /0045 70033 v12
4 69715 696048 67
3 69265 692+6/ =02
2 * 6865039 *
1 685000 685010 . =15
0 66120 68144 -ePh
W 677+75 677076 =01
™ 67320 674012 -e92
= 3 670045 67051 =s(b
= 4 66670 6bEe 94 =024
. 5 66320 66341 =e21 '
= 6 66020 659490 30
w 7 ‘65630 656943 =13
- 3 65330 65300 +30
- g, 650400 649060 e 40
=10 646450 b4h6e23 27
-l1 64he2e90 64230 =00
wig 639060 639061 =01
=13 636040 63635 e 05
w1y 63320 633012 08
=15 62960 62993 =32

SD = 0.30 cm



foen2NU~E

Q-

LS

I

S i %

=

¥ ]
L U W o=

]
e

~11

Y(ORS)
4415340
LhQuih

Gt e bl
L3390 w20
43 3wl
LR o4l
4312w 4]

>
43
4
- 4

L30T 626

424 6ef)

4345460 Y
4528 001
4320260
43186060
437 1o
43 4L e.ul
42288 21(
429240
4206030
421G a7
42126 il
42666 81
4200414
4253w

S.0.

Il

0.32 cm

1

44

53

[

b S A S
L

Lo

L, TG,
LS50 LA v U v

Y(CALL)
15616

Q03

Sy 1
"8&5!}
.l":n?_"
Lifs® 9

¥ | .I..
A
{ell5

Y(0BS '~y CALC)

g adly

-
-aLh
«39
vt
b
-
o Gl
el
-
[ P
-



Table 6.22 Molecular constants of SiH,CCCF

%

Band

Table 6.23 Rotational and Zeta Constants of SiH,CCCF

2209.5
949.4

68I.4.
692.7

4345.1

186I.6
1871.4

KA'-A")—(B'—B"ﬂ

[A'(I-5)-B]

(e D) (e )
2.750(3) ~0.0173(7)
3.46(2) -
1.846(4) 0.0175(8)
1.898(4) 0.0I72(8)
2.757(9) -0.05I(3)
1.56(2) -
1.56(2) -

Band

10

12

Zv

2v
10

v, (e

2206.8
945.2

680.5
690.0

4342.4

186I.2
1870.8

A" (un-I) A’ (cm-I)
2.811(4) 2.794(4)
2.811(4) 2.79(2)
2.81I(5) 2.828(4)
2.811(4) 2.828(4)
2.811(4) 2.761(5)
2.811(4) 2.834(9)
2.81I1(4) 2.834(9)

L

L5

0.005 (4)
~0.25(I)

0.337(3)
0.318(3)

-0.0I0(6)

0.42(2)
0.40(3)
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Table 6.24 Energy Levels of $ioad 2 ok By 0 v

in SiH_CCCF, 15 et § s T
J,K v v o+ v V o+ v V o+ v Vo4V
o+ _l_D_R_ Trtt___]._s_ 2.‘5 15 Rﬁ 14 9}1 14

0 945.9 I0I3.0  962.0 941.0 921.0

I 950.2 947.4 I0I10.4 959.4 938.2 930.6

2 960.0 954.5 I013.5 962.5 952.1 945.6

3 975.4 967.2 1022.2 97I.2 971.6 966.6

4 996.5 985.6 1036.5 985.5 996.7 983.1

5 1023.2 1009.2 1056.4 1005.4 1027.4 1025.1

6 1055.5 1039.1 1082.0 1031.0 1063.8 1062.8

7 1093.5 1074.3 I113.2 1062.2 IT05.7 1106.2

8 1137.0 III5.2 1150.0 1099.0 1155:5 I155.1

9 1186.2 I16I.2 1192.4 I1T41.4 1206.5 1209.7
10 I241.0 12135,7 1240.4 1189.4 1265.4 1269.8
II 130I.4 1271.4 1294.1 1243.1 1329.8 1335.7
12 1367.5 1334.7 1353.4 1302.4 1399.9 1402.4
13 1439.2 1403.7 I418.3 1367.3 1475.6 1484.3
14 1516.5 1478.2 1488.8 1437.8 1557.0 1566.8

I5 1599.4 . 1558.4 1565.0 I514.0 1643.9 1655.0
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Figure 6,20 vTO of SIH3CCCI-?3
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as RQQ. Since two of the observed bands belong to the perturbing
level, the zeta constant could be estimated. A value of 0.91 was
obtained which is of the correct magnitude for Vg t Ve

There are four bands that could cause the perturbation at RQ £

2
Ve * Vg, Vg t V14> V11 * V14 and Vo * Vy,. The energy levels of
Vg * Vic and Vg * vq4 Were calculated using a zeta constant of 0.9,
equivalent to Z15 and 214 respectively. Vi1 * Vs has a zeta constant
of —(cll + ;14) which was taken as -1.2 and vy + V12 has a zeta
constant of Z12° The zeta constant for a CF3 deformation has been
found to be about -0.8°. This value has been used but the actual
value could be quite different in this molecule, which in turn would
affect the point of intersection of the energy levels. The correct

position of the perturbation is predicted for Vg * Vi although

Vi1 Vs is also close by at RQ4.

The perpendicular bands of germyl and deutero-germyl perfluoromethyl
acetylene.
The three fundamentals associated with the germyl group, Vgs

Y10 and V11 have resolved Q branches. In addition, progressions were
1

observed in the 4100 cm — region, corresponding to the overtone 2“8’
and the 3000 cm™ region. The Q branches in this latter region were
not resolved satisfactorily enough for analysis of the band.

Q branches were observed on the germyl deformation, V10 in
deutero-germyl perfluoromethyl acetylene. The germyl stretch, vg
in this mclecule were not resolved properly.

The Q branches of both compounds are given in table 6.25 and

the derived molecular constants in table 6.26. vg and Zvg give

1

a value of the rotational constant, A" = 2.750 cm - and a zeta constant,



Table 6.25

Q Branch Frequencies of GeHSCCCF3. and GeDSCCCF3
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Table 6.26 Molecular Constants of GeH.CCCF., and GengCCFS_

Band o [A'(-z)-B']  [(A'-A")-(B'-B")]
GeH CCCEy (cn 1) (e D) (en D)
v, 2133.9  2.742(2) -0.0172(5)
S 848.4 3.150(5) -0.0103(9)
- 867.2 3.120(3) -0.0103(9)
S 618.0 1.43(1) 0.026 (I)
12 629.6 I.506 (8) 0.026 (1)
2y, 4195.3  2.637 -0.0313
GeD (CCCF,
v 623.7 I.45(I) 0.019 (4)

Table 6.27 Rotational and Zeta Constants of GeH,CCCF, and GeD,CCE,

Bnd v (@) A (@) A (@) g

GeH3CCCF3

US 2I31.1 2.750(3) 2.733(3) -0.012(4)

u 844.9 2.750(3) 2.740(4) -0.145(3)
10 863.6 - 2.750(3) 2.740(4) -0.156(2)

" 617.7 2.750(3) 2.779(4) 0.459 (3)
11 626.6 2.750(3) 2.780(4) 0.465(3)

sz 4192.7 2.750(3) 2.719(4) 0.023(6)

GeD3CCCF3

9 622.7 1.375(3) 1.394(5)  -0.048(8)

10



~ -121-

g = -0.0116, both of which are in keeping with other germyl compounds.
The rotational and zeta constants are given in table 6.27 and were
derived using the value of A" above. B was calculated using
reasonable bond lengths for this molecule.

The germyl rock, V11 contains a slight anomoly. The polynomial

1

for the whole band gives a standard deviation of 0.33 cm —, while

the polynomial when branches between PQ1 and PQ11 are left out, reduced

this standard deviation to 0.20 cm L.

It would appear that there is a
slight Fermi perturbation in this region of the spectrum; a plot of Q
branch frequencies against K would tend to confirm this view (figure
6.21). The probable interfering vibrations are V12 and Vg» of which
only 2P is of the correct symmetry for Fermi resonance.

The energy levels of V112 V12 and Vg are given in table 6.28.
The rotational and zeta constants determined from the polynomial
coefficients were used for calculating the energy levels of vyg° A"
was used to calculate the energy levels of 2P and Ves and t1p Was
taken as -0.8, similar to that in other CF3 deformations.s4

The & energy levels of Vg CTOss the &~ levels of V11 between
K =11 and 12. .This would mean that the PQ10 branch is the most
perturbed level. The o energy levels of Vi, and vqp CrOss when
K=1. A slight adjustment of about 5 cm * in the origin of v ,
would move this point of interaction to the PQ2 band. If this
perturbation is of the Fermi type, it must be due to Vigs although
a weak coriolis perturbation between v and vyp Cannot be excluded.

Two perturbations affect the Q branch frequencies of V10 Both

appear to be Fermi interactions because the best polynomial fit to

the frequencies is obtained when only the outer Q branches are



Table 6.28 Energy Levels

i

10
II
I2
I3
I4
I5

623.7
632.5
643.9
660.8
683.3
711.3
744.9
784.1
828.8
879.0
934.8
996.2
1063.1
I135.6

) s e

631.8
642.8
659.2
68I.2
708.8
742.0
780.6
824.9

874.7

930.1

99I.0

I1057.5
I129.5
1207.1
1290.3

in GeH.CCCEF.,
YY1, S 3=

v

—5

660.0
662.8
671.0
684.8
704.1
728.8
759.1

794.9 -

836.2
882.9
935.2
993.0
1056.2
I152.0
1199.3
1279.1

622.
635.
654.
678.
708.
743.
784.
830.
882.
939,
1002.4
1070.6
1144.4
1223.6
1308.3

5

7

615.0
6I12.8
616.1
625.0
639.3
659.1
684.4
715.2
751.6
793.6
840.7
893.5
95I.8
I0I5.7
1085.0

I159.8
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1 1

considered. The centre of 0 is at 848.4 cm ~ or 867.2 cm

, the
latter band being hidden under v, at 862 cm © (figure 6.22). The
zeta constants obtained for the two frequencies were -0.145 and
-0.156 respectively, both of which are similar to those of other
germyl deformations.

The two perturbations occur at RQ8 and 15 if the RQO branch

¢

of v, is at 848.4 cn™', or at NQ. and if at 867.2 cmt. The

12

energy levels of four bands intersect those of Vio' V6 * V14 g *

* v and vi2 * Vig The energy levels of these bands,

V152 V7
calculated using A" and their expected zeta constants, together with
vig are given in table 6.29.

The upper perturbation is due to either vy ¥ V5 OT vz + vy

1 1

depending on whether the origin of Y10 is at 863.6 cm ~ or 844.8 cm
respectively. The lower perturbation could be due to V6 * vy because
the 2" energy levels cross those of V10 in the correct region using

. . +
either band origin for V10 The % energy levels of Vip * Vvyg CrOSs
is taken as 844.8 cm-l, but this is using

those of vy at K =6 if v

0 10
a zeta constant of zero. The value of this constant is probably
closer to -0.1 which would move the most perturbed branch towards the
RQS branch.

Q branches are observed on the germyl deformation, V10 in the
deutero germyl perfluoromethyl acetylene. The centre of the Q branches
is at 623.7 cm'l, which gives a zeta constant of -0.048, assuming A"

was half that of the germyl acetylene. This is rather low in magnitude

for a germyl deformation.
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6.4 ~Discussion

The molecular parameters of those compounds discussed in this
chapter together with those of some related compounds are given in
table 6.30. The distance of the H atoms from the molecular axis, D,
is constant for the two series of compounds; the silyl and germyl
acetylenes. MH bond lengths have not been determined with enough
accuracy to determine how the HMH angle varies within the groups.

The zeta constants for the MH stretch and MH deformation in
general do not differ signifipantly from those obtained for the

Those
silyl and germyl halides.“The MH, rocks, on the other hand, appear

3
to be practically double those of the corresponding group IV halides.
The reason for this is not clear, although it must be associated with
the zeta constants of the skeletal bending modes, which are not present
in the halides. The zeta constants of the bending modes are of the
order of +1. Values derived from the zeta sum rule or from observation
of a perturbing level are of similar magnitude. Values of these zeta
constants derived from the zeta sum rule or from observation of a
perturbing level are less than +1. It is likely that interaction
between the group IV rock and the skeletal bending modes would mix
the zeta constants for the vibrations as well, with the result that
the zeta constant of the rock increases in value while that of the
skeletal deformation decreases.

It would be interesting to investigate some of the perturbations
studied in more detail, but this would only be worthwhile with an
instrument capable of much better resolution. Similarly the
individual Q branches of the free internal rotors should, at higher

resolution, possess fine structure and so yield useful information

concerning the interaction of the two rotating groups.
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One problem encountered in the analysis of the bands was that
the zeta constants in combinations or overtones were assumed to be exact
multiples of the fundamental values. Use of raman spectra could over-
come this problem. With the advent of powerful lasers, high resolution
gas phase raman spectra are readily obtained. Since the selection
rules for perpendicular bands involve AK = +1 andAK = +2, A" and zeta
can be obtained for each band. Studies of overtones and combinations
as well as fundamentals, would allow the variation of the zeta constant
to be studied.

It would be interesting to study the remaining members of the
halo-acetylenes. These could be prepared from the lithium or sodium

salts, similar to that outlined in chapter 1.
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Experimental
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Experimental

......

All volatile compounds were prepared and handled in a conventional
Pyrex glass vacuum system with greased taps. When working at raised
temperatures Apiezon T was used to grease the joints instead of the
normal Apiezon N or L. Quantities of condensable materials were
measured in calibrated volumes using a glass spiral gauge to measure
pressures. Volatile compounds were purified by trap to trap distil-
lation until they were tensiometrically homogeneous and their purity was
checked by IR spectroscopy.

Low resolution IR spectra were recorded using a Perkin-Elmer
457 double beam grating spectrometer (range 4000-250 cm-lj and for
high resolution work a Perkin Elmer 225 double beam grating spectro-
meter was employed (range 4000-200 cm_l). Vapour phase spectra were
recorded using a 10 cm glass cell with potassium bromide or caesium
iodide windows. Vibrational overtones were observed using a 3 litre,
long path cell with White optics. Prolonged use of this cell
inevitably caused some decomposition of the gas but this did not
interfere with the observation and measurement of particular bands
in the infra red spectrum.

Records of spectra recorded on the Perkin-Elmer 225 spectrometer
were linear in frequency. Calibration marks were inserted on the
output at regular intervals, either manually or automatically depending
on the chart recorder used. Frequencies of absorption bands were
measured relative to these calibrations. All random errors in this

procedure were taken into account when the frequencies were fitted
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to a polynomial by a least squares regression procedure.

Calibration was effected by repeating the above procedure with
a series of standard compounds covering the desired frequency range.
In this way a set of calibration charts was plotted to give the
correction to any frequency. The calibration was checked from time
to time but was found not to alter significantly. A very accurate
absolute frequency camnot be claimed, however, because each spectrum
was not calibrated individually; the accuracy being within 0.3 cam L.
The high resolution work was extremely accurate because this relied
on differences between frequencies rather than absolute frequencies.

A computer program using standard library routines of regression
analysis was used to fit the observed frequencies to a polynomial.

The F value, which is a measure of the significance of the fit to the
polynomial, was used as a basis for deciding which order of polynomial
was the most significant: increasing F value gives a better fit over
the previous order of polynomial. The computer program gives -an
honest estimate of the standard deviation of the points about the
calculated curve, and of the standard deviations in the coefficients
of the polynomiél. The standard deviations in the molecular parameters
were calculated from the standard deviation of the polynomial coef-
ficients, making use of well known variance formulae.

Far infra red spectra were recorded on a Beckman IR 720 Fourier
transform spectrometer (range 10-450 cm_l) using a medium pressure
mercury lamp as a source and a g?lay detector. 10 cm and 1 m gas
cells, using polythene windows, were employed for recording spectra.
The windows were attached with Apiezon Q to prevent seepage of the

sample when the cell was placed under vacuum.



=] 27~

Raman spectra of liquid samples were recorded on a Cary'aal
raman spectrophotometer using an argon laser as source. Gas phase
spectra and accurate frequency measurements were recorded on the
Spex raman spectrophotometer at Glasgow University; an argon laser
was employed as source. Liquid samples were sealed in capillary
tubes and gas phase samples were contained in a glass cell with
Brewster windows.

The Spex raman spectrophotometer printed calibration marks at
regular intervals and bands were measured relative to these. Cali-
bration of the instrument was relative to carbon tetrachloride.

Ultra violet spectra were recorded using a Unicam SP 800
spectrophotometer; 10 cm gas cells with spectrocil quartz windows
were employed to record spectra.

Photoelectron spectra were recorded using a Perkin-Elmer PS16
spectrometer with He I (58.4 nm) excitation. Calibration was relative
to the 3P3/2 line of the argon ion.

Electron diffraction photographic intensities were recorded on
the Balzer's KD.G2 gas diffraction apparatus at the University of
Manchester Institute of Science and Technology. Plate distances from
the nozzle were set at 1000, 500 and 250 mm. Values of the wave-
length used (0.056600 + 0.000030 RJ were obtained by direct measure-
ment of the accelerating voltage.. The data was obtained in digital
format by the use of a Joyce-Loebl automatic¢ microdensitometer. The
overall procedure was calculated using benzene.

The data reduction and least-squares refinement programmes were
developed from Cambridge programmesés’?G'The latter was derived from

that described by Hedber: 6? Refinements were carried out on the
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calculated molecular intensity data, the intensity expression being

given by

) . 2 2 2
I1c08) = Z: Gij 51n]s(rij - Kijs )| exp |-uijs /2[/srij
1]

The values of Gij were calculated as a function of s from the complex
scattering factors of Schafer, Yates and Bonhmnb? All the amplitudes,
Mg may be refined but the interatomic distances were defined in

terms of a minimum set of distances and angles so that self—consistghcy
was maintained. The anharmonicities, Kij’ were not refined but were
calculategg from values of approximate amplitudes using the relation-
ship Kij = aijui%/6 . The anharmonic constant was normally fixed at 2
for bonded distances and zero for nonbonded distances. In the analysis
of electron diffraction data, care must be taken to ensure that
correlation between adjacent data points does not give rise to
unrealistic estimates of random error7c{ Allowance for correlation

has been made in two ways: a) Intensity data used is interpolated at
fairly wide intervals, usually 0.4, 0.2 and 0.1 s units for the 250,
500 and 1000 mm intensity data sets respectively, b) An off-diagonal
weight matrix was used. For a camera height k, where data extends from
Shin O Spax» two points sq and s, were chosen by inspection. The

min max
elements of the weight matrix are then given by:-

=
]

ii = (85 Spin)/ (51 = Spip) £OT Spinss;S)

= <S.%
Wi 1 5185555,
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Wi = (Spax = 510/ (Spay = S5) for syssiss o
Yij = O it + 1
Wii = <0.5 (Wt W) ) i=j + 1

1] ’ ii jj’ Wk )

where (Ejk is the correlation parameter for k calculated by the
method used in reference 7.

Nuclear magnetic resonance spectra were either recorded on a
Varian Associates HA 100 spectrometer or a Varian Associates XL 100
spectrometer. All ppm were measured relative to tetramethyl silane
(IMS) as standard. (+ppm indicates resonance to high frequency of
standard).

Preparation of starting materials

Compound Method Reference
SiHSBr PhSiCl3 + A_'LH4 then HBr 71
SiH;Cl SiH.Br + HgCl, (streaming) 72
GeH, ~ Ge0, + BH, 73
GeHSBr GeH4 + HBr then AlBr3 74
GeH3C1 GeHSBr + H'gCl2 (streaming) -
HCCCF3 Zn/Cu + CHCIZCC12CF3 75

All other compounds were commercially produced. Purities were

checked spectroscopically.
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Solvents were purified as follows:-

™S distilled and found adequately pure

deuterochloroform as for TMS

ammonia warmed to 209K with sodium wire then
distilled

diethyl ether dried over sodium wire
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Appendix B.

When transitions occur between degenerate vibrational levels
both upper and lower states have energies that are a function of the
zeta constants of the two respective states. Normally only the upper
state is degenerate. Transition between degenerate states have a
parallel and perpendicular component of the oscillating dipole moment.
For the parallel component, +2<—>+% and -%<>-% so that the sub-bands

are given by

vsub
o)

=v, * (o4 - aB) K +2[ i AV;;] K
The splitting of the Q branches would be small as long as gi v ;i“
as would occur in a "hot" band of type vj ¥ ¥g = Vi V3 being a
non-degenerate and Vi being a degenerate vibration. If, however,
ci v gY as occurs in the example when V3 is degenerate, then the
splitting can be very large. :

For the perpendicular comﬁéﬁéﬁi,—ﬁ@—++£ for AK = +1 and

+2 -2 for AK = -1, the sub-bands are given by

uillb = v, * [A'( + 2¢;") - B'] +2[(A* - BY)

+ (Alci! & A"Cin)] ¥ 4 [aA " aBI KZ

where the upper sign is due to the R branches. This is very similar

to an ordinary perpendicular band but the spacing is

2[AQL + 53" - 55" - B] rather than 2[A(l -7) - B].
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