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ABSTRACT  

The construction, optical components and cali-

bration of the far infrared spectrometer are described. 

The experimental techniques evolved for handling gases, 

liquids and solids are given and the "ratio" method of 
obtaining the spectrum of the sample from "thick" and 

"thin" runs is explained. 	The far infrared absorption 
spectra of solutions of HCl and of H2O in benzene show no 

evidence of the HC1 rotation bands at 206.7, 227.3 or 
246.3 cm-1, or the H2O vapour rotation band at 202.8 cm-1  
where there is always strong absorption. The far infra-
red spectra of COla.CHO, 0013.011=CH2  and CC13.CH2C1 have 
been observed. Assignment of the bands accounts for all 
the low frequency vibrational fundamentals. The torsional 

frequencies correspond to triple cosine barriers of 2.3, 
3.2 and 12.5 Kcal/mole respectively. Rigorously dry EtC1 
has broad, torsion bands at 243 	= 	cm-1, 227 
(V = 1-42) cm-1  and 211 (V = 2-43) cm-i, giving a barrier 
of 3.6 Kcal/mole. 	When dnmp, a new series of bands appear 
at 250.6, 235.4 and 217.4 cm-11  due to neither BtCl nor 
H2O vapour alone. An EtC171120 complex is postulated and 

confirmed by the band shifts in the spectra of EtCl-D20. 
Tris-acetylacetonate CoII ,I  , CrIII  and FeIII give strong 
absorption bands at 386, 96,.60; 355, 117, 60; 298, 102, 
60 cm-1  respectively. The vibrations of the heavy atom 
skeleton are discussed on the basis of local symmetry, 
perturbed to give rise to the overall molecular symmetry. 

The far infrared spectra of benzaldehyde, 0-, m-
and p-chlorobenzaldehyde and o-, m- and p-tolualdehyde 

give bands which account for all the low frequency 

vibrational fundamentals. The torsional frequencies 
correspond to two-fold cosine barriers of 6.37, 6.00, 



6.67, 4.87, 6.77, 6.57 and 6.39 Kcal/mole respectively. 
The torsional frequency of 1,3-butadiene at 164 cm-1  
has been assigned to the s-trans isomer and those of 
acrolein at 160 and 175 cm-1  tentatively assigned to 
the s-trans and s-cis isomers respectively. 	These 
frequencies give triple cosine barriers of 3.20, 3.04 
and 2.35 Kcal/mole respectively. The individual runs 
and the spectra of all these compounds are given in 
the Appendix. 
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INTRODUCTION 

Infra-red radiation was discovered by William 

Herschel in 1800 by observing the temperature rise in 

thermometers placed at successive positions in the sun's 
spectrum dispersed by a glass prism. He observed two 

maxima in the sun's spectrum, a visual intensity maximum 

in the yellow-green and a heat maximum beyond the visible, 
and postulated that two different types of radiation were 

involved, a light radiation and a heat radiation. About 

1840, the younger Herschel et al. put forth the theory 
that visible and infra-red radiation were similar light 
phenomena differing only in the degree of their refraction 

by prisms. He introduced a detection method of using the 

dispersed infra-red energy to evaporate alcohol from a 
soot-covered surface and photographing the resultant 

pattern. His early photographs showed infra-red Fraunhofer 

areas caused by absorption of atmospheric water vapour and 
carbon dioxide. In 1880, Langley placed infra-red on a 
sound experimental basis by the introduction of a bolometer, 
which in conjunction with sensitive galvanometers, permitted 

the use of the grating as a method of dispersion. 

Improved bolometers, thermopiles, galvanometers, 
the Crooks radiometer and the radiomicrometer of Boys and 
d'Arsonval were introduced. The dispersions of glass, 

quartz, fluorite, NaCl and KCl were measured accurately. 
By 1902, infra-red blackbody emission had been studied 
carefully to provide experimental checks for Wien's dis-

placement law and Planck's radiation law. Studies in 
molecular absorption spectrometry gave the first experi-
mental evidence of the correlation between molecular structure 
and characteristic absorption and emission frequencies. 

In 1910, Wood introduced the echelette grating which became 
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the main tool for subsequent high resolution work. Hence, 

in 1913, Eva von Bahr resolved the rotational structure of 
the HCl band at 2890 cm-1  which showed evidence for the 
quantisation of rotational energy levels which had been 

surmised from specific heat work. 

Reststrahlen were discovered in 1897 and their 
use is based on the fact that these crystals reflect rad-

iation at the frequency of their fundamental crystal lattice 
vibrations. Therefore, successive reflections from a 

series of polished crystal faces isolated a fairly pure 
frequency interval, which enabled Rubens to extend his 
studies from the near infrared, 4000-4  650 cm-1, down into 
the far infrared, 500--> 30 cm-1. Most of the applications 
of far infrared spectroscopy are not different in kind 

from those of the near infrared but, until the last ten 

years, the amount of experimental work conducted here was 
very small because of the tremendous experimental diffi-
culties involved. The increasing interest that this 

region has recently attracted is largely due to the ready 
availability of suitable echelette gratings and improved 

source and detector units. The bands which fall in the 
far infrared region include those due to the pure rotation 

of light gas molecules, to the fundamental vibrations of 
inorganic crystals, such as the metal halides and to the 

low-lying fundamental frequencies of organic materials. 

By treating a vibrating polyatomic molecule as a 

mechanical system of point masses connected by Hooke's law 
forces, fundamental vibration frequencies have been calcul-

ated, using a plausible set of force constants, for most of 
the simpler molecules. These results help in the assign-
ment of the observed infrared bands. If the molecule 
possesses symmetry, group theory methods are often used 

for simplifying the calculational procedures. 
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With the combined data of frequency values and 
moments of inertia, specific heats and other thermodynamic 
constants of molecules have been calculated. 	These two 
fields, the measurement of rotational structure for the 
determination of molecular geometrical structure and corre-

lation with theoretical calculations, and the calculation of 

vibrational spectra for frequency assignment and thermo-
dynamic computations, comprise the major far infrared 
research at the present time. 

APPARATUS 

1. Spectrometer 

The vacuum far infrared spectrometer is constructed 
in two separately-evacuable parts; the monochromator section 
based on Ebert optics, and the detector section which 
utilises a "Unlearn" Golay cell placed within the vacuum 
chamber, while sample cells are sandwiched between the two 

parts of the instrument. Two photographs of the instrument 
are shown overleaf. 

(a) Construction of the Housing: 	The evacuable drums, 
1 the walls of which range from between 7" and i" thick accord- 

ing to drum size, have drilled flanges with a groove to seat 
the 0-rings. 	The source, "Ebert" and condenser drums are 
bolted to the i" thick, stainless steel main plate, through 

which two long, rectangular holes have been made over which 
is attached the variable slit mechanism, and are mounted on 
wheeled carriages which roll on metal tracks. 	The source 
unit, grating holder and all the optics contained within these 

three drums are attached securely to the main plate in order 
to minimise distortions which could occur on evacuating the 
system. 	The detector drum, similarly mounted on a wheeled 
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The far infrared spectrometer. 
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carriage rolling on a metal track, is bolted to a +" thick 
brass plate to which the detector and associated optics are 

again securely attached. Vacuum-tight electrical take-outs 
are welded into a "collar", bolted to the open end of the 

source drum, and into the sealed end of the detector drum. 

Further, two hollow, copper tubes are welded into the 
"collar" to act as inlet and outlet for the water used as 
source coolant. 	Standard metal taper joints are welded, 

one each, into the source and "Ebert" drums and two into the 
detector drum. 	The taper joint in the "Ebert" drum and one 
of those in the detector drum are connected through an oil 
trap to the vacuum pump, while the other two are attached 
to Pirani gauge heads, which measure the pressure within 
the evacuated spectrometer. 	The drums, main plate and 
metal tracks are supported by a welded steel frame. 

(b) Optical Path: 	Figure 1 depicts the arrangement 
of the vptical and mechanical components in the spectrometer 
housing. Radiation from the source is reflected from an 
aluminised spherical mirror to illuminate the entrance slit. 
It passes to the spherical Ebert mirror for collimation, 
then to the grating. 	The diffracted beam is focussed on 

the exit slit by the other side of the Ebert mirror. After 

leaving the exit slit, the beam passes to a 5-part image 
slicer which focusses the beam on to five narrow, plane 

"matchstick" mirrors assembled side by side. 	The beam, 
after reflection from another plane mirror, is brought to a 

focus at the centre of the cell by a spherical mirror situ-
ated next to the "matchsticks", the height of the slit image 
in the process being reduced from 3" to f". 	The beam, 

having entered the cell via a polythene window at the entrance 
of the cell, now leaves through another polythene window and 

is reflected from a spherical mirror at the far end of the 
detector drum. After further reflections from a plane 
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Fig.1 

A 

	

A 	Hg source, Cu cooling jacket $1 KBr chopper blades. 

	

B 	Spherical mirror. 

	

C 	Entrance slit. C' Exit slit. 
D Spherical Ebert mirror. 

E Echelette grating. 
F "Sliced" spherical mirror. 

	

G 	Plane "matchstick" mirrors. 

H Plane mirror. 

	

J 	Spherical mirror. 
S Sample cell. 

Spherical mirror. 

	

L 	Plane mirror. 

	

N4 	1st reststrahlen "windmill". 
N Spherical mirror. 
• 2nd reststrahlen "windmill. 

Greenler image reducer. 

	

R 	Golay pneumatic detector. 



mirror, a curved mirror and one or two "crossed" reststrahlen 

plates, the beam is sent through a 4 to 1 Greenler image 
reducer into the Golay detector. 

(c) Source: 	A Phillips 125 watt fused quartz 
mercury lamp is used at present as source, since this lamp 

appears to give the best relative far infrared/infrared out-
put of any source yet available. The radiation is mostly 
emitted by the hot quartz envelope above 35 cm-' and by the 
mercury emission at lower frequencies. 	Since a large 
amount of heat is evolved during its normal working, the 
lamp is partially surrounded by a water-cooled brass jacket. 

The Golay detector and associated amplifier electronics are 
built to detect radiation "chopped" at 10 c.p.s. only. 	In 
order to isolate far infrared radiation, the total radiation 
from the lamp is chopped,  by three polished KBr crystals 

rotating about the source at 10 c.p.s., KBr being opaque to 
far infrared but transparent to higher energy radiation. 
A sheet of gauge 500 black polythene, placed in the path of 
the radiation just before the cell, filters out the higher 
energy radiation above about 400 cm-', but is transparent 
to far infrared. 

(d) Slits and Monochromator: 	In conditions obtain-
ing in the far infrared where resolution is governed by 

source energy and detector sensitivity, it is desirable to 
minimise the ratio focal length/slit height. 	The most suit-
-able monochromator layout is the Ebert type(1)  in which 
spherical aberration is minimised by the use of curved slits, 
which can therefore be large. Further advantages are that 
the Ebert mirror is spherical and the system compact, facil- 
itating evacuation. 	Hence, the slits in the present spectro-
meter are 3 in. long, circularly curved about a point coin-
cident with the centre of the cylindrical Ebert drum, the 
radius of curvature being 3". The slit width may be varied 
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by a rotating cylinder attached to the main plate and 

connected via bevel gears to a left- and right-handed 
precision screw. 	The screws drive four separate jaws, 
connected in pairs, which run in two tracks bolted to a 

flat plate that almost fills the inner area of the drum. 

Since the inner jaw of each slit is connected to the outer 
jaw of the opposite slit, the jaws move bilaterally on 
rotating the slit control, one complete revolution of which 

opens the slit by 1.5 mm. A diagram of the slit mechanism 
is shown in Figure la. 

The Ebert mirror is 12 in. in aperture and 
spherically curved of about 12 in. focal length. 	It is 
cemented to a circular- plate, which is supported on adjust-
able springs by a triangular plate which, in its turn, is 

held by three strong, rigid bars screwed tightly into the 
main plate. Adjustment for parallelism of the diffracted 
beam and curvature of the slit is provided for by the 
adjustable springs. 

(e) Gratings: 	Two echelette gratings are currently 

in use of dimensions 2f" x 2f", ruled at 200 and 80 lines 
per cm. and blazed at 26°45' or 228 am' and 91 cm-' 
respectively in the first order. They are placed back to 

back in the grating-holder which is rotated by a motor-driven 

gear train incorporating a three-speed transmission and also 
a fast drive to provide factors of 30:1, 2:1, 1:1 or 1:2 in 
driving speeds. 	For most uses, the gratings are driven at 
a speed of f°  of arc per minute of time. 	In the neighbour- 
hood of 100 cm-', this corresponds to about 2 cm-' per minute. 

(f) Condensing Optics: 	The 3 in. image of the exit 
slit in an f/4 beam has to be reduced to f in., coming to a 

focus at a point outside the condenser drum and at the centre 
of the sample cell. 	This is achieved by slicing the beam 
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issuing from the exit slit into five parts, which are brought 

to a focus side by side on aluminised plane mirrors ,,2 mm. 
wide, which are the same curved shape as the slit image. 

Each of these curved plane mirrors is adjusted, independently 

of the others, so that the light reflected from its surface 

falls upon a 2i" x 2i" plane mirror opposite and to one side 
of it. After reflection from this mirror, the beam is 
brought to a focus at the centre of the sample cell by a 
spherical mirror of 5" aperture and 17.34 cm. focal length. 
Liquid and solid samples are usually placed within this f" 
diameter slit-image focus. 

(g) Cell Window Materials: 	In order to construct a 
cell which is isolated from the vacuum system, it is necess-

ary to have window material that is transparent to far infra-

.red radiation. Polythene has this and other desired 

characteristics and the 1000 gauge thickness is used for 
cell windows. 

(h) Reststrahlen: 	Many crystals are almost perfect 

reflectors of a band of radiation in the far infrared 
spectral re ion and relatively poor reflectors of other 
radiation(2 This isolation of a range of frequencies 
is based on the fact that crystals reflect radiation at the 

frequency of their fundamental crystal lattice vibrations. 
This property is made use of by mounting two sets of four 
reststrahlen crystals on rotatable "windmills", manually 

controlled from outside the evacuated drum, so that any one 
of the four reststrahlen on one "windmill" may be used to 
deflect the radiation, via a spherical mirror, toward another 
reststrahlen on the other "windmill". 	The object of reflect- 

ing the far infrared radiation off two reststrahlen crystals 
is to improve the spectral purity of the diffracted radiation 
still further, and thus• to eliminate second and higher order 
"ghosts", which might come through from the grating. 	It 
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was found that, with several of the reststrahlen used, 90-
95% first-order efficiency was obtainable after only one 
reflection from its surface, the other reflection occurring 

at a plane mirrcr substituted for one of the reststrahlen 

crystals on the other mwindmill". This value appeared to 

be quite adequate for the majority of spectra taken. 

The radiation reaching the Golay detector varies 
owing to four factors: 	(i) The changing spectral slit 
width Ai5as the grating angle e changes: this may be cal-

culated for a given frequency value from the following 
formula Ai).  2d-Z2  cos 9  cos 9.a sit width  s  where AG = 2 x slit/grating 2 

a = the angle at the grating subtended by 	distance 
the incident beam and the beam which eventually emerges from 
the exit slit, and d = the number of lines per cm. ruled on 
the grating. 	(ii) The blazing of the grating: the total 
radiation intensity striking a grating is distributed among 
the various orders, but it is advantageous to concentrate 

as much of the intensity as possible into a single order, 
usually the first. This is done by appropriately shaping 
the reflecting surfaces of the grating, the greatest intensity 
occurring in that order for which the ordinary law of reflect-

ion from the groove surface (angle of incidence equal to angle 
of reflection) is obeyed. 	The intensity will also depend 
on the total reflecting area, hence upon the ratio of the 

area occupied by the reflecting surface to that occupied by 

the groove edge. Accordingly, the grooves are cut as shown 
in Figure 2, the angle 3 being the blaze angle. Figure 3 
shows a typical first-order reflection intensity curve drawn 
against grating angle for p = 20°. 	(iii) The change in 
power from the source as the frequency changes: no practical 
source can furnish a greater radiant flux in any spectral 
range at a fixed temperature than a black body, which is 

therefore a convenient standard of comparison for actual 
sources. The emissivity of such a source is unity at all 
wavelengths and the energy emitted per unit wavelength inter- 
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val has a maximum at a wavelength which depends only on the 

temperature of the body. Figure 4 shows the spectral distri-
bution of energy from a black-body source at a number of 

different temperatures with the locus of the maxima marked 
with corresponding temperatures. 	It is seen that the 
relative energy flux shifts considerably, not only at the 
maxima, for small wavelength changes. 	(iv) The character- 
istics of the various filters used to remove undesirable 
radiation: Figure 5 shows reflectance and transmittance 
characteristics of the reststrahlen filters and chopper used 
in this research. 	In Table I the frequency range covered 
by the reststrahlen crystals, the mechanical slit width and 
the spectral slit width selected for that range are shown 
accurately. 

TABLE I 

Reststrahlen Usable 	• 
Frequency Range 

Mechanical 
slit width 

Spectral 
slit width 

I 	2NaF 370-250 cm-I.  1.5 mm 1.20 cm-' at 
300 cm-' 

1NaCl 290-180 cm-' 2.25 mm 1.21 cm-' at 
250 cm-' 

IKC1 200-130 cm-' 2.25 mm 2.09 cm-' at 
200 am-' 

1KBr 160-100 cm-' 3.0 mm 1.54 am-' at 
150 cm-I  

2KRS-5 120-60 cm-' 5.25 mm 1.13. cm-' at 
100 cm-' 

t 	200 lines/cm. grating. 

/ 	80 lines/cm. grating. 
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(i) Detecting Optics and Golay Detector: 	The radia- 
tion beam, after being reflected by the second reststrahlen 

crystal, comes to a focus at the hole in the secondary of 
the Greenler image reducer(3) Figure 6, 	This image, which 
now measures about f" x f", passes through the hole, its 
dimensions being reduced to about 46-" x Tle and the aperture 
ratio to f/l. 	Before the beam is focussed on to the Golay.  
diamond window (-u3 mm x 3 mm), it passes down a conical 

light-guide, made from aluminium foil, fitted into a recess 
created when the primary of the Greenler image reducer was 
cemented on to the detector head. 	Fortunately, the modern 
Golay pneumatic detector has the advantage that the direct-
ion, focussing and frequency of the radiation entering the 

diamond window is not critical and it may also be used in 
a vacuum. The amplifier used is that of Unicam Instruments 
of Cambridge, supplied with the Golay detector, and the 
spectra are recorded on a Honeywell-Brown "Electrorie strip-
chart recorder, running at a speed of f" per minute and 
reading from 0 - 20 mV. 

A mechanical oil pump connected via an oil trap 
is used to reduce the pressure to about 10-2  cm. throughout 
the instrument. 	This is a sufficiently low pressure to 
reduce the absorption due to atmospheric water vapour to a 
negligible amount. 

(j) Calibration: 	Since accurate rotational energy 
levels of water vapour(')  and HC1(5)  gas have been tabulated, 

these may be used as the basis of the calibration of the far 
infrared spectrometer. 	The gas cell is filled with the 
appropriate vapour, as described in the next section on 
sample handling, and after evacuating the instrument, the 
spectrum is taken in the usual manner. Attached to the 

shaft from the gear box which drives the grating is a twelve-
pointed "star" (originally a small twelve-spoked wheel with 
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the outer rim removed). The spokes, as they revolve about 
the central shaft, engage the arm of a microswitch, pressing 
it on when approaching and releasing it when leaving. The 
microswitch is connected to a la volt battery and 8µF 
condenser, which is discharged through the recorder input, 
causing a "pip" mark to be superimposed upon the spectrum 
being recorded. One of the spokes is cut short in order 
not to engage the microswitch, thus leaving a space at the 
twe1th "pip" mark to act as a main reference point. Also 
attached to the grating-drive shaft is a revolution counter, 
one hundred revolutions of which turn the grating through' 
360'. Hence, one revolution turns the grating through 
3,6° which is divided into twelve "pip" marks at every 0.3°. 
This last angle corresponds to a change of approximately 
10 cm-i at 400 cm-t and 1 cm-I at 80 cm-i. The lowest 
Spectral slit widths occur for the longest wavelengths and 
it is here that the resolution is best, '10.5 cm-1  at 100 cm- • 

Having assigned each absorption band in the water 
vapour and HCl gas far infrared spectra to a definite 
frequency, calibration charts of wave number versus "pip" 
mark are drawn up. 

2. Sample Handling. 

Two sample cells were used to obtain the far infra-
red spectra: (a) the gas cell with a 10 cm. path-length, 
and (b) the liquid cell using a. 0.1-0.2 mm. path-length, 
both of which had thick polythene end-windows. Special 
handling techniques were evolved to keep both liquid and 
gas samples scruW5usly dry, since water bands are so strong 
in the far I.R. and would interfere with the sample spectrum. 
A very wet gas was dried in vacuo by passing it to and fro 
over Cans'  or, in certain extreme cases, P208, using liquid 
nitrogen as condensing agent. It was then passed into the 
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evacuated cell, containing -,/5 gm. P205 as extra dessiccant, 
to a pressure never greater than li atm., since the polythene 
windows in the evacuated spectrometer could not withstand 
pressures greater than -,3 atm. 

Pure anhydrous liquid samples of high b.p., if 
kept well-sealed, were relatively easy to handle, either 

in the air or in a dry box, by using a syringe to inject the 
liquid in between two very thin films of polythene, finally 
clamping the films together to prevent leakage. 	The sample 
was placed within a larger cell containing air which was 
dried by a small amount of P20. placed on the floor of the.  
cell. 	Liquid samples of low b.p. and low heat of vapor-
isation tended .to vaporise very quickly on contact with dry 
surfaces and clamping proved to be useless. Hence, a 

different technique was evolved in which the sample was 
injected into a small bag, made by melting together the 
edges of thin polythene film, remelting sharp corners where 
leakage would most often occur and by sealing the bag from 
the atmosphere to prevent evaporation and moisiure absorption. 

Solid samples were dissolved, if possible, either 
in anhydrous benzene, making 30 molar per cent solutions, 
or ground up with "Nujol" (liquid paraffin) to form a mull. 
Both were injected into polythene bags as described above. 
Benzene absorbs a small amount of radiation throughout the 
far I.R., but not enough to preclude its use as an important 
organic solvent. 	Nujol, on the other hand, was almost 
completely transparent in the far I.R. and proved to be the 
more convenient method of handling solids, because of its 
negligible volatility. 



22. 

3. 	Sample Spentra Ratio. 

Two "runs" were made for each reststrahlen choice, 

using a thin and then a thicker sample and the two spectra 
compared by means of a Lambert-Beer type calculation. 
Before and at the end of a reststrahlen run, the zero light 

intensity was recorded by closing the spectrometer slits. 

The height of the spectrum above this zero line at each 

calibration "pip mark" was measured for both thin and thick 
sample spectra, and the ratio II/12  calculated, where It is 
the light intensity after passing through the thin sample 
XI , and 12 is the light intensity after passing through 
the thick sample 22. 	Since it, and N R  were not accurately 
known, no quantitative calculations could be made from the 
observed spectra. 	In order to achieve the greatest 
accuracy possible, the two runs were made under as nearly 

the same conditions as could be obtained, i.e. the same slit 
width of the spectrometer, the same gain setting of the 

amplifier, and the same filters would be used for both runs..  
Figure 7 is an example of a thin and a thick sample run. 
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1. ROTATION IN SOLUTION 

The contours of the vibration bands of HC1 in 
CC14(6) or in Sn014(7) and of methyl halides in 0014(7) 

have been interpreted as indicating considerable freedom of 

rotation of the dissolved molecules, although no rotational 
fine structure has been observed. 	Since the pure rotation 
spectrum of light molecules in the far infra-red provides a 
sensitive indication of rotational behaviour, the absorption 
of solutions of HCl and of H2O in benzene have been measured 
in this spectral range. 

The HCl/benzene solution was prepared by slowly 
passing gaseous 1101, previously dried over anhydrous CaC12, 
through cold ( 5°) benzene for 20 min. 	The benzene had 
been dried over P205  in a stoppered conical flask overnight, 
the clear liquid decanted into another conical flask 
containing fresh P205  and left for a further twelve hours. 
This process was continued until the P2O5  failed to be dis-
coloured (brown) by an impurity, possibly thiophene. Upon 
allowing the Ml/benzene solution to warm to room temper- 
ature (-,120("), HC1 gas was evolved. 	One ml. of this sol-
ution, when "dissolved" in water and titrated against 
standard NaOH solution using litmus as indicator, showed 
upon calculation, that it was 7816% saturated at 20°(8). 

The water-benzene solution was prepared by adding 
water dropwise to dry benzene, as prepared above, in a 
conical flask and shaking. When droplets became visible 

on the bottom of the flask, it was assumed that saturation 
had occurred, but, from a knowledge of the volume of water 
added to the known volume of dry benzene, it was calculated 
that the solution was only 90±5% saturated at 200(9). 

Samples, about 2 mm. thick, were examined in sealed 
polythene bags as described in the section entitled "Sample 
Spectra Ratio". 
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The spectrum of H2O in benzene solution was 
measured in the range about 202.8 cm-1, where a strong 
rotation band occurs in the water vapour spectrum. No 
band was detectable in the solution (Fig. 8). 	Comparison 
with the H2O vapour spectrum recorded under the same operat-

ing conditions gave an upper limit of the band intensity in 
solution of 3% of that in the vapour phase. Due to the 
uncertainty in the thickness of the sample it was not possible 
to know if there was any continuous absorption throughout 
the frequency range. 

The spectrum of the HC1 in benzene solution showed 
no evidence of the HC1 rotation bands at 206.7, 227.3 or 
246.3 cm-1  (Fig. 9). 	From the HC1 vapour spectrum recorded 
under the same conditions, an upper limit of the band 
intensity in solution was 15% of that in the vapour phase. 
Again it was not possible to decide if there was increased 
continuous absorption. 

The possibility that water is so predominantly 

polymerised in the benzene solution that insufficient mon-
omer is present for its rotational spectrum to be observed 
is ruled out by the infrared observations of Mecke et a1(10)  
who found no evidence of polymeric water in saturated benzene 
solutions. Hydrogen chloride forms weaker hydrogen bonding 
than water and is even less likely to be predominantly 

polymerised. However, the results appear to be indicative 
of specific solute/solvent interactions and it is notable 
that water and HCl. gas are much more soluble in benzene than 
in cyclohexane. 	In order to judge whether the formation 
of a complex were possible, thermodynamic calculations. were 
made with the known solubility data of water in benzene( 9)  
and cyclohexane 9 at two different temperatures, assuming 
the chemical equation: OO + H20 -4=-1--  0 	H2O and 
using the vanit Hoff isochore: 
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“1/0p 
 to evaluate AH0. This procedure gave a 

value of AH0  = -1.57 Kcal mole-1  and the corresponding 

AS0  = +2.75 cal mole-ldegree-1  from LG0  = -RThriK and 
AGu  = AH0  - TAS0. These values indicate that the water 
molecules are only weakly complexed and retain most of 
their free rotation in solution. 

The absence of quantised rotation in the systems 

investigated can be viewed statistically. The molecules 

in solution are subject to random interaction with the 
environment; the absence of rotational quantisation 

indicates that perturbation of the rotational energy of 

the two molecules considered here usually occurs in an 
interval of less than about 10-12  sec. Molecular vibra-
tions of frequency as low as 2x1012  sec-1  are well quantised 

in the liquid phase. This suggests that the coupling 

between the solvent and rotational motion is stronger than 
that with vibrational motion. An interesting intermediate 

case is that of torsional motion, where it would be antic-

ipated that solvent effects on torsional vibrations were 
more pronounced than on other normal vibrations. 

AH0  ( .4a)P 
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2. 	THE FAR INFRARED SPECTRA OF 001.0H0, CC13,,CH;--0H2  
AND C013.011201 

(a) Introduction. 	Although torsional vibrations 
arising from hindered internal rotation are infrared active 

in many classes of molecules, the intensity is often low. 

Since the intensity depends on the dipole moment change with 

respect to inertial axes, the present series of compounds 
were chosen with a heavy C013  group of C3v  symmetry attached 

to a light group with an off-axis dipole moment in order to 
favour a strong torsional band. Each compound has a single 
torsional barrier only, of threefold symmetry, so the 

restricted rotation gives rise to only one infrared vibra-
tion in each case. 

A disadvantage arising from the use of a CC13  
"anchor" group is that the CC13  bending frequencies also 
fall in the observed frequency range. However, by inter-

comparison of the infrared and Raman data for the series, a 

complete assignment of the low frequency vibrations was made, 
allowing the torsion frequency to be distinguished from the 

C013  "group" frequencies. 

(b) Experimental. 

Chloral: was Hopkin and Williams "anhydrous" 

minimum 98% pure. No bands of chloral hydrate were found 
in the higher frequency infrared spectrum of samples. 
Vapour,. phase chromatography on a column at 75° showed the 

presence of a small amount of a second component (^J5*), 
possibly acetaldehyde. 

s.3.3-Trichloropropene: was prepared from a sample 

of 101,1,3-tetrachloropropane supplied by Dr. J. B. Rose, 

I.C.I. Plastics Division, by reaction at 0° with excess 

alcoholic KOH, and subsequent fractionation of the ether 
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ale. Cl KOH 

extract. 

C1 
Cl — C — CH C\ 

	00 H 	— 01 	--CH 	C + Cl 
z  

01 	H 	 01 	01 
'-SOH 

100g. 1,1,1,3-tetrachloropropane gave 41 g. of product, 
b.p. 101-2°  1,21° = 1.4680. 

1,1.1.2-Tetrachioroethane: 	was supplied by Dr. 
J. D. Brady, B.I. du Pont de Nemours. Vapour phase chroma-
tography on a column at 75°  showed the presence of -,10% of 
each of two minor constituents, probably other chloroethanss. 
None of the bands listed in Table II could be identified in 
the Raman spectra of probable minor constituents. 

All the spectra taken were of liquid samples 
sealed in polythene bags. The results are presented in 
Table II together with Raman data from the literature for 
comparison(11-13) 

(c) Assignment of the low frequency modes. 	In each 
of the compounds the six lowest frequency vibrations will be 
the torsion, and the five fundamentals arising from the CC13  
group. The assignment is based on comparison with other 
CC13  compounds, and the corresponding CF, series. The 
pattern that emerges from the CF3  series i4)  (CF3X,X = 
Cl, Br, I, CHO, NO, NO2) is of the three CF3  deformation 
frequencies remaining fairly constant throughout, while the 
CF3  rocking modes which more fully involve the motion of 
the entire molecule, vary in a regular manner with the mass 
of the attached group. The torsional mode only arises in 
CF3CH0(14c)  and OF3N0(14b)  and only in the former does it 
lie in the range investigated. The assignment in CF3CHO 
seems unambiguous, the torsion being the lowest frequency 
vibration. 



TABLE II 

The low frequency vibration bands of 013CHO, CC13CH2C1 and 

CC130H=0H2. Frequencies in cm". 

00130H0 C013011201 00130H=0H2  

I.R. R
(11) I.R. R(12) I.R. R

(13) 

104 m 90 sp 123 s 116 sdp 111 s 99 s 

202.  ms 202 mp 159 s 157 mp 218 s 221 m 

244.5 m 243 mdp 215 s 242 vsp 244 s 243 m 

269 m 268 mp 267 m n.o. 278.5 m 281 m 

316.5 m 315 mp 312 m 307 sdp 312 s 315 w 

(402.4) w 

445.4 	m )015 vsp 334 s 334 mp 327 s 333 m 

384 s 381 vvsp 1 436 vs 

The region above 400 cm-1  was not investigated in the 

infrared spectrum. 

30. 
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In the CC13  series, the CC13  rocking and deform-

ation modes would be expected to follow a similar pattern, 

but at lower frequencies. No infra-red data for this 
range are available apart from those reported in thispaper. 
The Raman spectra have, however, been observed(11-13,14b,15,16) • 
together in most cases with polarization data. It will be 
seen that CC13  frequencies in 0013000-, CC13NO2  and 0C13Br, 
can readily be assigned along the same lines as in the CF3  
series. 	The polarization data are in agreement throughout. 

In these cases no torsional frequency arises and the assign-
ment of the low frequency fundamentals is correspondingly 
simplified. The assignment for 0013CH201 is similar to 

that of Nielsen, who obtained the Raman spectrum. The 
three bands which are polarized in the Raman fit into the 
pattern expected for the at modes. The 267 cm-1  infra-

red band is likely to be the dp band missing from the Raman 

spectrum, and is so assigned. 	The two remaining bands, 
both dp in the Raman, are assigned to the torsion and the 
a" C013  deformation. 

The infra-red and Raman data for CC13CH = CH2  

agree closely, giving the expected six low frequency funda-
mentals. Although Raman polarizabilities are not reported, 

a plausible assignment readily follows by comparison with 
C013011201, the 0013  rocking frequencies increasing some-
what with the mass change, while the deformation frequencies 
remain more constant. 

The assignment of CC13CHO is less straightforward. 

Let us first consider the data. The Raman frequencies (but 
not the polarizabilities) given by Seewan-Albert(1a) have 
been checked by Wood and Muffett(17). Apart from a doubt-

ful weak line at 150 cm-1  the spectrum agrees completely 
with that of Seewan-Albert. The entire infra-red range 
up to 3500 cm-1  has also been recorded(17). 	All the 
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stronger bands in the infra-red spectrum are also present 

in the Raman spectrum. Consequently, it is thought that 
the list of bands noted by Seewan-Albert contains all the 

fundamentals. The reported polarizability data agree with 

a reasonable assignment of the higher frequency modes of 

chloral. Turning now to the low frequency modes, only five 
bands are observed in this region, where six are expected. 

By comparison, the 316 cm
-1 
 band (p) and the 268 cm-1  (p) 

bands can be assigned to the a' 0013  deformations. The 
244:cm-i  dp band would be rather low for the a" 0013  

deformation and is more readily fitted as the rocking mode. 

The polarization data will become less reliable as the 
Raman shifts decrease. The 202 cm-1  band is too strong to 
be the overtone of the 104 cm-1, but would fit reasonably 

as the a' 0013  rocking. 	This leaves the lowest observed 
band as the torsion. This would be an exceptionally low 
frequency to assign to a 0013  mode, and if it were so 
assigned, then either the torsion would need to be placed as 

one of the higher frequency bands, with at least a four-fold 
increase in the barrier V3, or alternatively, it must be 
presumed that the torsion is unobserved. However, the 

torsions are expected to be strong in this series, and 
particularly so in the infra-red of chloral. 
torsions appear to be observed in comparable 
it is reasonable to presume that the torsion 

bands listed in Table II and is at 104 cm-i p 
conflicts with the reported polarizability. 

Further, the 
compounds, so 
is among the 
although this 
The assignment 

suggested does not include the a" CC13  deformation. This 
may be merged with the a' deformation, the observed Raman 
line (p) being composed of the unresolved p and dp modes. 

Although it is not the purpose of this research to 
assign the higher frequency modes, a satisfactory allotment 
of the lowest frequency apart from the torsion and 0013  
frequencies can be made in all cases, and this is also shown 

in Table III. 



TABLE III  

Assignment of the low frequency modes of CC13X-compounds. 

X = NO2  
(14b,15) 

C00-  
(15) 

Br 
(16) 

CH2C1 
(ii) 

CH.CH, 
(13)-  

CHO 
(11) 

effective species and Raman 
polarization 

approx. 
description 

symmetry 
n 	V group = C2V 02v C3V C

s 
C
s 

Cs '-'2V C3V Cs 

- - 123(dp) 111 104 	(p?) inactive - a" dp torsion 

202(dp) 200(dp) 159(p) 218 202 	(p?) b1  dp a' p 

193(dp) e 	dp 
0013  

rocking 

} 

202(dp) 200(dp) 267 - 278.5 244.5(dp) b2  dp a" dp 

296(dp) 282(dp) 

295(dp) 

334(p) 327 316.5(p) b1  dp 

e 	dp 

a' p 

C013  

296(dp) 282(dp) 312(dp) 312 316.5(p) b2  dp a" dp deform- 
ation 

287(p) 302(?) 247(p) 245(p) 244 268 	(p) a1  p a1 p a' p 	, 

384(p) 436 445.4(p) a' 	p_ iskeletal 
I bending 

All except the torsion in class C2v are allowed in infra-red and Raman. 
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(d) Torsional barriers. 	The value of the triple 
cosine barrier V3 hindering rotation about the C-C bond may 
be obtained by fitting the solutions of the Mathieu equation 
to the observed torsional frequency. 	In the present cases 
it was determined that only a slight change was introduced 
by using the harmonic oscillator approximation and the 
barriers have been calculated on this basis. For a three- 
fold potential barrier the S.H.M. equation becomes 

9V3  I. 2-2 2 47C V C 	= 

2rIa  

where 'k'r = torsional frequency (cm-1) 
c = velocity of light (cm/sec) 
rIa  = reduced moment of inertia of the ntop" about 

its own symmetry axis. 

For chloral: Moments = 339.72, 309.69, 268.53 amu.A2  
and rIa = 11.32 amu.X2  

For 3,3,3-trichloropropene: 
Moments = 337.95, 300.95, 257.40 amu.R2  
and rIa  = 13.69 amu.12  

For 1,1,1,2-tetrachloroethane: 
Moments = 497.97, 466.15, 270.22 amu.X2  
and rIa  = 42.40 amu.X2  

The structures of the above compounds with the assumed 
dimensions and references are shown in Figure 10. 	Since 
the barriers were high, the hot bands (the torsional 
V = 1-'2, 2-43, etc. transitions) were not appreciably 
different in frequency from the V = 0-41 transition, and so 
the band centre was taken as the position of maximum 
absorption. This was uncertain to il 	the corres- 
ponding uncertainty in the value of V3 being ±2%. 

The calculated values of V3, together with those 
of some related compounds, are given in Table IV. The V3 
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Fig.1O 	 Chloral 
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26,1695(1957). Kilb et al. 

also C-Cl distance from 
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Bond distances in A. 
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value for chloral isquoted differently here from the aper 

published jointly by the author and Dr. J. L. Wood(18). 

The initial calculations were made using the heavy 0013  
group as 'the "top", because it was symmetric, as opposed to 

the light, asymmetric -CHO group; hence the calculations 

required only the simple Pitzer I treatment(19) for deter-
mining rIa. We have since discovered that the rIa  term 

is extremely sensitive to "rounding-off" errors when using 

a heavy group, such as C013, as "top". 	In fact, it was 

necessary to calculate all parameters to at least six signif-
icant figures and more usually to ten, in order to obtain a 

rIa  value which corresponded to the value obtained when 

using the much lighter-CHO group as "top". In order to 
calculate the rIa value of an asymmetric "top" such as -CHO, 
the more involved Pitzer II treatment(20) has to be used. 
We now consider that the extra effort required to do this 
calculation is well-afforded, since it produces a result 
which is not oversensitive to reasonable "rounding-off" 
errors. 

The barriers for the presently investipted 
compounds relate to the liquid state, but Miller 21)  has 
shown that, in acetaldehyde, the infrared method gave the 
same barrier in the liquid and the gas state. This was 
distinct from the energy difference between stable torsion-
al isomers, which would be expected, and was found to depend 
on the phase(22). 	The most notable point was the except-

ionally large barrier in CC13CH2C1. A barrier in the more 

usual range around 3 kcal/mole would imply a torsional 
frequency near 60 cm-1. No band was observed below 110 cm-1  
in either the infrared or Raman(12) spectrum. The assumption 

that the barrier corresponded to an unobserved frequency 
below 110 cm-i would require the re-assignment of the 

observed frequencies, which appeared to be satisfactory. 
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Morino and Iwasaki(23) have found a barrier of 10-15 kcal/ 

mole which gave the best fit with the electron diffraction 

of hexachioroethane. 

TABLE IV  

Torsional barriers in kcal/mole. 

CH3CHO 1.15(24) 

CF3CHO 5.4(14e)  

C013CH0 2.3 

CH3CF0 1.08(24) 

CH3CC10 1.35(24)  

CH3CH3  2.7-3.0(24) 

CF3CH2F 4.2(28) 

CC13CH2C1 12.5 

CH3CH2F 3.3(24) 

CH8cHF2  3.2(24) 

cH8cH2c1 3.6(24)  

2.0(24)  

".CH2 
013CH 	3.2 

CH 2 
CH3  CH 

(e) Origin of torsional barriers: 	The primary object 

of the present work was to provide further data as a guide 
to understanding the origin of torsional barriers. First 

one should note that the infrared method depends on the 
validity of the assignment. Of the barriers shown in 
Table IV, the only one uncertain for this reason is 013CHO. 
Secondly, the present method does not discriminate between 

the staggered and eclipsed possibilities for the equilibrium 

configuration. While there is no doubt about the configur-
ation in the saturated compounds, it is not known in CF3CHO, 

0013CHO or CC13CH=CH2. 

The torsional barriers presented in Table IV suggest 

the following comments: 

(i) Wilson(24)  has concluded, at least where one of 
the groups concerned is a Me group, that the barriers must 
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be "an inherent property of the axial bond itself, not due 

in any substantial measure to direct forces between the 

attached atoms or those parts of the electron distribution 

which are out on the attached bond any considerable distance". 
The data suggests that there is always a substantial axial 

contribution to a bond between any two adjacent sp3  hybrid-

ised carbon atoms, e.g. in C21160  0211801, C2H3F, 02114F2  and 
C 2H2F4. 

attached atoms often occurs. 	However, if models are used(25) 

in which the Van der Waals radius in the non-bonded direct-
ion is smoothly reduced to the covalent radius in the bond 
direction, no overlap is found even in the eclipsed position 
in any of the compounds listed in Table IV, except 00130H2C1 
and CC13CH=CH2. These are the only compounds in which the 
barriers are far out of line with those that would be anti-

cipated from axial and electrostatic contributions. This 
suggests that except in these two compounds, where there is 
a large effect, Van der Waals repulsion plays only a minor 
role in determining the barrier. This wide variation in 

the importance of Van der Waals repulsion is in accordance 
with the high dependence on distance of these forces. 

(iiiTg)work of Lassettre and Dean(
26),  Oosterhoff(27) 

and Wilson 	shows that an off-axis charge distribution 

is unlikely to account for the entire barrier. However, 
it is remarkable that if bond dipole moment interactions 
alone are considered, the expected order of increasing 
barrier in the series 

CF2HCH3  CFH2CH3  < CC1112CH3  < CF3CH2F 

When the single bond is formed between an sp3  and 

an sp2  hybridised carbon atom, it appears that any axial 
contribution is much smaller in magnitude. 

(Li) When molecular models are made for the compounds, 
considerable overlap of the Van der Waals radii of the 
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is the same as is observed. 	(Bond dipoles are taken from 
J. W. Smith, "Electric Dipole Moments", with the C-H dipole 

0.4D, H positive). Bond dipoles would also account for 
the observed order in the series 

CH3CF0 	CH3CHO ‹: C013CH0 	CF3CHO 
(FH staggered)(HH staggered)(C1H eclipsed)(FH eclipsed) 

provided the unknown configurations of the chloral and 
fluoral are as shown. Although the agreement is suggest-
ive, several critical comments can be made. Ethane should 
appear in the first series between CC1H2CH3  and CF3CH2F, 
whereas it in fact has a lower barrier than CF2HCH3. 	In 
the second series,,acetyl chloride should be between acetyl 

fluoride and acetaldehyde; the barrier is found to be 
slightly greater than in acetaldehyde. 

When quantitative estimates of dipole interactions 
are made, with the partial charge placed on the atomic 
centres, the resulting variations in the barriers are always 
smaller than those observed, usually only 10-50% of the 
observed variation. 	In the representation of the off-axis 
charge distribution, the variation of the quadrupole term 

,will probably be at least as important as that of the dipole 
term, and this cannot be estimated. Nor is any account 
taken of the polarisability of the bonds. 

Knowledge of the equilibrium configuration of 
fluoral and chloral would be particularly useful in dis-

cussing the relative importance of the dipole and quadrupole 
off-axis charge distributions. Remembering that the net 
electron distribution in a double bond can be represented 

by two "banana" orbitals, one can see that both the dipole 
and quadrupole terms favour the observed form in acetaldehyde, 
with H-H staggered. However, in fluoral and chloral, the 

dipole term as mentioned earlier would favour the XH eclipsed 

form, while the quadrupole term would favour the same con-
figuration as in acetaldehyde. 
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A further comment is that the axial contribution 

is taken to be unchanged. If the order based on bond 

dipoles is significant, it could arise, not from the off-

axis charge distributions themselves, but because the axial 

contribution followed in a parallel manner. 

The high barrier in CC12CH2C1 is almost certainly 
due to a large contribution from Van der Waals repulsion. 
No sufficiently quantitative estimate of this can be made 

to obtain any information of the influence of other factors 
in this compound. 	In CC12CH=CH2  also, there is steric 
hindrance between a Cl and a CH2  hydrogen, and this would 

favour the C1H eclipsed configuration. Again, it would 
be most interesting to know the configuration. 
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THE FAR INFRARED SPECTRUM OF ETHYL CHLORIDE AND ETHYL  
CHLORIDE-WATER MIXTURES  

(a) Introduction. 

The far infrared spectrum of ethyl chloride was 

originally examined in order to observe the torsion frequency 
and to determine whether barriers obtained from infra-red 

data would agree with those given by microwave measurements. 

Three bands, at 247.4 cm-1, 234.0 cm-1  and 216.5 cm 1  were 

observed; taking the first of these as the V = 0-1 torsional 
transition gave a barrier of 3,720 ± 35 cal mole-1. How-
ever, this is significantly different from the barrier of 

3,560 ± 12 cal mole-1  obtained by the microwave torsional 
splitting method(29). 	Further, the position of the assumed 

'hot bands' differed by about 1 cm-1  from the calculated 

positions. A letter reporting these observations had been 
submitted to a Journal when the report by Fateley and 
Miller(21) was noticed. 	As the two sets of observations 
did not quite agree, a detailed re-investigation of the far 

infrared spectrum of ethyl chloride was undertaken. This 
has shown that two series of bands overlap in this region. 
One series is due to EtCl, the other to the EtCl-H20 

hydrogen-bonded complex. This interpretation is tested 
and confirmed by the spectra of EtC1-D20 mixtures, and by 
the observation of a lower frequency band in both EtC1-H20 
and EtCl-D20 mixtures. 

(b) Experimental. 

The ethyl chloride (B.P., Bengue and Co. Ltd.) 
contained water. Spectra obtained from samples which were 
"dried" by passing the vapour over P205  all showed lines due 
to Et01-H20, and also H2O alone. These lines could only be 
removed by placing P208  in the sample cell. All spectra 
were recorded in the gas phase with the 10 cm path length 

cell. Pressures are very approximate, and are indicated 

Spectrochimica Acta 
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with the spectra. D20, (99.8%) was handled by standard 
dry box and vacuum line techniques. 

(c) Results. 

Fig. 11 shows typical bands obtained with ethyl 
chloride "dried" by passing the vapour over P205  before 
admission to the sample tube, and for comparison a back-
ground showing H2O alone. The irregular background, 

obtained with the sample tube evacuated, arises from a com-

bination of the characteristics of the source, grating, and 
filters, and is quite typical. Altogether some six 

similar spectra showing these bands were obtained in the 
course of vain attempts to remove the water by drying the 
EtC1 externally to the cell. As it is necessary to have 
both EtC1 and H2O present, there is some uncertainty about 
the location of the bands, but from these spectra,bands at 
264.1(%), 250.6, 235.4, 217.4, and 200.3(?) cm-1  were 
picked out, which are not due to water. The remaining 
bands are due to free H2O (in the sample cell) and cause 
some confusion near 250 cm-1, but less interference around 
235 or 217 cm-1. 

It was therefore decided to dry the EtC1 more 
drastically by placing about 5 g of P205  inside the sample 
cell. Fig. 12 shows the resulting spectrum. The series 
of bands quoted above has entirely disappeared, along with 
the bands due to free H20, and a set of broad bands with 
rounded peaks at 243, 227 and 211 cm-1  is now apparent. 
This is the spectrum of EtC1 alone; the gas was not removed 
by absorption on to the P2050  for a check on the 335 cm-1  
bending band of ethyl chloride showed this still to be 

intense. These observations were repeated two further 
times with similar results. 	As will be detailed in the 
discussion, the spectrum of dry ethyl chloride agrees com- 

pletely with the prediction from microwave data(29) 	The 



z 
0 
1--
a. 
ct 
0 U) 
a) 
a 

i 

11 (cm') 

2 
0 
p 
a 
cc 
0 
tr) co 
< 

1 

v @m-') 

4 



44. 

series of bands are then presumed to be due to a hydrogen 
bonded complex, EtC1-H20, present in the gas phase. 

In order to test this interpretation, the spectra 
of EtC1/D20 mixtures were obtained. The cell was just 

flushed several times before filling with D20 vapour. 
Ethyl chloride was dried as much as possible with P206  
external to the cell, and after flushing the line, about 

1 atm was added to the D20 already in the cell. Fig. 13 
shows a typical spectrum, and it can be seen that a small 
amount of H2O is still present. In addition to bands 

present in D20(30), H20(4) or EtC1 alone, a new series 
of sharp peaks is observed at 272.6(?), 256.6, 245.3, 
229.9, 213.6, 199.0 and 184.4 an-1. 	These are ascribed 
to EtCl-D20, the isotopic shift supporting the inter-

pretation of the bands as arising from a complex. 

In a further experiment, after recording the 
spectrum of D20 vapour alone, the spectrometer frequency 
setting was adjusted to 199 cm-1, where EtC1-D20 complex 
had previously been seen to have a strong band. As the 
ethyl chloride, dried as well as possible, was admitted to 
the sample cell, the transmission decreased immediately. 

The spectrum of the contents of the cell was then recorded 
and the EtC1-D20 bands were again observed, although with 
some decrease in intensity, due presumably to the smaller 
pressure of Eta used in this experiment. 

If these bands arise from the stretching vibra-
tion of a complex, one might hope to observe at lower 
frequencies the bending vibration of the two parts of the 
complex. In a EtC1/H20 mixture a quite strong band is 
found around 110 am-1  (Fig. 14), which is not present in 
the spectrum of either component alone. A band of 

similar shape is found at a slightly lower frequency, in 
the spectrum of an EtC1/D20 mixture, and is also shown in 
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Fig. 14. Although both H2O and D20 have bands in this 
neighbourhood, the background spectra, shown for comparison, 
indicate that these are weaker than the bands observed in 
the mixtures. 

(d) Discussion. 

(i) The spectrum of EtC1: 	The splitting of 
the pure rotation lines in the microwave spectrum of ethyl 
chloride leads to a torsional barrier of 3,560 cal/mole(29). 
This implies a frequency of 242.5 cm-1  for the V = 	1 
torsional transition, and 227.0 cm-i and 210.5 cm-i  for the 
V = 	and 2-43 torsional transitions. This is in 
excellent agreement with the observed spectrum (Fig. 12), 
and confirms that a simple triple cosine barrier adequately 
represents the torsional potential function. 	Due to 
tunnelling through the barrier, each torsional level is 
split into an A and an E level, but in the present case the 
effects of the splitting are too small to be observed. 
The torsional motion gives rise to a perpendicular type 
band in the almost symmetric top type molecule (EtC1 moments 

02, 
102.4, 92.3, 16.6 a.m.u. A ). 	The band under low resolution 
would have a rounded contour, without a pronounced 'Q' 
branch(31), but with a half-width considerably greater 
than that of the observed contour. It is most encourag-
ing that the agreement between the microwave and far infra-
red methods for determining the torsional barrier is so 
satisfactory. 	In the present case the band centre is 
probably reliable to ±1 cm-i, giving a barrier potential 
to ±1%. 

(ii) The EtC1-H20 bands around 250 cm-i: Although 
these were the first bands to be observed, there were a 
number of difficulties in ascribing them to the torsional 
motion. 	These were:- 
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If the band at 250.6 cm-1  is taken as the V = 0-+1 
torsional fundamental, a barrier of 3790 cal/mole is 
obtained(32). The disagreement with the microwave value 
is outside the limits arising from experimental error, and 
cannot be resolved with any reasonable choice of structural 
parameters. 

The positions of the hot bands in the series 
appears to fit a Morse oscillator rather better than a 
Mathieu oscillator; however, the distinction is slight, 
and of doubtful experimental significance. 

The series of bands has quite sharply defined 
peaks, of the shape to be associated with the Q-branches of 
a parallel-type vibration of a molecule with small moment 
about the transition dipole-moment axis. The torsional 
transition would give rise to perpendicular type bands. 
Badger and Zumwal-es diagrams do not extend to molecules 
with moments such as those of Et01; however, EtC1 is fairly 
close to a symmetric top, and so the band contours of 
Gerhard and Dennison(31) may be used. 

In view of these factors, the series was ascribed 
to the stretching vibration of a hydrogen-bonded complex 
formed from one molecule of Eta and one of water. Follow-
ing this interpretation, suppose the stretching potential 
is represented by a Morse function V = D(1 - e 	. 
Taking 250.6 cm 1  as the V = 0-41 transition, and a spacing 
b- r of 16 cm-1. the dissociation energy obtained by the 
Birge-Sponer method is D = 5.98 kcals/mole. This value is 
a little larger than would be anticipated for the ...01... 
H-0 hydrogen bond(33). However, the reliability of the 
extrapolation is uncertain, and there is the difficulty of 
choosing the correct V = 0-41 transition. Accordingly, 
the value of the dissociation energy should be taken as 
quite approximate. The stretching force constant 
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(14. 21_410 = 0.52 x 108  dyne cm-1. 	The only available 
force constant for comparison (ref. 33, p. 133) is 0.335(10c  
dyne cm-i for the formic acid dimer. 

(iii) The EtCl-D20 bands around 250 cm-i: 	The 
isotopic shift in the stretching frequency resulting from 
the replacement of H2O by D20 can be calculated approx-
imately by assuming the complex to be formed of two rigid 
parts, and is shown in comparison with the experimental 
values in Table V. The figure given in column 4 
represents a lower limit, any decrease in rigidity leading 
to a value closer to 1.0. 

TABLE V  

Isotopic shift of "complex" bands. 

-0 EtCl-H20 

(cm-i) 

vEt01-D20 

(cm-1) 

vEtCl-D20 9EtC1-D20 

vEtC1-H20 ')EtC1-H20 

264.1 (?) 256.6 0.972 0.959 
250.6 245.3 0.979 
235.4 229.9 0.977 
217.4 213.6 0.982 
200.3 (?) 199.0 0.993 
n.o. 184.4 - 
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(iv) The EtC1-H20 band at about 110 cm-i: If the 

higher frequency bands do indeed arise from the stretching 

of a hydrogen bonded complex, one would expect to find one 

or more bending vibrations at lower frequencies. The quite 

strong band at 110 cm-1  in EtC1-H20 mixtures is taken to 

have such an origin, and has the r ounded band contour 

expected of a perpendicular band. However, the band shape 

is rather unexpected in two respects. First, one might 

expect the bending motion, like the stretching, to be strongly 

anharmonic, but no clear indication of hot bands is observed. 

If, however, one tests the assumption of a harmonic potential 

function by calculating the amplitudes of the bending vibra-

tions in the assumed structure, even in the V = 20 level, 

the angular amplitude of the vibration is only ±22: 	(The 

simplification of two rigid parts is again made). There 

is then no difficulty on these grounds in assuming a harmonic 

bending potential function. 

The second respect in which the band contour was 

unexpected was in the pronounced double maximum. It is 

tempting to take these as the in-plane and out-of-plane 

bending frequencies. The bending force constant 

4%2112Ired = 5.0 x 10-12  ergs. rad-2  (c.f. ref. 33, p. 133). 

(v) The EtC1 - D20 band at about 110 cm-i: The 

low-frequency absorption of EtC1 - D20 mixtures was measured 

to provide a further check on the interpretation given above. 
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A band of very similar contour to the EtC1 - H2O band is 

found at a slightly lower frequency and is evidently of 

similar origin. The isotopic shift, calculated assuming 
0 

2 rigid parts, and an 0...C1 distance of 3.0 A (cf. ref. 33, 

.p. 292) is 3.0 cm-1. 	The observed shift is about half 

this, and the smaller shift may be due to a somewhat greater 
0  

O...01 distance than 3 A, and the influence of the non- 

rigidity of the constituent parts of the complex. It 

would seem unlikely that the complex could have a Cl...0 
0 	H. 

distance much less than 3 A, as in a Cl 	0 arrangement, 

"H /  

as the isotopic shift would then be still larger. The 

complex has six normal vibrations in addition to those of 

the separate parts. 	The nature of these, of course, depends 

on the structure and force constants in the complex, but in 

a rough way, one would expect one stretching, two bending, 

two rocking, and a torsional vibration. No restriction of 

rotation about single H bonds has been observed, but in a 

doubly H-bonded complex torsion might occur as a very weak 

band at an  observable frequency. No evidence of this 

vibration has been found. The two remaining frequencies 

are the rocking motions mainly involving motion of the H 

atoms which as a consequence would be expected at relatively 

high frequency. The possibility of observing these vibr-

ations has been investigated in the region 900 cm-I to 

650 cm-1  using a Perkin-Elmer Model 21 infrared spectrometer, 
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but no new bands have appeared. Previously reported spectra 

of ethyl chloride(34)  , which may have contained small amounts 

of water (the band at N 280 cm-1  could be due to water) 

show no obvious indication of the rocking frequencies of 

the complex. We believe that these bands are weak compared 
with the bands of ethyl chloride and must inevitably be 

swamped. The isotopic shift on deuteration would be large 

for the rocking frequencies, consequently the bands we have 
reported cannot be ascribed to this type of motion. 

The thermodynamic implications of these inter-

pretations may also be checked. If the extra normal modes 

present in the complex are taken as one free rotation of the 
H2O about the H...bond, 2 x 110 cm-i, 1 x 250 cm-1  and two 

high frequencies, and a small allowance is made for the 
difference in the translational and rotational entropies of 

the complex and EtC1, AS dissociation 31 e.u., and in com-

bination with D (= SE), this gives AG dissociation = -2.7  
kcal at 300°R. The spectra indicate that an appreciable 

proportion of the water is complexed, i.e. that 
is less negative, suggesting that the complex AGdissociation 

has more entropy than on the basis above, perhaps because 

the two rocking frequencies are not high. 

The possibility of observing the shifted, high 
frequency 0-H stretching vibrations which are due to 
hydrogen bonding, has been investigated using the Grubb 

'Parsons S4 fully-enclosed infrared spectrometer, but the 

spectra do not appear to show any additional bands in the 
region 4000 cm-i to 3000 cm-1  other than those due to ethyl 

chloride alone. Again, we believe that these shifted, 

0-H stretching bands of the complex are weak compared with 
the bands of ethyl chloride and must be swamped. Since 

the spectrometer is a double-beam instrument, there is a 

great possibility that the "complex" bands in this region, 
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which are similar in shape, intensity and position to water 

vapour bands, are being ignored by the machine's compens-

atory mechanism, owing to the large excess of water vapour 
in the air. The reason that this particular spectrometer 

was chosen upon which to make these observations was that 

it was fully-enclosed and that it was supplied with a flow 

of dry air with which to flush the inner casing. But even 
with added dessiccants within the casing, the air could not 

be dried much below 30% relative humidity. An added com-

plication to the identification of any bands due to the 

complex in this region was the fact that the rocksalt 

windows of the gas cell tended to cloud over when excess 

water vapour was added to the ethyl chloride in a vain 

attempt to strengthen the complex bands. As a result, the 
spectrum of liquid water was superimposed upon that of ethyl 

chloride, giving rise to confused data. Absorption of 
water vapour on to the rocksalt windows was eliminated by 
isolating them from the contents of the gas cell with a very 
thin polythene film. Even so, no new bands appeared in the 

spectra taken immediately after. Attempts at observing the 

D20 and EtCl-D20 spectrum in this region failed, possibly 

due to the insufficient concentration of D20 vapour in the 

10 cm. path-length cell at room temperature. At the time 
these experiments were performed no longer path-length cell 
was available. Ultimately the solution of the whole problem 
may lie in the use of a long path-length cell in the near 
infrared with a spectrometer capable of being evacuated, as 
is the far infrared spectrometer, in order to eliminate 

atmospheric absorption. 

(vi) New experimental evidence: 	Fateley and 

Miller(35)  in their latest paper have assigned the band they 

obtain at 251.5 cm-1  to the 0-41 torsional transition, which 

results in a barrier V3 of 3.69L. t 0.028 kcal/mole. 	They 
02 

use a value of 3.14 amu. A for the moment of inertia Im 
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of the -CH5  top about its symmetry axis, basing this value 
on a recent microwave study of ethyl chloride by Schwendeman 
and Jacobs(36) in which they find Ia  = 3.1613 amu. A

2 
 and 

V3  = 3.688 ± 0.011 kcal/mole. 	Comparison of our experi-
mental data and that of Fateley and Miller's in Table VI 
below, shows that they have assigned all the bands, which 
we believe to be due to the EtC1-H20 complex, to the torsional 

transitions of ethyl chloride alone. They also disregard 
the weak band at 243 cm-i, which they originally reported(21) 

as unreal, but again we believe that this is the true 
0-41 torsional transition. 

TABLE VI. 
0.-- 

Our results Fateley and Miller's 
results (35) 

EtC1(dry)cm-1  EtC1-H20(cm-1) Ethyl chloride (cm-1) 

242.5 
227.0 

210.5 

250.6 

235.4 
217.4 
n.o.. 
n.o. 

251.5 

235.5 
217 

197 
194 

In a private communication, Miller states that 
he is acutely aware of the need to dry all samples thor-
oughly for research in the far infrared. His method of 
drying ethyl chloride was to pass it through P205  and then 
subject it to transfer from dry-ice to liquid-nitrogen 
temperature. 	These methods were the ones we used in our 
first unsuccessful attempts to dry the gas, but we quickly 
concluded that these drying attempts were invalidated when 
the gas came into contact with the walls of the gas cell, 
upon which water molecules were adsorbed. No amount of 
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previous pumping on the cell would remove these water mole-
cules and obviously heating of the cell would have been 
impracticable owing to the use of low-melting polythene 
windows. It would appear that the bond attaching the 
water molecules to the walls of the cell is weaker than 
the EtC1-H20 hydrogen bond, hence the water molecules 
readily became detached in order to pass into the gas phase, 
to give not only the familiar water vapour spectrum but also 
the anomolous series of bands reported by Fateley and 
Miller(35). Apparently they are unaware of this phenomenon. 

We have' assigned the bands at 242.5, 227.0 and 
210.5 cm-1  in dry ethyl chloride to the'Uo _41,7))1_,2  and 

torsional transitions respectively with 2-4,3 torsional 2 
la  = 3.283 amu. A . This gives a barrier V3 

of T6) in
97 

A2̀3 6)  2 0.007 kcal/mole, but if we use Ia  = 3.1613 amu. A 
our calculations, we obtain V3 = 3.488 ± 0.007 kcal/mole. 
This value is 0.2 kcal/mole smaller than that of Schwendeman 
and Jacobs(36) but is more in line with Lide's value of 
3.560 kcal/mole. 

A further puzzling situation is the question of 
the contour of the ethyl chloride torsion band. Since 
torsion in ethyl chloride is a perpendicular-type vibration, 
we should expect a rounded contour to the torsion band 
under low resolution, without a pronounced tQ' branch(31)

• Having calculated the band contour(31) assuming for this 
purpose that ethyl chloride is a symmetric-top molecule, a 
value of 19.0 cm-1  was obtained for the half-width, which 
is considerably greater than that of the observed contour. 
On comparison with other perpendicular bands in ethyl 
chloride, such as the out-of-plane CH2  rocking vibration(37)  
it is seen that there is a very strong 'Qt  branch with assoc-
iated P and R branches, the band having a half-width of only 
2-3 cm-1. No explanation for this apparent contradiction 
has been forwarded as yet. 
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Li.. THE FAR INFRARED SPECTRA OF TRIS-ACETYLACETONATO METAL 
III COMPLEXES  

(a) Introduction 

A good deal of attention has recently been given 

to the infrared spectra of the complexes formed by the acetyl-
acetonate ion with transition metals(383940).  From a 
force constant treatment of the in-plane vibrations of a 

single chelate ring, Nakamoto et al(39) predicted absorption 
bands at 373, 311, 276 and 200 cm-1  in the case of the CoIII 

complex, and at similar frequencies in the CrIII and FeIII 
complexes. The far infrared spectra of these complexes 
have been observed down to 55 cm-10  and do not bear out 
this prediction. The infrared spectra of these complexes 

have therefore been re-interpreted on the basis of what is 

believed to be a more satisfactory model. 

(b) Experimental 

The complexes were prepared by standard methods(41)  
and purified by recrystallisation and sublimation. The 

identity of the complexes with those examined by Nakamoto 
is substantiated by the similarity of the higher frequency 

infrared spectra, which were recorded with a PE-21 spectro-
meter, and agreed completely (to within 2 cm-1) with those 
observed by Nakamoto. For the low frequency work, samples 

were examined as nujol solutions enclosed in polythene bags. 

Spectra were compared with backgrounds of the dilute solutions 
or of pure ”nujoln recorded under the same operating 

conditions. In all, thirty-eight runs were made. The 

two higher frequency bands of each substance were partic-

ularly strong, and could be established with confidence. 
The lowest frequency band lies at the extreme range of the 

instrument, and is less certain. The observations are 
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summarised, together with the predicted spectra for compar-

ison in Table VII. 

(c) Interpretation of results  

All spectra related to solutions, so the low 

frequency bands cannot be due to lattice vibrations, and 

all the observed bands are considered to arise from intra- 
molecular vibrations. 	The geometry of the complexes has 
been established by X-ray crystallography(42)  and is shown 

in Fig. 15. The heavy atom skeleton contains 22 atoms, 
and in order to simplify the discussion, Nakamoto considered 
the vibrations of a single chelate ring. Although this may 

be quite a satisfactory approach for the higher frequency 

modes, which do not strongly involve the M and 0 atoms, it 
will be far less satisfactory for the lower frequency modes, 
which principally involve the bending or stretching of the 

MO bonds, for in these modes the interactions between the 
rings, via the common M atom, will be so great as to make 
the 'single ring' approach inappropriate. These modes may 
be more suitably treated as the vibrations of a MOB  octahedron 
perturbed and reduced to D3  symmetry by the three ligand 
rings. 

The remaining ring frequencies may be expected to 
couple more weakly with the corresponding modes in the other 
rings, and the resulting splitting will probably be too 
small to observe in the spectra recorded. Altogether the 

six atoms in a single ring have 18 modes of motion (including 
translation and overall rotation). 	Of these, 9 are 
primarily located in the ring and will couple weakly; the 
remainder are associated with the MO6  atoms or with the 
translation and rotation (Table VIII). 	The modes assoc- 
iated with the Me groups will also couple weakly and can 
be dealt with along with the ring modes. 
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TABLE VII  

The fair infrared spectra of three acetylacetonate complexes. 

(All frequencies in cm-1) 

Co(acac)3  Cr(acac)3  Fe(acac)3  

Obs. Predicted(39)  Obs. Predicted(39)  Obs. Predicted(39)  

386 373 355 373 298 373 
311 307 273 
276 277 265 
200 202 199 

96 103 111 
60 60 60 

TABLE VIII  

Description of the vibrations of a chelate ring. 

For one ring MOB  modes including 
translation and 
overall rotation 

Classed as 
ring modes 

3 overall translation 3 - 
3 overall rotation 3 - 
6 bond stretching 2 4 
3 puckering 

(out of plane) 
_ 3 

3 angle bending 
(in plane) 1 2 

Each additional ring adds 

6 bond stretching 2 4 
3 puckering - 3 
3 angle bending 1 2 

3 "ring orientation" 3 - 

Total for 3 rings 9+6+6 = 21 3(4+3+2 = 27 
15 vib.,3 rot.,3 trans. 
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(d) Application of group theory 

Although the vibrations of the entire molecule 

can be rigorously classified on the basis of the overall 

molecular symmetry class (D3), more information about the 

position and intensity of lines can be obtained by apply-

ing the concept-of local symmetry perturbed by the mole-

cular environment. 

Thus, lines that are not allowed on the local 
symmetry will only give rise to weak lines if these become 

allowed on the overall symmetry. Lines on the overall 

symmetry basis, which arise from a common origin on the 
localised symmetry, will be close together and may not be 

separately resolved. 

The local symmetry of the MO6  vibrations is Oh, 
the perturbed symmetry D3. The number of vibrations of 
each symmetry type, and their correlation, are obtained 
by standard methods(43) and are shown in Table IX. From 
this, one expects the 15 MO6  vibrations to give rise to 
two strong doublets, which may not be resolved, and three 
much weaker single bands, which are probably unobserved. 

The local symmetry of a planar chelate ring is 
021r• 	The local symmetry can be related to the overall D3 
molecular symmetry by the methods developed by Hornig( 44) 
for the interpretation of crystal spectra. The molecular 
symmetry corresponds to that of the unit cell group in 

crystals, the local symmetry corresponds to _the molecular  
Point group, and the two are linked by their common sub-
group (C2  in the present case) - the site group in 

crystals. 	The number of modes of each type, based on 

either the local symmetry or the overall symmetry, is 
obtained, as before, by standard methods°4-3)  

The correlation for the ring out-of-plane puckering 



TABLE IX 

Vibrations of the MO3  nucleus. 

Unperturbed 
symmetry 

0h 

I.R. 
activity 

Perturbed 
symmetry 

D3  

I.R. activity and 
probable spectrum 

1 Aig  

1 Eg  

2 Flu 

1 F26  

1 Feu  

no 

no 

yes  

no 

no  

Ai  

E 

2 {EA2 

{111 

fti 

no 

yes 	1 weak line 

yes' 	doublet 
yes 	1 weak and 

1 strong 

no 1 
yes 	1 weak line 

no Z 
yesJ 	1 weak line 

Totals: 	15 2 15 7 	2 effective 

60. 
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modes, shown in Table X, indicates that these will give 

rise to two strong doublets, and one singlet which will 
be very weak, as it arises only from the inter-ring 

perturbation. The six in-plane ring frequencies can be 

dealt with entirely similarly (Table XI). 	Six strong 
bands are expected, three single and three double. 

The only remaining skeletal modes to be considered 

are those associated with the methyl groups. These are 

localised in the rings, and so are dealt with in a 

similar way. The correlation, shown in Table XII, 
indicates that there will be three strong doublets, and 

one weak and two strong singlets. The modes involving 

the H atoms may also be dealt with similarly, but are 
omitted from this discussion, as there is in effect no 
change from the previous treatment. 

(e) Assignment  

From the tables, and the foregoing section, it 
will be seen that the 60 skeletal modes will effectively 
give rise to very few observable bands. 	In the assign-
ment, bands disallowed on the local symmetry basis are 

not included, and doublets are assumed to be unresolved. 
It is obvious that the experimental data is as yet 

inadequate to permit an unambiguous assignment, and force 

constant calculations appear unreliable. We have, how-

ever, no positive grounds for differing with the previous 
assignment(39)  above the CH out-of-plane bending frequency. 
Regarding the loWer frequency bands, the following comments 
may be made. The bands are identified by reference to 
those in the CoIII complex. The 771 cm-1  band is strong 
and constant in frequency throughout the series, and 

must be a fundamental located in the ring, possibly the 
second C-Me stretching frequency. 	This band has been 
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TABLE X 

The ring out-of-plane vibrations. 

Local 
symmetry 
02v / 

I.R. 
activity 

Site 
symmetry 

02 

Molecular 
symmetry 

D3  

I.R. activity 
and probable 
spectrum 

A2 no A PA,. 
E 

no 	'1 1 weak line yes 

B2 yes B (A2  
E 

yes} doublet 
yes 	1 weak 

1 strong 

B2  yes B SA2  yes' 	doublet 
LE yes 	1 weak 

1 strong 

Totals: 

3 x 3 2 3 x 3 9 5 	2 effective 

The labelling of the 0217, symmetry classes in ref. 39 
is in error. 
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TABLE XI  

The ring in-plane vibrations. 

Approximate 
description 

Local 
symmetry 
02v 

I.R. 
activity 

Site 
symmetry 
C2 

Molecular 
symmetry 

D3 

I.R. activity 
and probable 
spectrum 

/C. 
C 	C bend 

C-0 str. 

C-0 str.Bi  • 

C-C.0 bend 

C-C str, 

C-C str. 

Al  

Al  

B1  

Ai  

B1  

yes 

yes 

yes 

yes 

yes 

yes 

A 

A 

B 

B 

A 

B 

Al  
E 

Al  
E 

A2 
E 

A2 
E 

Ai  
E 

A2 
E 

no 11 
yesf 

no /1 

yes'l 

yes 
yes 

no /l 
yes5 

yes 
yes 

yes f 

yes-Doublet 

sil 

strong 
line 

strong 
line 

strong 
weak 

Doublet 
1 strong 
1 weak 

strong.  

Doublet 
1 strong 
1 weak 

Totals: 3 x 6 6 18 9 	6 effect,- 
ive 
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TABLE XII  

The Me skeletal vibrations. 

Approximate 
description 

Local 
symmetry 
C2V 

I.R. 
activity 

Site 
symmetry 
02  

Molecular 
symmetry 

D3 

I.R. activity 
and probable 
spectrum 

o.p. 
rocking 

i.p. 
rocking 

stretching 

A2 

B2 

Al  

Bi  

Al  

B1  

no 

yes 

yes.  

yes 

yes 

yes 

A 

B 

A 

B 

A 

B 

)Ai  
iE 

IA2  
E 

p.I. 
tE 

./1 2  
B 

5A1 
tE 

IA2  
1E 

no1 
yes5 

ye s1  
yesll 

no 11 
yes.1 

yes 1 
yes 

no 
yesS 

yes 
yes 

„1 

weak 
line 

Doublet 
strong 

1 weak 

strong 
line 

1 strong 
Doublet 

1 weak 

O. strong 
line 

Doublet 
1 strong 

weak 

Totals: 3 x 6 5 18 9 	5 effect- 
ive 
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grouped with the 780 cm-1  band as the C-H out-of-plane 

vibration by Nakamoto "Infrared Spectra of Inorganic and 

Co-ordination Compounds", Wiley, New York, 1963. The 
633 cm-1  band is sensitive to the M atom, and is assigned 
as the ring frequency based on C/Cs,  0 bending (i.p.). 
This will be above the frequency in simple molecules, and 

will show M atom dependence. The two MO6  frequencies 
are readily identified at 466 cm-1  and 386 cm-i from their 
strong variation with M. One of the two lowest observed 

frequencies will be due to the Me out-of-plane rocking, 

which will be expected at a lower frequency than in 
m-xylene (227 cm 1) (45). 	The other very low band is 
assigned to one of the two ring puckering modes, which 
will again be expected below the corresponding frequency 
in m-xylene. The bands at 671 and 432,cm-1  are assigned 
by N akamoto to the Me in-plane bending modes. This 

seems improbable as the corresponding frequencies in 
m-xylene are at 404 and 206 cm-1(45). 	The assignment 
of the lower frequencies is summarised in Table XIII. 

(f) Conclusion 

Quite apart from the question of the choice of an 

appropriate model for the basis of discussion, there is a 
further point in the previous treatment (39)  to which 
attention should be drawn. 	When the 'G'  elements of a 
matrix are completely known, multiple sets of F elements 
can be obtained to satisfy a given set of eigenvalues. 
There is no a priori way of distinguishing the particular 

set appropriate to the molecule, and the variational 

procedure used in (39) can 'home' on to an alternative set 
of force constants. This ambiguity has been discussed by 
Freeman and Ross(46) and it was therefore considered that 
there was little value in carrying out force constant 
calculations until further data, particularly regarding 

isotopically substituted species, becomes available. 



TABLE XIII  

Assignment of some of the lower frequency modes. 

CoIII  Cr III FeIII Description 

771 	mw 772 	mw 770 mw ring mode 

691 	mw 677 	mw 663 	mw ring i.p. bend CrC\C 

671 
662 	mw 658 	mw 654 	mw ? 

633 	mw  609 	mw  
594 

5591 raw  
549S 

ring i.p. bending 
(C'CO) 

466 	m 459 	m 434 m MO6  mode 

432 	w 416 	w 411 	w ? 

386 	vs 355 vs 298 vs MO6  mode 

961 m 103'I m 111R m ring o.p. and Me 
60i mw 604 mw 60S mw o.p. rock 

66. 
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THE FAR INFRARED SPECTRA OF BENZALDEHYDE, o , m- and 

p-CHLOROBENZAIDEMDE AND o7, m- and p-TOLUAIDEHYDE  

) Introduction: 

The far infrared spectra of benzaldehyde, o-, m-

and p-chlorobenzaldehyde and o-, m-  and p-tolualdehyde have 

been examined in order to observe the effect of substituents 

of opposite nature upon the torsional frequency and barrier. 

In the above series of compounds, the heavy benzene or 
substituted-benzene ring of Cav  or Cs  symmetry is attached 

to a light -CHO group with an off-axis dipole moment in 
order to favour a strong torsional band. By intercompar-

ison of the infrared and Raman(47'48) data for the two 
series, an assignment of the low frequency vibrations has 

been made and an explanation put forward for the observed 
change in the torsional barrier height from one compound 
to the other. 

(b) Experimental: 

Benzaldehyde, o-, m- and p-chlorobenzaldehyde and 
m- and p-tolualdehyde were all obtained from Hopkin and 
Williams Ltd. from their fine chemicals range. 	The 

refractive index, boiling point or melting point of the 
compounds are given in Table XIV with the literature values, 
taken from the "Handbook of Chemistry and Physics" 1957-58, 
for comparison. 

o-Tolualdehyde was prepared(49) by reacting o-
tolunitrile with excess LiA1H4 in ethereal solution at 0°  
for one hour, hydrolysing the excess LiA1H4  with Me0H, 
extracting the resultant o-tolualdehyde as the crystalline 
semicarbazone, purifying by recrystallisation to constant 
melting point, regenerating the original aldehyde by 
distilling from aqueous phthallic anhydride and finally 



011.2=11H 
LiAlak) 	Me  hydrolyse  

Me0H 

NH2.CO.NH.N 

Extract as  
semicarbazone 

Me Me 

CHO 
Me pet. ether extract 

dry, distil on water 

CHO 
Me + 

68. 

TABLE XIV 

Compound Formula 
Refractive index Boiling point 

Liter- 
ature 

Experin 
mental 

Liter-  
ature 

Experi-
mental 

Benzaldehyde CHO 1.5463'7.6  1.5463 179.5°  181°  

m-Tolualdehyd 0 --CHO 
e 

1.5407".4  1.5407 199°  198-199°  

p-Tolualdehyd 1.5469 204°  202-204°  Me 	H01.5469'6" 

o-Chloro-  
benzaldehyde 

0 	CHO 1.5656'1'' 1.5656 208° 208-212°  

01 

m-Chloro- 
benzaldehyde 

0 	CHO 
el  

1.565020.2  1.5650 213°  213-214°, 

Melting Melting 
point point 

p-Chloro- 
benzaldehyde Cl• 

 CHO 1.55536' - 47.56. 42-45°  

distilling the dry petroleum-ether extract on the water pump. 
The individual steps are shown below: 

istil from 
aq.phthalllc 
anhydride 

pump 
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100 g. o-tolunitrile gave 89 g. of product (87% conversion), 

105485 Lit. itV = 1.5430. 

All the spectra taken were of liquid samples 
sealed in thin-polythene bags. The only solid compound 
of the two series was p-chlorobenzaldehyde, which was 

dissolved in "Nujol", and the resulting solution treated 

as a liquid. Background runs were made as described in 

the section entitled "Sample Spectra Ratio". 

) Results: 

These are presented in Table XV together with 
Raman data(47'48)  for comparison. 	The "centre" of all 

bands is taken as the position of maximum intensity. 

(d) Assignment of normal vibration frequencies: 

In each of the substituted benzaldehydes, the 
five lowest frequency vibrations are the torsion and four 
fundamentals arising from the -CHO and chloro or methyl 
groups, all of which involve the motion of the entire 
molecule and so would vary throughout the series. 	The 
assignment of these five lowest frequencies is given in 
Table XVI with those of benzaldehyde, chlorobenzene(50) and 
toluene(45) for comparison. 

Table XVII again gives the assignment, together 

with some,higher frequency bands, in a form which shows 

more clearly the band shifts throughout the series. 
Table XVIII gives the numerical values of these shifts for 
the in- and out-of-plane vibrations, taking a mean value 
of the infrared and Raman frequencies as the observed 
frequency. 	From this latter Table, it is observed that 
the drop in the X out-of-plane bendings and the increase 
in the CHO out-of-plane bending both follow a regular 
pattern throughout the series. 	Since the "comparison" 
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TABLE XV 

Frequencies in cm-'. 

Band strength Benzaldehyde Band shape 

s = strong 1411. 	R(47)  
sh = sharp 

m = medium 
w = weak 

127 
1405 

 s.  
m. 	' 14

1260 7 	b  

224 vs.md. 225 

and = medium 
b = broad 

v = very 240 	s.md. 237 v = very 

o-Chlorobenzaldehydem-Chlorobenzaldehydep-Chlorobenzaldehyde 

I.R. 	R.(48)  I.R. 	R(48)  I.R. 	R(48)  

92? m.vb. 90? m.vb. 

123 vs.vb. 1201 m.vb. 127(1) 129 vs. 104 vs.vb. 

160 	w.vb. 155(4b) 185 	s.md. 183(2b) 180 	s.md. 180(1) 
204 	m. b. 198(1) 206(1) 193 	s.md. 
247 vs.vb. 242(0 239 vs.vb. 	238(0) 247 vw.vb. 243(0) 
292 	s.sh. 	290(2) 304 	s.md. 298(0 311 vs.md. 304(2) 
335 	w.vb. 329 	s.md. 357 vs.b. 	350(1) 

o Tolualdehyde m-Tolualdehyde p-Tolualdehyde 

I.R. 	R(48)  I.R. 	R(48)  L.R. 	R(48): 

88? w.md. 91? m. b. 94? m. b. 
108? m.md. 
130 	m. b. T21 w  - 1md. 127(3) 21 	s.vb. 
164 	w.md. 173(0) 191 vs. b. 196(2) 91 	s.vb. 188(2) 
216 	m. b. 220(2) 210(2) 
255 	s.vb. 	253(2) 251 vs.vb. 244(0 244 vw.vb. 

309(0 304(2) 
329? w. b. 344 	m. b. 341(1) 315 	s.vb. 
358? w. b. 372(0) 358 	m. b. 352 	s.vb. 347(0 
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TABLE XVI  

All frequencies from infrared except those shown ( ). Frequencies 
in cm-'. 

escription 

Torsion 

x out-of-
plane bend 

CHO out-of-
plane bend 

x in plane 
bend 

CHO in plane 
bend 

Assignment 	( B = Benzaldehyde) 

B fiC1(50)o-C1-Bm-C1-Bp-C1-BOMe(45)o-Me-Bm-Me-Bp-Me-B 

127 

224 

240 

- 

(196) 

- 

(297) 

- 

123 

160 

247 

292 

204 

120 
129 

185 

239 

304 

(206) 

104 

180 

245 

311 

193 

- 

(216) 

- 

(344) 

- 

130 

164 

254 

357 

216 

121 
128 

191 

251 

344 

(220) 

121 

190 

244 

352  

(2:10) 



TABLE XVII 

Description Assignment 	(B = Benzaldehyde) 
B ieMe(45)  C1(50)C9mPar -lson o-Me-B m-Me-B p-Me-B Compar  -ison o-Cl-B m-Cl-B p-Cl-B 

kR(48)I.R.R(48)I.R.R(48)I.R. R(48)I.R. R(48)I.R. R(48)I.R. 

121 - 123 "„ 
( 
,1 120

29S 1 - 104 Torsion 127 - 130 127 121/ 128  - 

X 	- o.p. 
CH0- o.p. 224 216 196 216 

224. 
173 
253 

164 
255 

196.191 
244 251 

188 
- 

191 
244 

196 
224 	 

155 
2/1.2 

160 
247 

183 
238 

185 
239 

180 
243 

180 
247 

CHO - i.p. 
X 	- i.p. 22-120  344 297 240 

344 
- 
- 

216 
358 

220 
34.1 

- 
344 

210 
347 

- 
352 

240 
297 

198 
290 

204 
292 

206 
298 

- 
304 

- 
304 

193 
311 

Ring pucker o.p. 
(2 frequencies) 

Ring 

	

	i.p. pucker 

204?(51) 

1 

372 
536 

Oh 

- 
- 

- 
- 

- 
516 

406 
636 

358 

- 
- 

-, 470 
304 

406 
632 

315 
- 

- 
- 

478 

413 
626 

- -335,,.A 
478k-ia.)508 

- , 
62601)643 

- 

,406 

329,, 
508k 1)538 

- 	1.,,x  
643 

\350 

I 	- 
622 

357 
- 

- , 
62201) (2 frequencies) 

615 (51) 
631 

C - C,, 	bend 
`D 1D 
in chloral) 

439 
 

(51) 439 	1  
I 

467 - W - 470 - 478 - )142   	- - - 



TABLE XVIII 

Description 
Shifts in 13 (cm-I) 

o-Me-B m-Me-B p-Me-B o-Cl-B m-Cl-B p-01-B 

X - o.p• -47 -23 -27 -38 -12 -16 

CHO - o. p. +30 +24 +20 +20 +14 +20 

A split 77 47 47 58 26 36 

CHO - i.p. -24 -20 -30 -39 -34 -47 
X - i.p. +13 0 + 6 - 6 + 4 +10 

A split 37 20 36 33 38 57 

73. 
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frequencies, 216 and 224 cm-' from benzaldehyde and 

toluene lie so close together, it would be expected that 

the split in these frequencies in the tolualdehydes, purely 
from mechanical coupling, would be large. 	The "comparison" 

frequencies, 196 and 224 cm-', from benzaldehyde and chloro-

benzene, do not lie so closely, thus the split in these 

frequencies in the chlorobenzaldehydes, again from mechan-

ical coupling, would not be expected to be so large. The 

assignment bears out these expectations. 	The larger out-

of-plane A split for both ortho compounds could be due 
either to intra-molecular hydrogen-bonding or to increased 

coupling between the CHO and X groups. 	The carbonyl 

stretching frequency at 1712 cm-' in benzaldehyde does not 

change significantly in o-chlorobenzaldehyde(51) to 
indicate strong internal hydrogen-bonding, thus it is 
probable that increased mechanical coupling contributes 
most to the ortho out-of-plane splittings. 

The in-plane bending frequency of the CHO group 
will be shifted more by the inductive effect of a sub- 
stituent than the out-of-plane bending frequency. 	It 
would be expected that the strong -I effect of the chlorine 
group would lower the CHO in-plane bending to a greater 
extent than the Me group would increase it. 	In fact, it 

seems probable, from the discussion of the torsional 
barriers, that the inductive effect of the Me group alters 

the C-CHO bond negligibly, and that the observed in-plane 

splitting in the tolualdehydes is due almost solely to 
mechanical coupling. 	The larger, average in-plane 
splitting in the chlorobenzaldehydes is due partly to 

larger mechanical coupling (comparison frequencies 240 and 
297 an 1  from benzaldehyde and chlorobenzene as opposed to 
240 and 344 am-' from benzaldehyde and toluene in the 
tolualdehydes) and partly to the -I effect of the chlorine 



75. 

group. The relative drop in the CHO in-plane bending 
frequency i.e. 	-34, .-47, is in the order para 
ortho)-meta, as might be expected from the strong 
deactivating influence of the chlorine. 

The in- and out-of-plane ring puckering modes 
in benzene are doubly degenerate but, in benzaldehyde and 
substituted benzaldehydes, this degeneracy does not occur 
and four separate frequencies are therefore observed. 

Whereas the assignment of the lower out-of-plane and the 

upper in-plane ring puckers are certain, the upper out-of-
plane and the lower in-plane ring puckers are inter- 
changeable without invalidating the assignment. 	The dame 
observation may be made concerning the assignment of the 
Cl in-plane bending and the lower out-of-plane ring 
puckering. 	If these two frequencies were interchanged, 
the new difference in frequency, using 297 em-' as 
comparison", would be +38, +32, +56, which is a regular 
pattern and follows the order p>o.›.m. 	For these reasons 
the assignment of this section of Table XVII is uncertain. 
The C - C''°  bending frequency is usually strong and is 
almost unchanged in both n--methyl and m-chlorobenzaldehyde. 
The assignment given for the two series is therefore 
fairly certain. 

The lowest observable frequency in the benzal- 
dehyde series is almost certainly due to torsion. 	To 
use any other frequency as the torsion would require the 
reassignment of the other frequencies, which appear to 

account fairly well for all the fundamentals. No lower 

frequencies, other than those which could be assigned to 
second and third-order bands, were observable below those 
shown for the torsion in Tables XVI and XVII. 

It will be seen that for both m-chlorobenzaldehyde 
and m^tolualdehydel  there are two frequencies given for 
the torsional vibration. 	These are due to two torsional 
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isomers having equal probability of existing i.e. 

0 	or 	0 0()  xH 
-H 

u.4

0 	C 
M
l 

(25) 	(e) 
When molecular models' ' are made for both the ortho 

compounds, it is seen that they can exist in one form only, 

owing to steric hindrance frot the oxygen of the -CHO group 
and the chloro or methyl groUp i.e. 

a 
They will therefore giVe rise to only one torsion band 
each, as observed experimentally.  

(e) Torsional barriers.:  

The value of the two-fold cosine barrier V2 
hindering rotation between the benzene or substituted-
benzene ring and the -CHO group was obtained by using the 
two-fold potential barrier, harmonic oscillator equation 

V2 = 2rIa.7035tc2  

where C.7 = torsional frequency (cm-') 

c = velocity of light (cm/sec) 

rIa  = reduced moment of inertia of the 
"top" about its own symmetry axis. 

It was determined previously that no error was introduced 
by using the harmonic oscillator approximation instead of 

fitting the solutions of the Mathieu equation to the 
observed torsional frequencies. 

Benzaldehyde 	 0 
Moments 	422.24, 329.33, 92.91 amudi  

rI/  = 9.30 amu.12  

o-Chlorobenzaldehyde  

/H 
(a) 	Moments = 600.17, 393.73, 206.1111 amu.12  

01 	rIa  = 11.83 amu.la 



ep  Moments = 640.78, 335.15, 305.63 amu.A2  
Cl 	rIa = 9.35 amu.A2  

m-Chlorobenzaldehyde  

(a)NMoments = 742.11, 529.73, 212.38 amu.A2  
Cl 	rIa  = 9.44 amu.12  

Moments = 783.46, 629.91, 153.55 amu.12  
rIa = 10.96 amu.12  

ID-Chlorobenzaldehyde  

Moments = 841.59/  745.34, 96.25 amu.A2  
rIa  = 10.62 amu.A2  

o-Tolualdehyde  

C o  

	

. 	Moments = 503.58, 350.96, 155.86 amu.A2  
Me 	• 	rIa  = 11.10 amu.A2  

(b) 	C. 	Moments = 522.87, 332.66, 193.45 amu.A2  
Me H 	rIa  = 9.)111  amu.A2  

m-Tolualdehyde  
H 

(a) Moments = 569.16, 399.85, 172.55 amu.12  
Me 	rIa  = 9.45 amu.12  

00 
`11 

p-Tolualdehyde  
Moments = 614.55, 519.36, 98.43 amu.12  

rIa  = 10.22 amu.12. 

77. 

(b)  

(a) 

Moments = 588.30, 455.08, 136.45 amu.A2  
rIa = 10.52 amu.12  
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The structures of the above compounds with the 
assumed dimensions and references are shown in Figure 16. 
The calculated valUes of VI are given in Table XIX 
together with other relevant data. 	Since the barriers 
are high, the "hot" bands are not appreciably different 
in frequency from the V0--?,1 transition and so the band 
centres are taken as the position of maximum absorption. 

TABLE XIX 

Compound  
B=Benzaldehyde m*Iii  1/"' 

ii torsion 
(cm-') 

Torsional 
form 

rIa  
amu. rkcal/mole 

Va, 	• 

B -426°  179°  127 9:30 6.37 ' 
0-ChB 11° 208° (123) 0-cis-C1 11.83 (7.65) 

m-C1"B 213°  
123 
129 

0-trans-C1 
0-cis-C1 

9.35 
9.44 

6.00 , 
6.67 

120 0-trans-C 0.96 6.67 
p-T1-B 47°  214°  104 - 10.62 4.87 
o Me-B - 195°  (130) 0-cis-Me 11.10 (7.96) 

130 0-trans-M 9.44 6.77 
M-Tie-B - 199°  128 0-cis-Me 9.45 6.57 

121 0.-‘trans-Me 0.52 6,57 
p"Me-B 204°  121 _ 0.22 6i.39 

On comparing the two-fold cosine, barrier value 
of 6.57 kcai/mole in benzaldehyde with the triple cosine 
barrier value of 2.3 kcal/mole in chloral, it is at first 
surprising that they are so different, because both benzal-
dehyde and chloral are similar type molecules with regards 
to torsion, in that they both have a light-CHO "top" 
attached to a heavy frame'. 	However, benzaldehyde has an 
easily polarisable, 9c-electron cloud above and below the 
planar benzene ring, which, through conjugation, overlaps 



m-Me-B' 

79. 
Fig.16 	 Benzaldehyde (B) 

\Ds 	 Bond distances 
MO/ 1.09 	in A. 

1.31 al: °.0°  1.3c1 
.......,\  

voy 

H 
1•a 

8C)1143° 	ecc  t.i#s  c 6 
1)  
.. _ 

" 
\ 

	

a.s° 	11 8° i'31\ 1.2.4. 

Sf2 

1.08 
  z) 	1 . 4.1  

	

118V 	. 1,03 
12.1° 

H 	H 

Data from "Interatomic Distances" 
using benzoic acid. 

o-C1-B 

c/ 

cti 

Data as for B 
with C-Cl 1.70 .% 

m -C1 -B 

Data as for B 
with C-Cl 1.70 A. 

p -C1 -B 

/ 
 	\ 0 

Data as. for B 
with C-C1 1.70 I. 

Cl 

Mt 

p-Me7B 

Data as for B with 
C-Me 1.52 A and 
C-H(Me) 1.10 

Data as for B with 
C-Me 1.52 A and 
C-H(Me) 1.10 X., 

Dattk as for B with 
C-Me 1.52 A and 
C-H(Me) 1.10 A. 

o -Me -B 
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the 9c-electron cloud of the -C=0 group. 	Thus, the it-
electrons may be considered to occupy 97-orbitals which 
extend over the carbon atom of the -CHO group as well as 
the carbon atoms.of the- rf_ng. 	The strong -I effect of 

the carbonyl group also tends to draw the electrons from 
the benzene ring into the o• /0 - CHO bond, hence it might 
be expected that the increase in electron density, due to 

the conjugative and inductive effects, would raise the 
barrier to internal rotation. 	Chloral, on the other hand, 
has no readily available delocalised electrons, as in 

benzaldehyde, which might create a partial double-bond 
between the CClz  and CHO groups. 	In fact, it might be 
expected that the electron density in the C-C single bond 
would be reduced, owing to the large -I effects of both 
end groups. 

An explanation of the observed shift in torsional 
barrier heights should take into consideration the inductive 
effects of the substituents attached to the benzene ring 
and their point of attachment. As may be seen from Table 

XX, the -CHO and -Cl groups have large -I effects, deduced 
from their dipole moments, and therefore deactivate the 
benzene ring heavily at the positions indicated. 	On the 
other hand, the -CHz group has only a small +I effect, 

again deduced from its dipole moment, which should activate 
the ring only weakly at the positions indicated. 

Ingold et al(1938) have noticed from experimental 
rates of substitution that the ratio of ortho to para 

product is usually much less than two, the figure to be 
expected on statistical grounds, assuming equal activation 

or deactivation of the ortho and para positions. 	It would 
appear from such results that the amount of activation or 
deactivation of the ortho, meta and para positions runs as 

follows: para>ortho>> meta, but Roberts(52'53) has 
obtained experimental evidence in favour of the view that 
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TABLE XX 

Compound Dipole( 	) 
Moment Polarity Inductive 

effect(de)activation 
Points of 

Benzaldehyde 

Chloroben.zene 

Toluene 

2.72 D 
from 
CH3CHO) 

1.7D 

0.4D 

g .... 
Cl 

CH3
,.4_ 

 

CtI  

-I 

-1 

+I 

H N. 	0 

a 

Cl 
(f,  ai 

CH3 

Cle  

the inductive effect is felt progressively less at the 

ortho, meta and para carbon atoms of the ring. 	The 

torsional barrier heights shown in Table XIX may be 

explained partially by using the former theory. Since 

the chlorine atom in the chlorobenzaldehydes heavily 

deactivates the benzene ring the electron density at the 

C-CHO bond is reduced, the reduction being accompanied by 

a corresponding drop in the torsional barrier height. If 

the CHO group is para with respect to the chlorine atom, 

the reduction of the electron intensity at the CHO group 

should be larger than if the group were ortho, and larger 

still than if it were meta, with respect to the chlorine 

atom. 	Whereas the experimental facts support the ortho 

and para cases, the barrier increases at the meta position 



H N - 0 

Cl 

Cl 
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and thus does not support completely the predictions made. 
To explain this anomalous result, a theory is put forward 

that the CHO group possibly receives more electrons out of 

the ring when it is not directly affected by the o and p 

deactivity.influence of the Cl group. 	This is shown in 

the diagrams below: 

No.1 route is that which would be expected from classical 
organic chemistry; the meta position is little affected. 
Since the CHO group has a larger -I effect than the Cl 

group, it is conceivable that the electron density would 
build up at the C-CHO bond, thus raising the barrier. 
If this theory is rejected, then the only significant 
change in barrier height would be for p-chlorobenzaldehyde. 

The drop of 0.37 kcal. for o-chlorobenzaldehyde would be 
as significant as the increase of 0.3 kcal. for m-chloro- 
benzaldehyde. 	It should be noted that an error of *1 an-' 

in the siting of the centre of the torsion band alters the 
value of V2 by ^JO.1 kcal. 	An error of 12 cm-' could 
mean that the small differences in the values of V2 are 

not significant. 

The methyl group in the tolual&ehydes activates 
the benzene ring only weakly, hence it might be expected 

that the increase in electron density in the C-CHO bond 
would be very small, producing changes in barrier height 



83, 

of only 100-200 cals/mole. 	In fact, the barrier is 
highest in o-tolualdehyde, drops slightly for m-  and 
again for p-tolualdehyde. 	It is believed that these 
changes are not significant, although they would follow 

the trend, as advanced by Roberts, if the inductive effect 

were felt progressively less at the ortho, meta and para 
carbon atoms of the benzene ring. 
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6. THE FAR INFRARED SPECTRA OF 1,3-BUTADIENE AND ACROLEIN 

(a) Introduction: 

The far infrared spectra of 1,3-butadiene and 
acrolein have been examined in order to observe the torsional 
barriers in a series of compounds which may be extended to 
include glyoxal, i.e. 

CH2  /H 
C- C 

HZ' 
	

NCH  2 

103-Butadiene 

CH2  
N.f/ — C 

H
z
v   

\\O 

Aorolein 

0 
/' 

H 
C 	' C 

H 	O 

Glyoxal 

Glyoxal has not yet been examined, owing to lack 

of time. The barrier heights calculated from the experi-
mental data have been compared with those predicted quali-
tatively from the observations advanced in Section 2 under 
the heading "Origin of torsional barriers". These compounds 
do not suffer the disadvantage of having attached to the 
molecule a heavy "anchor" group, such as 0013, the bending 
frequencies of which would also fall in the observed 

frequency range to complicate the assignment. 

Each of the above compounds may have a two-fold 
torsional barrier, so the restricted rotation could give 

rise to two infrared vibrations due to the two torsional 
forms. 

(b) Experimental: 

1,3-Butadiene was obtained as a liquid under 

pressure from I.C.I. Upon releasing the pressure, the 
liquid vaporised and the resulting gas was purified three 

times by alternately freezing and vaporising a convenient 

quantity of it, while passing the gas down a standard 
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vacuum line. At each stage, some residual liquid butadiene 
was discarded as containing any impurities present in the 
gas. 	The purified gas was then passed into the evaouated 

gas cell, which contained several grammes of P208, to a 
pressure of approximately one atmosphere. 

Acrolein, stabilised with quinol, was obtained 
from the British Drug Houses Ltd. in a sealed glass container. 

It is a liquid at room temperature with a low vapour pressure 
of about 4.5 cm, and so was purified by statically distilling 
the vapour directly into the evacuated gas cell, containing 
several grammes of P205. 

All the sample spectra were compared with either 

vacuum backgrounds or backgrounds of the same sample at 
reduced pressures, using both the 10 cm and 70 cm path-
length gas cells. 

(o) Results: 

These are presented in Table XXI together with 
the assignment. 

TABLE XXI' 

1,3-Butadiene Acrolein 

Description Frequency(cm-1) Description Frequency(=-i) 

Skeletal 
bending 

frequencies 

Torsion 
3rd order of 

311? 

311 vvs 
294 vs 

164 m 
104(?)an 
70(?)w 

Skeletal 	1 
bending 
frequencies 

Torsion { 

337 vvs 
319 vs 

175 s 
160 vvs 
103(?)m 
62(?)w 
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(d) Discussion of results: 

It will be seen that 1,3-butadiene has been 
assigned only one torsional frequency, while acrolein has 

two. If molecular models(25) are made for both compounds, 

steric hindrance prevents the butadiene molecule from exist- 

ing as the s-cis isomer, i.e. 

CH2  OH2 
C C 

H
Z 

which is in line with electron diffraction(54 

red(55), and ultraviolet(56)  pectral data. I  
hand, electron diffraction(571  and microwave 

near infra-

On the other 
58) measure- 

ments have shown that acrolein can exist as both s-cis and 

.0-trans isomers, supporting the assignment of two torsional 
frequencies. 

When the initial spectra of butadiene were made 
with the usual combinations of reststrahlen crystals, apart 

from the two high frequency bands at 311'and 294 cm-1, there 
appeared a series of,  bands of frequency 176, 147, 104, 99, 
84, 70, 62 cm-i, which gradually decreased in intensity from 
176 cm-1  downwards. This was quite contrary to expectation, 

as only one band might be anticipated in this region due to 
torsion. The runs on butadiene were repeated many times 
with carefully selected polythene end-windows on the gas 

cell, in case these were producing anomalous interference 

effects, but the bands-still appeared, although with 
slightly varying intensities, The near infrared spectrum 

of the butadiene was taken and compared with the literature(59), 
the agreement confirming that in fact we had the correct 
compound. 

Previous work with one KC1 reststrahlen in the 
region 200-130 an-1, using the 80 lines/cm grating, indicated 
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that over ,.,80% of the radiation reflected from,its surface 

was first-order. Using two KCl reststrahlen, not less 
than ,N,96% of the radiation reflected from the second KC1 
surface would be first-order. Hence, any bands which 

give more than ,..5% absorption in this region must be due 
to first-order light. 	In order to make use of this 
improved combination of reststrahlen, far infrared spectra 

taken with the 70 cm path-length gas cell showed that two 

of this series of bands were definitely not first order, 
but arose as follows: 176 cm-1  was third-order of a funda-
mental at 525 cm-i and 147 cm-1  was second-order of the 
skeletal bending frequency at 294 am-1. When both these 
bands had been largely filtered out, a medium strength band 
at 164 cm-1  was revealed which had previously been merged 
with the higher order bands. Because the range of bands 
from 104 cm-'-  to 62 cm-1  did not lie in the frequency range 
covered by the improved reststrahlen combination, no 
definite conclusions could be drawn as to their validity. 
Although the intensity of the band at 104 cm-1  was increased on 
increasing 
Athe concentration of butadiene within the gas cell, no 

parallel increase of intensity occurred with the lower 
frequency bands, thus suggesting that they might arise 
from the windows. 

Acrolein vapour gave strong bands at 337, 319, 
175, 160 and 103(?) cm 10Using two KCl reststrahlen in 
the region 200-130 cm-1, the bands at 175 and 160 cm-1  
gave ,,70% absorption, and must therefore arise from first-
order radiation. 

The question remains as to the interpretation of 
the strong band at 104 cm-I in butadiene and the medium 
band at 103 cm-I-  in acrolein. Possibly, 104 cm-i is the 
third-order of 311 cm-1  in butadiene. For 103 cm-1  to be 
third-order in acrolein, the first-order band would have 
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to lie about 309 an-i, which is 10 cm-i from the nearest 
strong band at 319 cm-i. From previous experience it is 
unlikely that a band centre would be misplaced by as much 
as 10 cm-I. The band at 103 cm-I  is also unlikely to be 
a higher torsional transition of the torsion bands at 175 
and 160 cm-I, unless the potential well were far removed 
from the corresponding harmonic oscillator well. A more 
likely position for "hot" bands to fall would be around 
150 cm-I, but the spectra do not show any evidence of 
these. Thus, the origin of the 103 cm-1  band still 
remains uncertain. 

(e) Torsional barriers: 

Since the shape of the entire torsional barrier 
is not definitely known for these two compounds, there is 
no disadvantage in using the harmonic oscillator approx-
imation rather than fitting the solutiOns of the Mathieu 
equation or any other periodic function to the observed 
torsional frequencies. 	The value of a two-fold cosine 
barrier V2  and a triple cosine barrier V3  may be obtained 
by using the equations 

V2  = 2rI.R2'.3 2c2  

V3  9 -rIce R272c2 

1,3-Butadiene  

(a)  

	

// 	
02 CH2 	H 	Moments = 125.600113.36,12.24 amu.A 

C--C 

	

/' N 	o2 H 	CH2 	rIa  = 6.30 amu.A 
s-trans 

02 CH2 	CH2  Moments 107.12,82.00,25.12 amu.A 

(b)  --C 	//
H 	

0 
H rIa  = 4.31 amu.A2  
s -cis 
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Acrolein 

0  CH2 	Moments = 118.02,107.07,10.95 amu.A 
2 

‘ (a) C—  / 
H// 	

0 
\O 	rim  = 6.29 amu.A2  

s-trans 

CH2 	0 Moments = 99.14,75,75,23.39 amu.A2  
(b)  

N 
H// 	rIa = 4°07 amu.A2  H  
s-cis 

The structures of the above compounds with the 
assumed dimensions and references are shown in Figure 17. 
The calculated values of V2 and V3 are given in Table XXII 
with other relevant data. 

TABU XXII. 

Compound m.p. 

. 

b.p. 

. 

T) 
torsion 
(cm-i) 

Torsional 
form u  

rIa  
12 
• , 

V2 
kcal/ 
mole 

17.3 
kcal/ 
mole 

1,3- -108. °  -3°  164 s-trans 6.30 7.19 3.20 
Butadiene _ s-cis 4.31 - 

Acrolein -87.7° 52,5° 175 s-cis? 4.07 5.29 2.35 
160 s-trans? 6.29 6.83 3.04 

The tentative assignment of the torsional frequencies of 
acrolein is given in the next section. 

(f) Origin of torsional barriers: 

Figure 18 shows the general shape of the barriers 
to internal rotation that might be expected for 1,3-butadiene 

(60) and acrolein. Pople 	has shown that the electron 
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cis- and trans-

isomers. 
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distribution in the two orbitals forming a double bond may 

be represented as "bent" or "banana-shaped", i.e. 

0 and 	O. 	Thus, the bond electron distri- 

bution can be interpreted as being three-fold instead of 

two-fold, as shown in the diagram below. 

s-trans Butadiene 	s-trans Acrolein 	s-cis Acrolein 

/CH , 	,011., 	/C11 I 	''' /  , 
I 	H' 	I 	H 	. 	: /0', 

I I, 	I 	, 	, , 

H ; 	H ; 	H H 

TH:1 

Since s-cis acrolein is stablisied by hydrogen-bonding, 

this isomer might be expected to have the next most stable 

configuration after s-trans acrolein, thus giving a two-

fold barrier. Butadiene, on the other hand, has no such 

stabilisation for the s-cis isomer, thus the s-gauche 

configuration might contribute towards the shape of the 

barrier, which would then be substantially three-fold. 
The V2 value of 7.19 Kcal/mole for butadiene is unusually 

large for restricted rotation about the C-C single bond 

and is not in line with that for propene, which must be 

three-fold, of 2.0 kcal/mole(24). On the other hand, the 

V3 value of 3.20 kcal/mole is more usual, although even 

this may be slightly larger than would be expected from 

the qualitative observations advanced in Section 2, under 

the heading "Origin of torsional barriers". 	In Table XXIII 

below, the value of the torsional barrier, if a threefold 

fitting is assumed, increases as the series is traversed. 

An explanation of the observed results, has been made assuming 

that the quadrupole and resonance energy terms contribute a 
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TABLE XXIII  

Barriers in kcal/mole. 

Acetaldehyde Propene s-cis 
Acrolein 

s-trans 
Acrolein 

s-trans 
Butadiene 

HH 

H 
s, 

0',  

! 

H 

H 

H 

ple, 

; 

H 

iCH2-- 

, /-0r,  1 
, 	, 	i 	, 
% 	, 	, 
, 	,, 

H1\11 

, /CH2N 1 

	

: 	H 	: 
 ' 

 f  1 	s'i 
: 	H 	) 
'-.0.' 

	

: 	H 	,'
' 

(CH2., 

	

' 	,' 

	

r 	) 

	

( 	H 

\-CH2) 

V3  = 1.15 Vzt = 2.00 V ..7. 	2.35 V3 = 3*04 V3 = 3420 

considerable amount towards the height of the barrier, as 

is intimated from the series as a whole. 	Regarding acet-

aldehyde and propene purely from bond dipole considerations, 
we should expect the barrier to fall in propene, since carbon 

is less electronegative than oxygen._. 	The fact that the 

barrier increases could mean that there are more electrons 

present in the "dotted" double bonds and less concentrated 

around the CHa group itself, due to the smaller electro-

negativity of the C atom, hence increasing the value of the 

quadrupole term. 

Both the dipole and quadrupole effects in s-cis 

acrolein should make this isomer highly unstable, giving 

rise to a much lower barrier than is observed experimentally. 

Stabilisation is undoubtedly achieved from 9t-bond resonance 

within the molecule and hydrogen bonding between the oxygen 

atom and a hydrogen atom of the CH2 group. 	Since resonance 

effects appear to favour trans rather than cis configurations, 

s-trans acrolein should be expected to gain more stabilisation 

energy than its s-cis isomer, as well as having the form 

most favoured by dipole and quadrupole effects. Hence an 
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increase in the torsional barrier height may be predicted. 

s-trans Butadiene might be expected, from bond dipole con-

siderations, to have a lower barrier than s-trans acrolein 

c.f. propene, but since the electrons in the "banana-
shaped" orbitals are reinforced, on substitution of the 
oxygen atom by the CH2 group, the quadrupole effect is 

enhanced and the barrier height increases. Resonance 

effects in s-trans butadiene will also contribute towards 
the increased barrier and should be of the same order as 

those in s-trans acrolein. 

The V2 value of 2.54 kcal for the difference in 

barrier height of s-trans and s-cis acrolein appears to be 
in reasonable agreement with a lower limit value of 2.3 
kcal obtained from microwave data(58). 	Electron diffract-
ion measurements(57)  indicate that acrolein vapour at 35°  

consists of a mixture of s-trans and s-cis isomers in the 
approximate ratio from 3:1 to 6:1, the s-trans isomer 
being predominant. At room temperature, the s-trans 
isomer would presumably be even more predominant. More 
recent microwave data(58)  suggests a ratio of 100:1 as 
more likely, due to both the absence of splitting of the 
higher torsional levels and of any strong lines, which 
could be ascribed to the s-cis spectrum. 	The tentative 
torsional assignment of 175 cm-' to the s-cis isomer and 
160 cm-' to the s-trans isomer is made on the basis that 
the torsional frequency for the hydrogen-bonded s-cis 
isomer should be higher than that for the s-trans isomer. 
The fact that the 160 cm-' band is very much stronger than 

the 175 cm-1  band might indicate that more molecules are 
present as the s-trans isomer, although, of course, the 
intensity of a band also depends upon the change of dipole 
moment of its associated vibration. 
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(g) Near infrared experimental evidence: 

Near infrared work done in this department upon 
the carbonyl stretching frequency of acrolein(61)  has 
produced some very interesting results, which complement 
the research done in the far infrared. 	In the gas phase, 

the carbonyl stretching frequency has a double peak, the 
'higher frequency peak being ascribed to the internally 

hydrogen-bonded s-cis isomer and the lower frequency peak 
to the s-trans isomer. 	When dilute solutions of liquid 
acrolein in non-hydrogen-bonding solvents, such as ether, 
cyclohexane and carbon tetrachloride, are observed, only 
the high frequency peak is apparently visible, but, on 
increasing the concentration of acrolein, the low frequency 
peak gradually appears. 	In hydrogen-bonding solvents, 
such as chloroform, methyl and ethyl alcohol, the lower 

frequency s-trans peak is more pronounced than in non-
hydrogen-bonding solvents, and again this peak becomes more 
intense as the concentration of acrolein increases. 	These 
results are explained by assuming that, whereas in the gas 
phase the s-trans isomer is intrinsically more stable than 
the s-cis and that only hydrogen-bonding stabilises the 
latter, in the liquid phase, the s-cis isomer becomes the 
more stable. 	However, when a solvent hydrogen-bonds to 
the oxygen of the carbonyl group, the trans form also enjoys 
stabilisation by hydrogen-bonding, and the proportion of 
this form increases. About twenty times more acrolein is 
required to be dissolved in a non-hydrogen-bonding solvent 
before the lower s-trans peak starts to appear. 	It is 
believed that this is due to inter-molecular hydrogen-
bonding coming into play, to an increasing extent, between 

individual acrolein molecules, again allowing the s-trans 
isomer to be stabilised. 

In the gas phase, intramolecular hydrogen-bonding 
should be curtailed and the s-trans peak increased if 
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acrolein vapour were mixed with a good hydrogen-bonding 

agent, such as methanol vapour. As the s-cis form is 

expected to be internally hydrogen-bonded throughout the 

comparison, no shift in its C=0 stretching frequency will 
arise. 	Comparisons with the liquid phase are somewhat 
unsatisfactory, as both C=0 stretching bands may be 
shifted, and possibly unequally, by solvent effects. 	An 

extreme possibility is that the peaks are reversed in 

frequency compared with the gas phase. 

Hence, a gas phase determination should produce 
more reliable information concerning the relative positions 

of the s-cis and s-trans peaks. 	Unfortunately, the 

reduction of the s-cis peak was not observed experimentally, 
possibly because of the small amount of methanol vapour in 
the gas cell, due to its low vapour pressure at room 
temperature. 	The proportions by pressure of acrolein 
vapour to methanol vapour used, ranged from 5 cm:5 cm to 
Tcm:10 cm respectively, so that the total pressure within 

the gas cell never exceeded r\)10 cm. 

In order to deoide unequivocally which of the 
two torsion bands of acrolein vapour at 175 and 160 cm-I  

in the far infrared is due to the s-cis and which due to 
the s-trans isomers, mixed vapour studies could be done 
using a good hydrogen-bonding vapour such as water, methanol 
or dry HCl gas. 	The band which was reduced in intensity 
would obviously be assigned, on the basis of the above 
discussion, to the s-cis isomer. 
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Chloral C013.CH0 

Run  

No. 

Recorded 
it range 

_(cm_i) 
R,strahlen 
filters 

Bands observed 
(cm-i) Comments 

358 190-90 1KBr BG 

359 " n 101 
360 200-60 IKRS-5 104 
361 11 41 BG 

363 300-170 1NaCl 271, 244, 202 

364 If II BG 

3,3,3-Trichloropropene 0013.CH.CH2  

338 
339 

340 

380-230 
11 

300-170 

2NaF 
11 

1NaC1 

BG 
326.7 9  311.9, 278.6, 

247.1 
BG 

341 II II  241.5, 218.2 
342 190-90 1KBr BG 

343 n n 112.6 128.8'j r 
112.6 	q 
- 	4 p 

344 200-120 IKC1 BG 

345 n n 111.2 
346 200-60 1CsI + 

1KRS-5 BG 

347 11 ft 110,4 
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,1,1,2-Tetrachloroethane CC13.CH2C1 

Run 
No, 

Recorded 
-ii 	range 
(cm_i) 

Ristrahlen 
filters 

Bands observed 
(cm-1) Comments 

64 190-90 1KBr - Not drawn up 
65 ff n — II 

67 n n — n 

68 it 2KBr - ti 
69 II n "- I? 

70 it It  BG 
71 sr It — n 

72 It it .— It 

76 300-170 1NaCl - If 

81 380-230 1NaF 334,312,(2800,245 Repeated()1's.84. 
82 It It BG 
84 If l/ 384,334,312,267,245 
85 If It - Not drawn up. 

Cool,d liq.N2. 
86 If It BG 
87 340-210 10a003  384,334,312,267,245 
88 ft II BG 
102 300-170 1NaCl 245 Repeat of 76, 
103 n n BG 
104 260-170 IK01 - Not drawn up. 
105 It it  BG 
106 200-120 If  - Poor run. 

Repeated 241. 
107 it It BG 
238 200-60 2KRS-5 BG 
239 If If  - No bands shown 
240 200-120 IKC1 BG 
241 li It 159, 123 Repeat of 104 

and 106. 
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Cm-1 
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Ethyl Chloride C2H501 

Run 
No. 

Recorded 
7) range 

(cm-1) 

Rfstrahlen 
filters 

Bands observed 
(cm-1) 

Comments 

110 340-210 1CaCO2  342.9, 326.7 + H2O 
vap. bands 

Torsion bands 
overshadowed 
by H2O vap. 

bands. 
111 se it 342.9, 326.7 + H2O 

vap. bands 
ft 

112 TT l/ 342.9, 326.7 + H2O 
vap. bands 

It 

113 400-180 1LiF 342.9, 326.7 + H2O 
vap. bands 

If 

114 300-170 lNaCl Torsion bands + H2O 
vap. bands 

If 

115 260-170 1KC1 - 
116 340-210 1CaCO3  342.9, 326.7 + H2O 

vap. bands 
n 

117 400-180 1LiF 342.9, 326.7 + H2O 
vap. bands 

n 

118 300-170 1NaCl 250.6, 235.4, 217.4 EtC1-H20 
complex 

119 260-170 1K01 - 
120 200-120 11 H2O vapour bands 
130 400-180 1LiF BG 
137 300-170 1NaCl - EtC1 sprayed 

on to cold 
polythene 
windows. 

138 tt IT - Not drawn up. 
188 TT IT H2O vapour bands 
189 If f4 BG 
190 If II If 

191 41 If II 

192 IP TT I? 

193 380-230 2NaF n 

194 41  1NaF le 
continued. 
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Ethyl Chloride C2H Cl (continued) 

202 
203 
245 

246 

300-170 
1? 

380-230 

300-170 

1NaCl 
If 

2NaF 

1NaCl 

ff 

- 

342.9, 326.7 + H2O 
vap. bands 

EtC1-H20 complex +' 
H2O yap. bands 

247 If If ff 

248 If II I/ 

249 ff If' 242.5, 227.0, 210.5 EtC1 dryll 
250 ft ff BG 
251 If ft D20 vapour bands Small quantity 

present 
252 380-230 2NaF If tt 

253 ?I If H20/D20 vap. bands EtCl-D20 
complex 

254 300-170 1NaCl H20/D20 vap. bands II 
+ EtC1-D20 complex 

bands 
255 ft Tv D20 vapour bands 
256 380-230 2NaF ft 

257 300-170 1NaCl H20/D20 vapour + 
EtCl-D20 complex 

bands 

EtC1-D20 
complex 

258 380-230 2NaF 41 II 

259 If If  342.9, 326.7 Eta dry: 
260 300-170 1NaCl 242.5, 227.0, 210.5 It 

261 II ff Very strong H2O 
bands 

EtC1-H20 
complex 

262 380-230 2NaF If fl 

263 260-170 1KC1 If ff 

264 200-60 1CsI+ 112.3, 105.7 it 
1KRS-5 

275 300-170 1NaCl H2O vapour bands Calibration 
spectrum 

276 200-60 111I-; D20 vapour bands 
277 If II 109.5, 105 EtCl-D20 

complex 
278 190-90 1KBr H2O vapour bands Calibration 

spectrum 
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107. 

Benzaldehyde 

Run 
No 

Recorded 
-i) 	range 
(cm_i) 

Rlstrahlen 
filters 

Bands observed 
(cm 1) Comments 

139 190-90 1KBr 129.3 + interference 
bands 

140 300-170 1NaCl 227.8 + 	n 

141 400-180 1LiF 338(4),225.3 + 	vf 
142 200-120 11(01 130.3 + 	PP 

143 100760 2CsI - Not drawn up 
144 340-210 10a003  338 0),225.3 + 	14  
145 380-230 1NaF 338(?) 	+ 	ff 

146 260-170 1KC1 225.3 + 	n 

147 n n BG 
178 200-60 2KRS-5 - Not drawn up 
179 II H BG 
180 ff to "" H 

181 100-60 2CsI - n 

186 400-180 1LiF - No compound 
present: 

187 260-170 1KC1 - No bands 
observed 

207 380-230 2NaF - Not drawn up 
208 ft II BG 
209 190-90 1KBr BG 
210 n n - It 

211 if f? BG 
212 n n - Sample frozen 

liq. N2 
213 ff ft —• Frozen sample 

remelted 
214 380-230 2NaF - Not drawn up 
215 If if '''' H 

216 190-90 1KBr BG 

continued, 



108. 

Benzaldehyde (continued) 

217 
218 
219 

190-90 
380-230 

n 

1KBr 
2NaF 

n 

- 
BG 

Not drawn up 

tt 

220 if II 
- 

It 

221 190-90 1KBr BG 
222 It It II 

223 It It  BG 

224 tt 
it 

 128.5 + interference 
bands 

225 it u 130.3 + 	It 

975 380-230 2NaF BG 
976 n n - Not drawn up 

977 II II  A)240 No band at 
338cm-I  

978 300-170 1NaCl 240.3, 	224.2 
979 " It BG 
980 190-90 1KBr - Not drawn up 
981 u It  BG 
982 n n 140(?), 127 



o-Chlorobenzaldehyde II 

	f, 	 LJ  	 J 

510 1100 150 2100  2,5o 3,00  3150 4100 4,5o 
Cm 	 



CHO 
	110. 

o-Chlorobenzaldehyde 0 

Run 
No. 

Recorded 
v range 
(cm- i)  

R'strahlen 
filters 

Bands observed 
(cm-1) Comments 

311 380-230 2NaF BG 
312 is II (334.6?), 	292, 	248.4 Repeated 679 
313 300-170 1NaC1 BG 

314 11 11 244, 205 Repeated 680 
315 190-90 1KBr BG 

140 r 
316 it it 176, 	(159?), 124 q Repeated 682 

107,p 
317 200-120 1KC1 BG 
318 it II Poor run. 

Repeated 681 
319 200-60 1CsI + 

1KRS-5 BG 
320 It 11  - Poor run. 

Repeated 683 
678 380-230 1NaF (334.6?), 	292,248.4 
679 it 2NaF (335?), 	292, 	248.4 
680 300-170 1NaC1 247-241.5,203.8,174 

681 200-120 1KC1 72.5, 	(152.9?),142, 
123.2 123.2 ICI 

P 
682 190-90 1R-Br X.9, (150?), 

123.211g, 	92-->98 
106.2 p 

142r 
683 200-60 2KRS-5 172.5-147.3, 123.2 q, 

02±9 	105.6 p 

684 380-230 1NaF BG 
685 n 2NaF il 

686 300-170 1NaCl II 

687 200-120 1KC1 11 

688 190-90 1KBr it 
689 200-60 2KRS-5 1, 

754 380-230 2NaF it 

755 ii ii 292 



m-Chlorobenzaldehyde 

 

510 

 

ipo 150 200 215o 3100 3150 4100 4150 

Cm`' 	 

  



112. 
CHO 

:j m-Chlorobenzaldehyde C  0 

Run 
No. 

Recorded 
v 	range 
(cm-')  

Rtstrahlen 
filters 

Bands observed 
(cm-1) Comments 

301 380-230 2NaF BG 
302 ti It 329.2, 304 Confused. 

Repeated 756 
303 300-170 1NaC1 BG 

304 il 11 24/ 1  184? Repeated 670 
305 190-90 1KBr BG 
306 11 It Confused. 

Repeated 674 
307 200-120 IKC1 BG 
308 It II  188.5, 135.5 Repeated 672 
309 200-60 1CsI + BG 

1KRS-5 
3i0 " ti _ Not drawn up. 

Repeated 676 
670 300-170 1NaC1 249.7-239, 184.2 
671 u u BG 

- 	r 
672 200-120 1KC1 186.3, 170.7, 128.8 186.31q ? 

170.7 p 
673 II il BG 

- 	r 
674 190-90 1KBr 170.7, 130.4, 90 186.31q ? 

170.7p 
675 it 

it 
 BG 

2 r 
676 200-60 2KRS-5 186.3, 126.8, 	90 126.8q 

109 p 
100.3)r 
90 q ? 
76 	'-p 

677 u U BG 

754 380-230 2NaF BG 
756 it ii 329.2, 304, 	255.4 



Ia 

p -Chlorobenzaldehyde 

50 100 150 200 250 300 350 400 450 
Cm 



 

CHO 

p-Chlorobenzaldehyde 

Run 

No. 

Recorded 
-i5 	range 
(cm-i) 

R'strahlen 

filters 
Bands observed 

(em-') 
Comments 

348 380-230 2NaF BG 
349 it It 356.8, 	311.2 Repeated'570 
350 300-170 1NaCl BG 
351 ii tt 246.8, 	193.3 Repeated 572 
352 190-90 1KBr BG 
353 II II  Poor run. 

Repeated 576 
354 200-120 1KC1 BG 
355 II 11  Poor run. 

Repeated 574 
356 200-60 lesi + 

1KRS-5 BG 
357 tt II Confused. 

Repeated 578. 
570 400-180 1LiF 356.8, 311.2 
571 I! It  BG 
572 300-170 1NaCl 54-240, 193.3-180.4 254-240 band. 

Very weak. 
573 11 It  BG 
574 200-120 1KC1 193 - 180.2 
575 It It  BG 
576 190-90 1KBr 180.2, 104.9 
577 It II  BG 
578 200-60 2KRS-5 103 
579 11 It  BG 



o-Tolualdehyde 

;0 1100 1150 200 2150 3100 3)50 4po 4150 I



m -Tolualdehyde 

A 

1L) 
510 	110 0 

	JL  	J 

50 2100 2150 300 3150 zipo 4150 
Cm 



CHO 
	 117. 

o-Tolualdehyde 
Me 

Run 
No. 

Recorded 
'V 	range 

- (cm.- 
R'strahlen 
filters 

Bands observed 
(cm-') Comments  

695 400-180 1LiF - 
696 380-230 2NaF 329.2, 	254.7 329.2 doubtful 
697 300-170 1NaC1 254.7, 	(221.9?) 
698 200-120 11(01 (215.7?) 
699 190-90 1KBr 165.3,129.2-118.2,107.2 
700 200-60 2KRS-5 215.7,162.70(130.3?), 

107.9, 	94--)80 
701 400-180 111F BG 
702 380-230 2NaF n 

703 300-170 1NaCl 11 

704 200-120 11(01 If 

705 190-90 1KBr 11 

706 20C-60 2KRS-5 11 

75L. 380-230 2NaF n 

757 If If  357.5, 	255.4 357.5 doubtful 

m-Tolualdehyde 

321 
322 

380-230 
11 

2NaF 
II 

BG 
358, 344, 251 

323 300-170 1NaCl BG 
324 il n 250, 193.5 
325 190-90 1KBr BG 
326 If If  (165?), 128, 91 
327 200-120 1KC1 BG 
328 n If  188.5, 128 
329 200-60 1Csi+ 

1KRS-5 BG 
330 n 11 123.5 Poor run 
754 380-230 2NaF BG 
758  " n 358, 344, 251 



p-Tolualdehyde 	 •. 

 

510 100 1150 2100 

 

2150 3100 3,50 4P0 450 
Cm 	 

  



CHO 
119. 

p-Tolualdehyde 

M's 

Run 
No. 

Recorded 
71 	range 
(cm_i) 

- Rtstrahlen 
filters 

Bands observed 
(cm-1) 

Comments 

289 380-230 2NaF BG 
290 300-170 1NaC1 It 

291 190-90 1KBr uf 

292 200-120 1KC1 II 

293 200-60 lOsI+ 
1KRS-5 

If 

294 380-230 2NaF 352,314 + interference 
bands 

Repeated 690 

295 300-170 1NaC1 242, 192 Repeated 691 
296 190-90 1KBr 118 + interference 

bands 
Repeated 693 

297 II ft - Not drawn up 
298 200-120 IKC1 120 + 	Iv Repeated 692 
299 if If - Not drawn up 
300 200-60 1CsI+ 122 + 	at Poor run. 1KRS-5 Repeated 694 
685 380-230 2NaF BG 
686 300-170 1NaCl II 

687 200-120 1K01 ti 

688 190-90 	1 1KBr If 

689 200-60 2KRS-5 II 

690 380-230 2NaF 352,315,255.5-228.8 
691 300-170 1NaCl 255.5-228.8,201.7- 

182.7 
692 200-120 11(01 188.5, 121.4 
693 190-90 1KBr 176.2,121.40101.7-91.7 
694 200-60 2KRS-5 ,v209/174.4,121.4, 

101.7-86.5 



r 
c 
o 
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o 
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121. 

(a) HCl gas and (b) liquid H2O in dry benzene 

Run 
, No. 

Recorded 
range 

(cm_i) 
R'strahlen 
filters 

Bands observed 
(cm-1) 

Comments 

(a)362 

(b)365 

300-170 

tt 

1NaCl 

it 

- 

_ 

No quantised 
rotation 

ii 

CH 
1,3-Butadiene 	'C C, 

H 	\\ CH2  

Run 
No. 

Recorded 
range 

(cm-1) 

Rtstrahlen 
filters 

Bands observed 
(cm-1) 

Comments 

4101  380-230 2NaF BG 

445 ii ii 311.2, 294 
446 300-170 lNaCl BG 

447 44 ii (188?) + interference 
bands 

448 200-120 11(01 BG 

449 it fr (188.5?),(165.3?), Repeated 554 
147.3, (121.3?) 

450 190-90 1KBr BG 

451 it• It (184-159?),147.3, Repeated 556 
117-93 

452 200-60 1111-5 BG 

453 It II  147.3, 116-92 Repeated 558, 
560 

554 200-120 11(01 182-162, 144.8 Repeated 941 

555 44 ?I BG 
556 190-90 1KBr 182-159,144.8,116-92 

557 II IP BG 

558 200-60 2KRS-5 172. 2147,116-92 

continued. 



122. 

113-Butadiene (continued) 

559 
560 

561 
920 

921 

922 
923 
924 

925 
926 

927 

928 
929 
941 

942 

914-3 

94-14 

200-60 
ft 

It 

ft 

fl 

f? 

ft 

ft 

ft 

ft 

ft 

ft 

If 

200-120 

ft 

ft 

ft 

2KRS -5 
It 

tt 

1KRS -5 

2KRS -5 

1KRS-5 
2KRS-5 
1KRS-5 

2KRS-5 
1KRS-5 

2KRS-5 

1KRS- 5 
2KRS -5 
2K01 

ft 

If 

ft 

BG 
180.2,147.3,100.84, 

70,(60?) 

BG 

.10 

• 

184.2,150.2,104.6, 
(83.3?),69.80(62?) 

BG 
ft 

163.6 

163.6 

163.6 

BG 

V.g. run. 
Repeated 920- 

929. 

Nos. 	920-929,_ 
941-942 using 
new gas cell. 
Test run. 
70 cm. gas 
pressure. 

ft 

It 

26 cm. gas 
pressure. 

It 

10 cm. gas 
pressure. 

ff 

70 cm. gas 
pressure. 
26 cm. gas 
pressure. 

10 cm. gas 
pressure. 



1 
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« 
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Cm-I 



124. 

CH2  
Acrolein 	H C - C 

Run 
No. 

Recorded 
CI 	range 
(cm_i) 

R'strahlen 
filters 

Bands observed 
(cm-i) 

Comments 

494 380-230 2NaF BG 
495 If If  337.4,319 + inter- 

ference bands 
496 300-170 1NaC1 BG 
497 ?? (191?) + 	U 

498 200-120 1K01 BG 
499 If If 180.2,(163•7?),(1570?) 

500 190-90 1KBr BG 
501 9P ff 188.5-180.2,(155.8?) 
502 200-60 1Cs I+ 

1KRS-5 BG 
503 If 41 119.6,113.4,105.5 0101.1, . 

97.6,94.3 
929 it 2KRS-5 BG 
930 380-230 2NaF 337.4,319 Nos.929-40

using new 
gas cell. 

931 300-170 1NaCl 190-165 4.5 cm. 
pressure. 

932 200-120 1KC1 180.1,160.4 If 

933 11 2KC1 175,159.6 ff 

934 190-90 1KBr 176,151.6 ff 

935 200-60 2ERS-5 1831153,1030(622) ff 
936 380-230 2NaF BG 
937 300-170 1NaCl I/ 

938 200-120 1KC1 ff 

939 If 2E01 It 

940  190-90 1KBr If 



Trisacetonylacetonate cobalt III 

100  150 200 	2150 

 

3100  350  40 4150 

    

o 



126. 

Tris-acetonylacetonate cobalt III Co(acac)3  

Run 
No. 

Recorded 
-1) 	range 
(cli_i) 

Rtstrahlen 
filters 

Bands observed 
(cm-i) Comments 

454 380-230 2NaF BG  

455 it PP  386 Edge of rest-r 
strahlen. 
Unreliable. 
Repeated 568. 

456 300-170 1NaCl BG 
457 ?? ?? (236.3?) interference?' 
458 200-120 1KC1 BG 

459 P4 PP 96.4,(101.1?),(106.2?) 
460 190-90 1KBr BG 
461 PP If 96.4,(168.8?) 
462 200-60 10sI+ 

1KRS-5 BG 
463 PP TT  96.4, 	-)60 -1  60 cmband 

on extreme 
edge of rest-
strahlen. 

563 II 2KRS-5 BG 
566 PP 11 - Not drawn up. 
568 400-180 iLiF 386 Repeat of 455. 

192.5 cm-1  
2nd order. 

569 11 It BG 



Trisacetonylacetonate chromium ia 

, 

5,0 To po 2100 2150 300 350 4,00 4150 
Cm 



128. 

Tris-acetonylacetonate chromium III Cr(acac)3  

Run 
No. 

Recorded 
-i5 	range 
(cm_1) 

R'strahlen 
filters 

Bands observed 
(cm-i) 

Comments 

464 
465 

466 
467 

468 
469 
470 
471 
472 
473 

563 
564 
565 
567 

569 

380-230 
If 

300-170 
ft 

200-120 
?I 

190-90 
II 

200-60 
I/ 

41  

n 
f? 

400-180 

TT 

2NaF 
If  

1NaCl 
ff 

1E01 
ft 

1KBr 
If 

ldsi+ 
IKRS5 

ti 

2KRS-5 
n 
PI 

iLiF 

Qt 

BG 

355 
BG 

(286.1?H249.8?), 
(233.7? 	p 192?) 

BG 
(180.20,(114.9?) 

BG 

(180.2?),94.3-->102.3 
BG 

118,103, "1 60 

BG 
- 

117, 	,-,60 

355 

BG 

• 

Interference? 

60 cm-1  unre-
liable. Edge 
of r'strahlen. 

Not drawn up. 

177.3 cm 
2nd order. 
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130. 

Tris-acetonylacetonate iron III Fe(acac)3  

Run 
No. 

Recorded 
ii range 
(cm_i)  

Rfstrahlen 
filter 

Bands observed 
(cm-1) 

Comments 

474 380-230 2NaF BG 
475 PP ?I 298.1 
476 300-170 1NaCl BG 
477 n n - 
478 200-120 IKC1 BG  
479 ft ?I - 

480 190-90 1KBr BG 
481 it 11 - 

482 200-60 lCsI+ 
1KRS-5 BG 

483 ft VI 151, 102.3, ,,,60 1511:,- 	 x298.1 
2 

562 it 2KRS-5 149.7,111,102.3,"J60 149.7=ix298.1 
563 II ft BG 

Tris-acetonylacetonate rhodium III Rh(acac)3  

484 
485 
486 
487 

380-230 
n 

300-170 
It 

2NaF 
or 

1NaCl 
If 

BG 	') 
- 
BG 
- 

No absorption 
bands observ-
able due to 

488 200-120 11(01 BG (acac)3 

489 " n - being insol- 

490 190-90 1KBr BG uble in 

491 n n - uNujoln. 

492 200-60 1CsI+ 
1KRS-5 BG 

493 If n 
- 
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